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FIELD OF VISION

One center in Brussels has consistently had the lowest
HbA1c values in the 4 studies (1994-2009) by the Hvidoere
International Study Group on Childhood Diabetes: What are
the "recipes"?
Harry Dorchy
of overall glycemic control. The Hvidoere Study Group
(HSG) on Childhood Diabetes, founded in 1994, is an
international group representing about twenty highly
experienced pediatric centers from Europe, North
America, Japan and Australia. Four international
comparisons of metabolic control (1995, 1998, 2005,
2009) have been performed. The one center that has
consistently had the lowest HbA1c values (approximate
7.3% or 56.3 mmol/mol) is my center in Brussels. This
is more often obtained with a twice-daily free-mixed
regimen with additional supplemental fast insulins ad
hoc. The so-called “Dorchy’s recipes” are summarized.
The conclusion is that the number of daily insulin
injections, 2 or ≥ 4, or the use of pumps, by itself
does not necessarily give better results. Intensified
therapy should not depend upon the number of insulin
doses per day, by syringe, pen or pump but rather
should be redefined as to intent-to-treat ascertainment
(i.e. , goals). When there are no mutually agreed upon
goals for BG and/or HbA1c, when there is insufficient
education and psychosocial support by the medical
team or at home, there is likely to be poor outcomes,
as shown by the HSG. One of our recipes is not to
systematically replace rapid-acting human insulins by
fast-acting analogues. Because the multicenter studies
of the HSG, performed in developed countries without
financial restriction, show that treatment of childhood
diabetes is inadequate in general and that levels of
HbA1c are very different, diabetes treatment teams
should individually explore the reasons for failure,
without any prejudice or bias. Any dogmatism must be
avoided. Treatment cost vs results must also be taken
into account.
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Abstract
The principal aims of therapeutic management of the
child, adolescent and adult with type 1 diabetes are
to allow good quality of life and to avoid long-term
complications (retinopathy, neuropathy, nephropathy,
cardiovascular disease, etc. ) by maintaining blood
glucose concentrations close to normal level. Glycated
hemoglobin levels (HbA1c) provide a good criterion
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workshop, to discuss strategies that could be important
in improving quality of pediatric and adolescent diabetes
care and, therefore good HbA1c levels. Four international
comparisons of metabolic control (1995, 1998, 2005,
2009) have been performed in about twenty pediatric
diabetology centers from about twenty industrialized
countries in Europe, North America, Japan and Australia[2,8-10].
A capillary blood sample was provided by participants
and analyzed centrally at the Steno Diabetes Center in
Denmark. HbA1c was DCCT aligned: normal range
4.4%-6.3% or 25-45 mmol/mol, mean 5.4% or 35.5
mmol/mol. The mean is 0.3% higher than the DCCT
laboratory level: normal range 4.05%-6.05%, mean 5.05%.
Cameron et al [11] have reviewed the major studies
of the HSG, both cross-sectional and longitudinal, and
summarized the body of work published in 28 peer
reviewed medical and scientific journals (Table 1). The
authors note that “The one center that has consistently
had the lowest HbA1c values from 1995 to 2009” is
my center in Brussels. They comment: “The Hvidoere
member in question is highly charismatic and has a very
prescriptive, ‘recipe’-based approach to managing diabetes
in his clinic. He prescribes mostly twice-daily free mixing
injections of insulin and eschews, a flexible approach to
dietary intake. This does not appear to be at the expense
of either hypoglycemia or QOL in his patient group.
Although many aspects of his practice are shared by other
Hvidoere members, it has proved very difficult to translate
this total approach into other contexts for a variety of
reasons. However, this experience is emblematic that
consistently excellent outcomes can be achieved by simple,
‘non-intensive’ insulin regimens that are underpinned by a
strong philosophy of care”[11].
Cameron et al[11] conclude in their review: “Therapeutic
strategies in and of themselves are not enough to obtained
desired clinical outcomes. While all clinical regimens
have some clinical utility, it is the underlying therapeutic
philosophy based on a qualified common training for all
team members delivering diabetes care and education
to the families that drives improvement. The clinical
aphorism of ‘Ask for mediocrity and you will receive’
holds true. Thus, it appears that the best results will be
obtained by physicians who are target-driven and teams
and families that have unanimity of purpose. Perhaps the
conclusions relating the best clinical practice drawn from
the entire body of work of the Hvidoere studies can be
best summarized as -be dogmatic about outcome but
flexible in approach”.
In the studies of the HSG, the different insulin
regimens were: “conventional” twice daily (CT), CTpremix,
CTfreemix, CTfreemix + (used only in center number
one, i.e., in my center in Brussels), basal-bolus injections
(MDI), CSII. In the 4th study[10], there was confusion
between CTfreemix and CTfreemix +, fortunately
corrected by an erratum[10]. The lowest HbA1c levels
were found in the CTfreemix+ group, 7.3% ± 0.5% (56.3
mmol/mol); approximately the same values were obtained
in the three preceding studies by the Brussels team. In
2007, after three HSG studies, de Beaufort et al[9] noted:

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Four international comparisons of the Glycated
hemoglobin levels (HbA1c) levels (1995, 1998, 2005,
2009) have been performed by the Hvidoere Study
Group on childhood diabetes in about twenty pediatric
diabetology centers from about twenty industrialized
countries in Europe, North America, Japan and
Australia. The one center that has consistently had
the lowest HbA1c values (approximate 7.3% or 56.3
mmol/mol) is my center in Brussels. This is more often
obtained with a twice-daily free-mixed insulin regimen.
The so-called “Dorchy’s recipes” are summarized.
Dorchy H. One center in Brussels has consistently had the lowest
HbA1c values in the 4 studies (1994-2009) by the Hvidoere
International Study Group on Childhood Diabetes: What are the
“recipes”? World J Diabetes 2015; 6(1): 1-7 Available from:
URL: http://www.wjgnet.com/1948-9358/full/v6/i1/1.htm DOI:
http://dx.doi.org/10.4239/wjd.v6.i1.1

COMMENTARY ON HOT TOPICS
Diabetes Control and Complications Trial research
group
The principal aims of therapeutic management of the
child, adolescent and adult with type 1 diabetes are to
allow good quality of life[1,2] and to avoid long-term
complications (retinopathy, neuropathy, nephropathy,
cardiovascular disease, etc.) by maintaining blood glucose
concentrations close to the normal level [3,4] while
always minimizing hypoglycemia. Glycated hemoglobin
levels (HbA1c) provide a good criterion of overall
glycemic control. According to the diabetes control and
complications trial research group (DCCT), they must
be, in adults, under 7% (53 mmol/mol), if the upper
normal limit is about 6% (42 mmol/mol)[3]. The DCCT
obtained such results utilizing targeted blood glucose
(BG) treatment decisions usually with multidose insulin
(MDI) (≥ 4 shots/d) and/or insulin pump treatment
compared to a relatively fixed insulin dose schedule in the
control group[3]. Such MDI and continuous subcutaneous
insulin infusion (CSII) treatment was subsequently known
as intensive treatment when it really should have been
defined as the targeted BG intent to reach BG goals
and HbA1c goals safely that was “intensive treatment”.
However, in our experience, this is possible even in
diabetic children and adolescents with the twice-daily free
mixing insulin regimen as well as with the basal-bolus
regimen, as we have shown since the 90 s[5-7].
Hvidoere Study Group on childhood diabetes
After the publication of the conclusions of the DCCT
and of my own results, causing some debate about
“Dorchy’s recipes”[6], The Hvidoere Study Group on
childhood diabetes (HSG) evolved in 1994, during a

WJD|www.wjgnet.com
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Table 1 HbA1c comparisons in the 4 studies by the Hvidoere international study group on childhood diabetes (1995-2009)
Hvidoere Number of countries Number
Age (yr) Mean HbA1c (%) ± SD Spread in center mean
Conclusions
studies
of pediatric centers
of subjects
(mean DCCT aligned)
HbA1C (%) (DCCT aligned)
1995[8]

18 (Europe, North
America, Japan)
22

2873

0-18

8.6 ± 1.7
(8.3)

7.6-10.2
(7.3-9.9)

1998[2]

17 (Europe, North
America, Japan)
21

2101

11-18

8.7 ± 1.7
(8.4)

7.7-10.1
(7.4-9.8)

2005[9]

19 (Europe, North
America, Japan,
Australia)
21
17 (Europe, North
America, Japan,
Australia)
18

2093

11-18

8.6 ± 1.7
(8.2)

7.7-9.5
(7.4-9.2)

1113

< 11

8.3 ± 1.3
(8.0)

7.6-9.2
(7.3-8.9)

2009[10]

No difference in glycemic control was
found among adolescents treated with
two, three, and four or more daily
injections. Girls on 4 injections had
higher BMI
The differences between centers were
not explicable by differences in insulin
regimens. The centers with the lowest
mean HbA1c also had lowest rates of
severe hypoglycemia and reported
better QOL
Intensified insulin regimens (MDI
and CSII) showed no lower HbA1c
compared with twice daily free-mixing
(lowest HbA1c)
despite major changes in management
(> 99% on analog insulins and 33% with
CSII), the lowest HbA1c levels were
found in the twice daily free-mixing
insulin regimen in Brussels (7.3% ± 0.5%)

MDI: Multidose insulin; CSII: Continuous subcutaneous insulin infusion.

“The management of children and adolescents with type
1 diabetes has undergone many changes over the past
decade, aiming to improve glycemic control and reduce
risks of vascular complications, without sacrificing quality
of life. These have included increased usage of insulin
analogues, basal-bolus regimens, and CSII. Despite these
substantial changes, it has been difficult to demonstrate
significant improvements in metabolic outcome. This study
in 21 international centers was initiated to investigate the
impact of treatment changes on glycemic control and
to establish whether the previously reported differences
between centers were diminishing. The results confirm
that there has been no improvement in glycemic control
over a decade, with mean A1c levels of 8.6% or 70.5
mmol/mol (1995), 8.7% or 71.6 mmol/mol (1998),
and 8.6% or 70.5 mmol/mol (2005), and the substantial
differences between centers have remained stable.” That
means that more expensive and technically complicated
treatments have nearly no impact on HbA1c. Only two
centers showed a significant reduction (≥ 0.5%) in A1c
from 1998 to 2005 and one center had a significant
increase in A1c. The conclusion is that, in countries
unable to afford a sophisticated and expensive treatment,
it is possible to obtain good results without necessarily
using expensive insulins and pumps.
As my team has consistently had the lowest HbA1c
values during the comparisons of the HSG from 1995
to 2009, I think that I am allowed to summarize the socalled “Dorchy’s recipes...”[6,12-15].

acting analogue and NPH (i.e., 4 insulins per day as in
the basal-bolus regimen) in children < 15-16 years is
easy and effective in countries where the meal schedule
allows correct allocation of diet. The first injection (and
insulin dose alteration) is done before going to school
and the second injection (and insulin dose alteration)
after returning from school, before dinner, with the
facultative help of the parents. Diabetic children have to
eat a snack in the middle of the morning and afternoon
periods with their friends, without the need to give an
additional insulin injection or to measure blood glucose.
This reduces the risk of insulin omission. The doses of
the 4 insulins are adjusted according to the results of 4
daily blood glucose measurements of the preceding days
(retroactive analysis) and not only to the present glycemia
(reactive responsitivity). A third injection with a fastacting analogue may be done to allow a greater snack or to
correct hyperglycemia (= CTfreemix +).
Basal-bolus regimen in adolescents but more complicated: Basal-bolus regimen in adolescents: increased
flexibility in daily life and dietary freedom, but more
complicated; no simplistic sliding scales according to the
present glycemia; insulin dose alteration must be triple:
(1) retrospective, according to previous BG analysis,
trial and error experiments, in order to enjoy more
freedom for meals, sports, etc; (2) prospective according
to programmed changes in meals and sports (i.e., add
more insulin if overeating or temporarily reduce insulin
dose to prevent activity-related expected hypoglycemia);
and (3) with only a “touch” of compensatory adaptation
(reactive dose changes) according to the present glycemia.
This needs psychological maturity and ongoing education
support and teaching of child, adolescent and family

Dorchy’s recipes
Two daily insulin free-mixed regimen in children
or even teenagers: Two daily insulin free-mixed regimen with an human rapid-acting insulin or a fast-

WJD|www.wjgnet.com
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members, otherwise the multiple injection system lead to
anarchy, “cheating” and obesity, especially but not only
in adolescent girls. Before or after the meals, there is an
injection of rapid human insulin or fast-acting analogue,
and before sleeping, an injection of a stable long-acting
analogue[16]. The doses of the 4 insulin injections are
adjusted according to analysis of the results of at least
4 daily blood glucose measurements (if three meals;
otherwise more blood glucose determinations and
injections) of the preceding days and not only to the
present BG level.

The dietician must know perfectly the actions of the
insulins and their adjustment. While being criticized for
this being too difficult, our glycemic control and A1c
results certainly prove that this is feasible to accomplish
with large numbers of children, adolescents and young
adults. In addition, all members of the professional
diabetes team must have the same treatment philosophy,
as promulgated by the DCCT, to provide the same
message and same target BG and A1c goals[19].
Screening for subclinical complications: Screening for
subclinical and asymptomatic complications by sensitive
methods from puberty in order to increase the motivation
of both the patient and the doctor[20]. After age 13 and/
or 3 years of diabetes duration, we perform every year:
retinal fluorescein angiography (rather than just direct
ophthalmoscopy), measurement of motor and sensitive
conduction velocities (which is different from a painful
electromyography), sympathetic cutaneous response or
heart rate variability and dosage of microalbuminuria. It
is important to do a diagnosis at the stage of functional
and reversible abnormalities before the installation of
irreversible lesions. It is important to be able to say to the
patient, for example, “you have no complaint, but as you
can see on this photograph, there are two leakages of
fluorescein in your left eye; it is reversible if you improve
your HbA1c; otherwise, that will become an irreversible
lesion leading later to overt complications”. The same
message for the slowing of conduction velocity or the
presence of abnormal microalbuminuria. Every year, we
also perform lipid analyses, thyroid and celiac screenings,
measurement of blood pressure, etc.,[21,22]. Early identification of such abnormalities allows potential early
treatment, i.e., medication to control hypertension or
early nephropathy, lower lipids, etc.

CSII is very rarely recommended: In our experience,
CSII is very rarely recommended and used in about 1%
of our patients at their request. We do not promote use
of expensive insulin pump regimens and believe that
patients and their family members can do as well with
pens and syringes. Pumps in children and adolescents
have not been associated with significant improvements
in daily BG results or in A1c according to results of the
HSG[11] and also by the PedPump study in 30 centers
of 17 countries[17]. In that study, the use of less than 6.7
daily boluses was a significant predictor of an HbA1c
level > 7.5% or 58.5 mmol/mol, despite increasing blood
glucose measurements and the added expense that this
entails. We suspect this reflects insufficient education and
motivation and inconsistent team target goal setting as
the explanation. In a Belgian retrospective cross-sectional
study among 12 pediatric centers, A1c actually was higher
among patients with insulin pump therapy[18].
No rejection of non-analogue older human insulins:
No systematic (automatic or dogmatic) replacement of
rapid-acting human insulins by fast-acting analogues such
as more expensive aspart, lispro or glulisine[14]. In the two
daily insulin free-mixed regimen as well as in the basalbolus regimen, the choice of a fast-acting analogue is
made if the time period between the injection and the
following glycemia, allowing to judge the insulin injected
before, is less than 3 or 4 h, i.e., the duration of action
of the fast-acting analogue. Otherwise, we use a human
rapid-acting insulin whose duration of action reaches 6 to
8 h rather than the newer and more expensive fast-acting
analogues.

Knowledge of HbA1c target: One hundred percent of
our patients and/or their parents as well as the members
of the multidisciplinary team know the HbA1c target,
i.e., less than 7% or 53 mmol/mol, and one hundred
percent of our patients and/or their families know the
result of their HbA1c results obtained, on average, every
two months before the consultation. This is strongly
associated with HbA1c outcome as shown by the HSG[23].

No carbohydrate counting: The dietician never gives
rigid meal plans or exchange lists. “Diet” is never
prescribed. No carbohydrate counting is recommended
because there is no linear correlation between the
metabolization of X grams of glucose by Y units of
insulin[12,13,15]. The dietician builds up a picture of the
family’s and child or teen’s usual habits and life style.
When possible, the family is encouraged to adopt a
similar and normal eating pattern so that the child and
adolescent with diabetes does not have to eat specially
prepared meals. The main problem with the twice-daily
insulin regimen is the allocation of carbohydrates in 6
meals according to the cumulated action of the insulins.

WJD|www.wjgnet.com

Friendly and personal contacts: Friendly and personal
contacts with a large dose of psychological support are
indispensable in the long-term relationship of a patient
with a chronic disease and diabetes is perhaps the best
example because of the multitude of daily behavioral
decisions that must be acknowledged and accomplished.
The diabetologist must know the whole story of the
life of his or her patient, and must adapt his or her
psychology to the psychology of the patients and of
their families, and not the reverse. The diabetologist is
not interchangeable as it can be the case for some other
pediatric specialties or practices and this too may help
explain our consistent excellent A1c results compared to
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particularly dynamic and communication factors such
as parental over-involvement and adolescent-parent
concordance on responsibility for diabetes care appear
be important determinants of metabolic outcomes
in adolescents with diabetes[24]. We tried to determine
the family characteristics and the psychological factors
influencing A1c. The maternal perception of family
cohesiveness and maternal alexithymia predict on glycemic
control in children and adolescents with diabetes [25].
We showed, for the first time, that children who have
difficulties in expressing their feelings to others are more
at risk of poor glycemic control. In future, it will be
useful to identify the diabetic young people who have
such difficulties and to consider interventions designed
specifically for them[26].

others in Hvidoere.
Observers are not allowed during consultations: In
the office of the diabetologist, at the outpatient clinic, we
do not allow observers: temporary assistants or students.
This is most important especially with adolescents, in
an effort not to disrupt the mutual trust and to preserve
privacy. Patients are not undressed (except to search for
lipodystrophies)... They are not ill... It is important on a
psychological point of view, mainly with adolescents and
with Muslims.
Education is made-to-measure: Nearly 50% of our
patients are immigrants and mainly of Moghrabin origin
(especially from Morocco). Because of the such cultural,
economic and social differences, the education we offer
must be adapted to the family and their food choices with
individualized teaching modules and concepts but with
the same overall glycemic goals in mind. Education must
be made-to-measure.

Confusion between conventional and intensive therapy
The team that I have created in Brussels believes it
is inappropriate to automatically designate the term
“intensive treatment” only to imply insulin pumps
or multidose insulin regimens when, in fact, it is the
goals of glycemic control and A1c achievement that
should define intensified treatment not the manner or
number of insulin doses each day. It is inadequate to
systematically assign the multiple injection regimen, or
the pump therapy, to “intensive” treatment, and some
forms of the twice-daily injection regimen abusively
called “conventional” (there are different strategies as
shown by the HSG, premix insulins giving the worst
results and the CTfreemix + obtaining the best HbA1c
levels) to a non-intensified therapeutic category of insulin
therapy. Indeed, a multiple injection regimen, or the use
of pumps, not associated with a good intensified and
complete education, as well with the application of the
consecutive knowledge, may have deleterious effects on
HbA1c, as shown by the HSG. The confusion between
“conventional therapy” and “intensive therapy” was born
from misinterpretation of how the DCCT was structured
in 1993[3]. In their “conventional group” with one or two
daily injections, there was no insulin adjustment except
in order to avoid clinical symptoms such as polyuria and
polydipsia with hyperglycemia or symptoms and signs
reflecting excessive hypoglycemia and there were very
few consultation visits except for every three months
follow-up assessments for overall monitoring and lab
work. There was no blood glucose target established for
the conventional treatment group, no specific amount
of monitoring and minimal education sessions that took
place; all of this was designed to mimic the type of “nonintensive” usual treatment at that time[3]. Bolli[27] wrote:
“One concept should be clear. The difference between
intensive and non-intensive therapy is limited to the
glycemic targets (mean glycemia < 150 mg/dL which
gives an HbA1c < 7%). Non-intensive therapy is defined
as a model of insulin treatment (2 or ≥ 4 injections,
CSII, diet, HBGM, education, etc.) giving a mean blood
glucose concentration and % of HbA1c above the values
indicated by the DCCT”.

High frequency of long-duration consultations:
The duration of the medical consultation varies between
30 to 60 min and is preceded by a consultation with a
nurse specialized in pediatrics as well as in diabetology.
If necessary further consultation takes place with the
dietician, the psychologist or the social worker.
Treatment is nearly costless; the nurses are allowed to
go to schools: Care is provided in a specialized pediatric
and adolescent/young adult diabetology clinic of a high
ranking Belgian university public hospital, recognized by
the Belgian Social Security ministry in an official manner.
Medical and paramedical (nurse, dietician, psychologist,
social worker) “consultations” and material necessary
for treatment are nearly costless. Nurses are also allowed
and compensated for time to do home and school visits
and this is especially helpful for those in poor financial,
psychological or immigrant circumstances where more
teaching time is required to reach goals and sustain them.
We believe that such multidisciplinary ongoing care helps
explain our good results even among otherwise potentially
more problematic patient populations.
We follow our patients into adulthood: We follow our
patients into adulthood and do not automatically suggest
their transition to adult physicians after an arbitrary
age of 18 years. We believe this allows us to assist with
transition through adolescence and into better self-care
behaviors as young adults. We also believe that this allows
our professional team to be better aware of the actual
complications that may only occur after longer duration
of diabetes. At the onset of 2014, we followed 527
children and adolescents with diabetes aged < 18 year and
495 aged ≥ 18 year.
Influence of family characteristics and alexithymia
on HbA1c: The HSG has shown that family factors,
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General conclusion
Because recent multicenter studies, even those performed
in developed countries without financial restriction,
show that treatment of childhood, adolescent and young
adults diabetes is inadequate in general and that levels
of HbA1c are very different, diabetes treatment teams
should individually explore the reasons for failure, without
any prejudice or bias, in their own centers especially when
center average A1c results are over 8%. The number
of daily insulin injections, 2 or ≥ 4 or the use of
pumps, by itself does not necessarily give better results.
Merely increasing the number of daily insulin injections
or encouraging insulin pump treatment does not
automatically produce better results although may offer
greater flexibility for the patient and family. Key remains
unified education by a team of diabetes professionals who
know their patient and his/her family, work to educate
and re-educate and mutually sets goals known and greed
upon by not only the entire team providing such care but
also the patient and his or her family. Any dogmatism
must be avoided. Treatment cost vs results must also be
taken into account.
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Insulin sensitivity and complications in type 1 diabetes:
New insights
Petter Bjornstad, Janet K Snell-Bergeon, Kristen J Nadeau, David M Maahs
pressure control, vascular complications remain the
most important cause of morbidity and mortality in
patients with type 1 diabetes. For that reason, there is a
need to identify additional risk factors to utilize in clinical
practice or translate to novel therapies to prevent
vascular complications. Reduced insulin sensitivity
is an increasingly recognized component of type 1
diabetes that has been linked with the development
and progression of both micro- and macrovascular
complications. Adolescents and adults with type 1
diabetes have reduced insulin sensitivity, even when
compared to their non-diabetic counterparts of similar
adiposity, serum triglycerides, high-density lipoprotein
cholesterol, level of habitual physical activity, and in
adolescents, pubertal stage. Reduced insulin sensitivity
is thought to contribute both to the initiation and
progression of macro- and microvascular complications
in type 1 diabetes. There are currently clinical trials
underway examining the benefits of improving insulin
sensitivity with regards to vascular complications in type
1 diabetes. Reduced insulin sensitivity is an increasingly
recognized component of type 1 diabetes, is implicated
in the pathogenesis of vascular complications and is
potentially an important therapeutic target to prevent
vascular complications. In this review, we will focus on
the pathophysiologic contribution of insulin sensitivity to
vascular complications and summarize related ongoing
clinical trials.
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Core tip: Adolescents and adults with type 1 diabetes
have reduced insulin sensitivity compared to their
non-diabetic counterparts. Reduced insulin sensitivity
is implicated in the development and progression
of micro and macrovascular complications in type 1
diabetes. Clinical trials are underway investigating

Abstract
Despite improvements in glucose, lipids and blood
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HbA1c is not without potential negative effects[27].
The role of insulin sensitivity in the development
and progression of macro-[28-30] and microvascular complications[31] in T1D is increasingly recognized. Prospective
studies are needed to test the hypothesis that reduced insulin
sensitivity is a unifying risk factor for the development of
both micro- and macrovascular complications. However,
there is increasing evidence implicating reduced insulin
sensitivity in the path-ogenesis of vascular complications
in T1D[26,32]. It is therefore important to better understand
the role of insulin sensitivity in the development of microand macrovascular complications in T1D to enable us to
intervene early in the pathophysiologic course to halt or
slow progression. Accordingly, in this review, we examine
the current evidence addressing insulin sensitivity and
vascular complications in T1D.

insulin sensitivity as a therapeutic target to prevent
vascular complications in type 1 diabetes. Methods are
needed to identify which patients with type 1 diabetes
would benefit from treatment of insulin resistance and
translation of this to clinical practice.
Bjornstad P, Snell-Bergeon JK, Nadeau KJ, Maahs DM. Insulin
sensitivity and complications in type 1 diabetes: New insights.
World J Diabetes 2015; 6(1): 8-16 Available from: URL: http://
www.wjgnet.com/1948-9358/full/v6/i1/8.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.8

INTRODUCTION
The public health burden of type 1 diabetes (T1D), a
disease affecting approximately 1.4 million people in the
United States and 30 million globally[1], is progressively
increasing, largely due to the prevalence of the associated
macro- and microvascular complications[1-3]. Macrovascular
disease in the form of coronary artery disease (CAD) is
the major cause of morbidity and mortality in patients
with T1D[3-7]. Annually, up to 1%-2% of young adults
(28-38 years of age) with T1D develop CAD[3-5,8,9]. By their
mid-forties, over 70% of men and 50% of women with
T1D develop measureable coronary artery calcification
(CAC) by computed tomography (CT) scan[3-5,10,11] - a
marker of significant atherosclerotic plaque burden. In
addition to macrovascular disease, microvascular disease
continues to cause morbidity and mortality; for example,
diabetic nephropathy remains the leading cause of endstage renal disease in the United States[12-14], and diabetic
retinopathy, another form of microvascular disease, is the
single most common cause of new-onset blindness[15].
Despite significant improvements in conventional risk
factors (e.g., blood pressure, glucose and lipid control)
during the past two decades, vascular complications
remain a major concern in T1D[14,16-19]. There is a need
for improved methods to identify people at risk for,
and prevent the development and progression of, these
complications.
Adolescents and adults with T1D demonstrate reduced
insulin sensitivity, even when compared to non-diabetic
counterparts of similar adiposity, body fat distribution,
serum triglycerides, high-density lipoprotein cholesterol,
level of habitual physical activity, and in adolescents,
pubertal stage[17,20-25]. In addition to the insulin resistance
documented historically in adolescents with very poor
glycemic control[22], more recently significant insulin
resistance has been documented in adolescents and adults
with T1D, despite modern advances in technology and
better glycemic control[20]. Increasing rates of obesity
in T1D most likely also contribute to impaired insulin
sensitivity[26]. Moreover, a subset of participants in The
Diabetes Control and Complications Trial (DCCT) in the
intensive treatment arm experienced greater weight gain
and worse CVD profiles, which may suggest that lowering

WJD|www.wjgnet.com

PATHOPHYSIOLOGY OF REDUCED
INSULIN SENSITIVITY IN T1D
Historically, when glycemic control was poorer, reduced
insulin sensitivity in people with T1D was thought to be
solely related to adiposity and high HbA1c[22,33], but recent
data have challenged this assumption and suggest that
reduced insulin sensitivity cannot simply be explained
by excess weight or poor glycemic control[20,21]. In fact,
insulin resistance in multiple tissues has recently been
documented in T1D subjects with glycemic control much
improved from the pre-DCCT era (7.5% ± 0.9% and
8.6% ± 1.6% in adults and adolescents) and with BMI
similar to that of non-diabetic individuals[20,21]. These
data suggest that resistance to insulin’s action on glucose
utilization, hepatic glucose release and non-esterified
fatty acid suppression is also mediated by factors beyond
prevailing adiposity or glycemia[20,21].
The exact mechanism of reduced insulin sensitivity
in T1D is poorly understood. Various hypotheses exist to
explain reduced insulin sensitivity in T1D[34,35], including
prolonged peripheral exposure to supraphysiologic levels
of exogenous insulin, weight gain in part caused by
intensive insulin therapy, and genetic and environmental
factors that contribute to type 2 diabetes (T2D)[26,34,35]
(Figure 1). Another proposed mechanism includes lack
of delivery of insulin to the portal circulation, causing
reduced insulin delivery to the liver, and subsequent lower
hepatic IGF-1 production, and lower feedback inhibition
to the pituitary leading to higher growth hormone levels,
which are known to induce insulin resistance[36] (Figure
1). Abnormal glucagon regulation leading to increased
hepatic glucose output has also been implicated in insulin
resistance[36]. Another possible mechanistic pathway linking
reduced insulin sensitivity to vascular complications in
T1D is via insulin’s effects on overall non-essential fatty
acid (NEFA) exposure and lipotoxicity in development of
macro- and microangiopathy[20,34,35,37]. Finally, ectopically
accumulated fat and its catabolites have been proposed to
induce insulin resistance via the effects of various signaling
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0.01299*waist(cm) - 1.05819 *insulin dose [daily units per
kg) - 0.00354*triglycerides (mg/dL) - 0.00802*DBP (mm
Hg)]. The eIS-CACTI explains 63% of the variance in
the GDR in hyperinsulinemic-euglycemic clamp studies,
and has been validated in adolescent and adult cohorts
with and without T1D[20,31,47]. There remains a need for a
commonly accepted measure to estimate insulin sensitivity
to be used in the clinical setting to identify patients who
would benefit from therapies to improve insulin sensitivity.

Genetics/family
history of T2D
Impaired
glucagon
regulation

Impaired delivery
of insulin to the
portal circulation

Metabolic
syndrome

Reduced
insulin
sensitivity in
T1D

Elevated free
fatty acids

INSULIN SENSITIVITY AND
MICROVASCULAR COMPLICATIONS

Figure 1 Possible mechanisms of reduced insulin sensitivity in type 1
diabetes. T1D: Type 1 diabetes; T2D: Type 2 diabetes.

The association between insulin sensitivity and microvascular complications is increasingly recognized, but it is
not a recent discovery. In 1968, Martin et al[49] showed that
microvascular complications were associated with insulin
resistance in long-standing T1D subjects. In 1993, Yip
et al[50] explored insulin resistance as an underlying factor
in T1D and found reduced insulin sensitivity, measured
by GDR, in a small group with microalbuminuria, while
Orchard et al[48] later demonstrated that eGDR predicted
overt nephropathy in T1D subjects in the EDC cohort.
Finally, we and others have reported that higher estimated
insulin sensitivity at baseline predicts lower odds of
developing diabetic retinopathy, proliferative diabetic
retinopathy and diabetic neuropathy independent of other
established risk factors[32,48,51]. We have also previously
demonstrated that reduced estimated insulin sensitivity
predicted incident microalbuminuria and rapid glomerular
filtration decline by cystatin C over 6 years[31] and that
increased insulin sensitivity predicted regression of
albuminuria in adults with T1D[32], similar to data in the
EDC study[48,52].
Mechanisms underlying insulin sensitivity and renal
pathology remain unclear, but the association between
reduced insulin sensitivity and hemodynamic changes
in the kidney is increasingly recognized[13]. A growing
body of data demonstrates that insulin resistance is
associated with an elevation of glomerular hydrostatic
pressure causing increased renal vascular permeability
and ultimately glomerular hyperfiltration[13,53-60]. Another
possible mechanistic pathway linking insulin resistance
to diabetic nephropathy is via effects on overall nonesterified fatty acid exposure and lipotoxicity, leading to
the development of angiopathy[36].
Markers of reduced insulin sensitivity in adults with
T1D have also been linked with increased risk of diabetic
retinopathy and proliferative diabetic retinopathy in the
EURODIAB Prospective Complications Study[61]. However,
the investigators in EURODIAB included surrogates
for insulin sensitivity including triglycerides and waist-tohip ratio rather than measured or validated estimates of
insulin sensitivity[61]. In the DCCT/EDIC study, higher
estimated insulin sensitivity using the Pittsburgh eGDR
equation was associated with a lower risk for retinopathy
in both the conventionally treated and intensively treated
groups, though not independent of HbA1c[30]. Some

pathways including MAPK, protein kinase C, IkB kinases,
S6 kinases and ER stress on GLUT4, although the role of
ectopic fat remains controversial[38-40] (Figure 1).
There are also robust data demonstrating that subjects
with T1D with greater degrees of insulin resistance
and/or family history of T2D are at greater risk of
micro- and macrovascular complications[41-44] (Figure 1).
Furthermore, a high prevalence of metabolic syndrome
(38% in men and 40% in women) has been reported in
adults with T1D[45]. A close relation between serum uric
acid (SUA), insulin sensitivity and metabolic syndrome in
non-diabetic subjects has been shown[46]. Conversely, in
adolescents and adults with T1D we demonstrated very
weak associations between SUA and estimated insulin
sensitivity[47].

CURRENT METHODS OF MEASURING
AND ESTIMATING INSULIN SENSITIVITY
IN T1D
Although insulin resistance is recognized as an important
component of vascular complications in T1D, none of the
guidelines make specific recommendations about when or
how to test for insulin resistance. The insulinopenic nature
of T1D prohibits the use of the Ⅳ glucose tolerance test
(IVGTT) and oral glucose tolerance test (OGTT)-based
methods to estimate insulin sensitivity. The gold standard
measurement of insulin sensitivity in T1D, glucose
disposal rate (GDR) from a hyperinsulinemic-euglycemic
clamp, is too cumbersome for use in routine clinical
care, but newer insulin sensitivity estimation equations
(estimated GDR, eGDR), demonstrate strong agreement
with measured insulin sensitivity and offer promise
in the clinical setting[11]. Insulin sensitivity prediction
equations from the SEARCH Study (eIS-SEARCH)[11],
the Pittsburgh Epidemiology of Diabetes Complications
Study (eIS-EDC)[48], and the Coronary Artery Calcification
in Type 1 diabetes study (eIS-CACTI)[20,31,47] are available,
with others currently under development. The eIS-CACTI
model includes waist circumference, daily insulin dose
per kg body weight, triglycerides and DBP: exp(4.1075 -
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glycation end production[75,76] and a decrease in blood
pressure[77,78] in adults with T1D and T2D. However,
there are currently insufficient data on vascular outcomes
and their surrogates to routinely recommend metformin
therapy in adolescents and adults with T1D for improving
cardiovascular outcomes. For that reason, there is a need
for well-designed randomized clinical trials of sufficient
size and duration to show clinical benefit of metformin.
Another important consideration is the significant
variation observed in adults with T2D in response to
metformin[71]. The inter-individual variation in metformin
may also apply to patients with T1D. Genetic variation
may be one of the important determinants of this interindividual variation, and improved understanding of
underlying genes and pathways has the potential to
improve the effect of metformin on insulin sensitivity[71].
The BARI-2D study showed no benefit of an insulin
sensitizing strategy compared to insulin provision on
diabetic nephropathy in older adults with coronary
artery disease T2D[79]. In contrast to most contemporary
cohorts with T1D, the BARI-2D trial included older
adults with T2D, with most participants already having
both hypertension and hyperlipidemia. It is plausible
that the vascular injuries in older adults with T2D and
longstanding pathology may not be responsive to changes
in insulin sensitivity. A hypothesis is that early intervention
prior to establishment of vascular lesions may result
in significant delay of clinical pathology as suggested
by the concept of “metabolic memory” in the DCCTEDIC study[80-84]. Also, clinical cardiovascular disease
typically does not manifest until older ages; for example,
it took 17 years of follow-up for the benefits of intensive
management to manifest in DCCT[27]. Improvements in
outcomes due to adjunctive therapy in the era of intensive
management may be more subtle. Furthermore, long-term
studies in children are lacking[85].
The REducing With MetfOrmin Vascular Adverse
Lesions in Type 1 Diabetes (REMOVAL, NCT01483560)
study is an ongoing double-blind randomized clinical trial
with metformin to improve insulin sensitivity in adults
with T1D in an attempt to prevent vascular complications,
and the Effects of Metformin on Cardiovascular Function
in Adolescents With Type 1 Diabetes (EMERALD,
NCT01808690) is an ongoing double-blind randomized
clinical trial with metformin to evaluate if metformin
will improve tissue-specific insulin resistance in T1D
adolescents using the hyperinsulinemic-euglycemic clamp
technique, as well as improve vascular, cardiac, exercise
and muscle mitochondrial function (Table 1). The effect
of Metformin on Vascular and Mitochondrial Function
in Type 1 Diabetes (MeT1, NCT01813929) study is
also underway which seeks to measure the effect of
improving insulin sensitivity on vascular function and
compliance, and mitochondrial function in adults with
T1D. Metformin Therapy for Overweight Adolescents
with Type 1 Diabetes (NCT01881828) being performed
in the T1D Exchange clinic network seeks to evaluate
the efficacy and safety of the use of metformin in

studies in adults with T2D demonstrate an association
between reduced measured insulin sensitivity and diabetic
retinopathy[62,63], but there is a need for more data in T1D.
There are also limited data on insulin sensitivity and diabetic
neuropathy in T1D, with only a single small study showing
an association between estimated insulin sensitivity and
diabetic neuropathy in adults with T1D[64]. In contrast, the
association between reduced insulin sensitivity and diabetic
neuropathy is well recognized in adults with T2D[65-67].

INSULIN SENSITIVITY AND
MACROVASCULAR COMPLICATIONS
In the general population, insulin resistance has been
implicated as an important contributor to accelerated
atherosclerosis[68,69]. In the CACTI study, a longitudinal
cohort study of adults with T1D designed to investigate
the determinants of early and accelerated atherosclerosis
in T1D, insulin sensitivity independently predicted
CAC[20,70]. Data from EDC also demonstrated strong
associations between insulin sensitivity and coronary
artery disease in adults with T1D[30]. In the DCCT, excess
weight gain was associated with insulin resistance, as
well as more extensive atherosclerosis during EDIC[43].
Moreover, we have also previously shown associations
between insulin resistance and cardiac and exercise
dysfunction in adolescents with T1D[21]. Renal health,
which is known to be associated with better insulin
sensitivity, is also strongly associated with higher peak
exercise capacity in adolescents with T1D[52]. Finally, we
have shown that higher estimated insulin sensitivity in
adolescents with T1D is inversely associated with CVD
risk factors[44].

CLINICAL TRIALS
Modification of insulin sensitivity therefore holds promise
as a therapeutic target to reduce vascular complications in
T1D, since both life style changes (diet and exercise) and
drugs such as metformin can improve insulin sensitivity
in other populations. Metformin is an inexpensive and
well tolerated medication. The most common adverse
effects associated with metformin are gastrointestinal,
with anemia due to vitamin B12 malabsorption and
lactic acidosis being rare events when used in T2D[71]. In
T2D, metformin is widely considered to protect against
cardiovascular complications[71,72]. In contrast, metformin
is not advocated in any major national or international
guidelines for the management of T1D[72]. In a recent
meta-analysis of randomized trials, Vella et al[72] found that
metformin therapy in T1D was associated with reduced
insulin-dose requirements but no clear evidence for an
improvement in glycemic control was demonstrated[72].
Moreover, Nadeau et al[73] recently showed that lowdose metformin decreased total daily insulin doses in
adolescents with T1D, likely representing improvement
in insulin sensitivity[73]. Metformin is also associated with
reduced LDL cholesterol[74], precursors of advanced
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Table 1 Clinical trials investigating insulin sensitivity as a therapeutic target in type 1 diabetes
Clinical trial name(s)

Description

Metformin Vascular Adverse Lesions in Type 1 Diabetes
(REMOVAL) trial (NCT01483560)
Effects of Metformin On Cardiovascular Function In Adolescents
with Type 1 Diabetes (EMERALD) study (NCT01808690)

Double-blind RCT with metformin to improve insulin sensitivity in subjects with
T1D in an attempt to prevent vascular complications
Double-blind RCT with metformin to evaluate if metformin will improve tissuespecific insulin resistance in T1D adolescents using the hyperinsulinemiceuglycemic clamp technique, as well as improve vascular, cardiac, exercise and
muscle mitochondrial function
Insulin Clamp Ancillary Study for Assessment of Insulin Resistance Assess if metformin will improve tissue-specific insulin resistance in type 1
(NCT02045290)
diabetes using hyperinsulinemic euglycemic clamps
Metformin Therapy for Overweight Adolescents With Type 1
Evaluate the efficacy and safety of the use of metformin in addition to standard
Diabetes (NCT01881828)
insulin therapy in overweight and obese children and adolescents, age 12 - < 20
yr, with type 1 diabetes for at least 1 yr
Effect of Metformin on Vascular and Mitochondrial Function in
Measure the effect of insulin sensitivity vascular function and compliance, and
Type 1 Diabetes (MeT1, NCT01813929)
mitochondrial function in T1D
RCT: Randomized clinical trial; T1D: Type 1 diabetes.

compared with normal daily activities[93]. Finally, higher
levels of fitness reduced the mortality risk associated with
diabetes and CVD in older adult men with diabetes, but
those with T1D vs T2D were not analyzed separately[94].
Moreover, higher levels of energy expenditure (due to a
more active lifestyle) were found to be associated with
increased cardiorespiratory fitness in a small study of
T1D adults, but not necessarily better glycemic control[95].
Therefore, while physical activity appears very promising
to improve insulin resistance and reduce CVD, definitive
trials in T1D are still required.

addition to standard insulin therapy in overweight and
obese children and adolescents, age 12 - < 20 years,
with type 1 diabetes for at least 1 year. Furthermore,
the insulin Clamp Ancillary Study for Assessment of
Insulin Resistance (NCT02045290) is an associated study
underway to evaluate if metformin will improve tissuespecific insulin resistance in obese T1D adolescents using
hyperinsulinemic-euglycemic clamp technique (Table 1).
Smaller metformin trials are also underway. Additional
studies are also needed to assess the impact of other
drugs that influence insulin sensitivity in T2D, including
glucagon-like peptide-1 analogues, dipeptidyl peptidase-4
inhibitor, sodium glucose co-transporter 2 inhibitors,
thiazolidinediones and bromocriptine, which may have
similarly beneficial effects in T1D.

CONCLUSION
One of the major challenges in preventing vascular
complications in T1D relates to the accurate identification
of high risk patients at an early stage when pathology
may be amenable to intervention. A promising potential
therapeutic target is insulin sensitivity. Reduced insulin
sensitivity is well documented in both adolescents and
adults with T1D, and is thought to contribute both to the
initiation and progression of macro- and microvascular
complications. Novel insulin sensitivity equations derived
from easily identified risk factors (e.g., waist circumference
and insulin dose) may allow the clinician to estimate
insulin sensitivity in the clinical setting. Interventions to
improve insulin sensitivity, including diet, exercise and
insulin sensitizing medications, are potential therapies
to supplement conventional therapies in reducing
vascular complications in T1D, but further study is
required. Finally, translation of insulin sensitivity into
clinical practice as a therapeutic target to reduce vascular
complications requires investment in adequately powered
clinical trials designed to capture important long-term
vascular outcomes.

DIET AND EXERCISE
Diet and exercise are important modifiable risk factors
in the development of insulin resistance and vascular
complications in T1D[85]. We have previously reported
that adults with T1D consume higher levels of fat and
saturated fat than their non-diabetic peers, and that
the high intake of fat is associated with risk factors for
coronary heart disease[86,87]. Although studies suggest
that nutrition influences vascular complications in adults
with T1D[85,88], it remains inconclusive whether insulin
resistance or specific nutrients are responsible for this
association. The ADA and ISPAD both emphasize
incorporation of fruits, vegetables, whole grains, and lowfat food choices[89,90], but further studies related to insulin
sensitivity are required. Adolescents with T1D also
appear to be more sedentary and less fit than their nondiabetic counterparts[91]. Higher physical fitness among
youth with T1D is associated with lower HbA1c[85,91].
In a study of overweight and sedentary nondiabetic
children, 3 mo of aerobic training provided doseresponse benefits for insulin resistance compared with
usual physical activity[92]. Moreover, small T1D studies
have demonstrated increased fitness and decreased total
daily insulin dosage with aerobic and strength training,
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Utility of different glycemic control metrics for optimizing
management of diabetes
Klaus-Dieter Kohnert, Peter Heinke, Lutz Vogt, Eckhard Salzsieder
complications, recent studies have revealed that this
metric has some limitations; it conveys a rather complex
message, which has to be taken into consideration
for diabetes screening and treatment. On the basis of
recent clinical trials, the relationship between HbA1c
and cardiovascular outcomes in long-standing diabetes
has been called into question. It becomes obvious that
other surrogate and biomarkers are needed to better
predict cardiovascular diabetes complications and assess
efficiency of therapy. Glycated albumin, fructosamin,
and 1,5-anhydroglucitol have received growing interest
as alternative markers of glycemic control. In addition
to measures of hyperglycemia, advanced glucose
monitoring methods became available. An indispensible
adjunct to HbA1c in routine diabetes care is selfmonitoring of blood glucose. This monitoring method
is now widely used, as it provides immediate feedback
to patients on short-term changes, involving fasting,
preprandial, and postprandial glucose levels. Beyond
the traditional metrics, glycemic variability has been
identified as a predictor of hypoglycemia, and it might
also be implicated in the pathogenesis of vascular
diabetes complications. Assessment of glycemic
variability is thus important, but exact quantification
requires frequently sampled glucose measurements. In
order to optimize diabetes treatment, there is a need
for both key metrics of glycemic control on a day-to-day
basis and for more advanced, user-friendly monitoring
methods. In addition to traditional discontinuous glucose
testing, continuous glucose sensing has become a
useful tool to reveal insufficient glycemic management.
This new technology is particularly effective in patients
with complicated diabetes and provides the opportunity
to characterize glucose dynamics. Several continuous
glucose monitoring (CGM) systems, which have shown
usefulness in clinical practice, are presently on the
market. They can broadly be divided into systems
providing retrospective or real-time information on
glucose patterns. The widespread clinical application
of CGM is still hampered by the lack of generally
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Abstract
The benchmark for assessing quality of long-term
glycemic control and adjustment of therapy is currently
glycated hemoglobin (HbA1c). Despite its importance
as an indicator for the development of diabetic
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cations in type 1 as well as in type 2 diabetes. Especially
postprandial/postchallenge hyperglycemia, independent
of HbA1c or fasting glucose, has been associated with
cardiovascular disease[4], and this could be confirmed very
recently in a post-hoc analysis of the “Effects of prandial
vs fasting glycemia on cardiovascular outcomes in type 2
diabetes (HEART2D)” study[5].
As generally accepted and laid down in the American
Diabetes Association (ADA) and International Diabetes
Federation (IDF) guidelines, strict glycemic control,
implicating comprehensive diabetes evaluation, is needed
to prevent or delay diabetes complications. Nevertheless,
the outcomes of the ACCORD [6] and ADVANCE [7]
trials have taught us that HbA1c levels should be tailored
to the patients’ health status-older age and extensive
comorbid conditions require less stringent targets.
In the overwhelming majority of large clinical trials,
HbA1c has been used to predict long-term outcomes
related to morbidity and mortality in people with type
1 and type 2 diabetes, but the strength of association
with macrovascular end points was weaker than with
microvascular end points. Furthermore, it remains
still unclear how various measures of glycemia predict
diabetes complications and whether a combination
of several markers might even be more strongly
related to adverse outcomes than a single biomarker.
A recent analysis of data from the Diabetes Control
and Complication Trial/Epidemiology of Diabetes
Interventions and Complication Study by Nathan et al[8]
supports the suggestion of using two glycemic markers
to strengthen risk prediction. Thus, it would not be
surprising if in the near future a combination of shorter
and longer term glycemic markers could be used to
predict cardiovascular outcomes more precisely. Now, we
believe that time has come to move from measurement
of HbA1c to other markers, allowing for assessment of
short-time and intermediate-time changes in glycemia.
Although self-monitoring of blood glucose (SMBG)
is still the predominant mode of glucose monitoring,
the use of advanced technology, such as continuous
glucose monitoring (CGM) has shown remarkable
benefits and expanded significantly during recent years.
One of the major problems in utilization such systems
are appropriate evaluation of the great amount of data
provided by CGM and the lack of standardization.
The purpose of the present review is to give an
insight into the problems of choosing the most relevant
markers of glycemic control and how to evaluate CGM
data properly to optimize management of diabetes in
order to avoid long-term complications.

accepted measures for assessment of glucose profiles and
standardized reporting of glucose data. In this article,
we will discuss advantages and limitations of various
metrics for glycemic control as well as possibilities for
evaluation of glucose data with the special focus on
glycemic variability and application of CGM to improve
individual diabetes management.
Key words: Markers of glycemic control; Hemoglobin
A1c; Postprandial glucose; Risk of hyperglycemia and
hypoglycemia; Continuous glucose monitoring; Glycemic
variability; Glucose dynamics; Standardization; Diabetes
mellitus
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Hemoglobin A1c is the gold standard to assess glycemic control and a surrogate for diabetesassociated complications. Self-monitoring of blood
glucose complements daily diabetes management but is
insufficient in providing complete information on shortterm changes in glucose levels induced by effects of
food or antidiabetic medication. Key metrics beyond
HbA1c are needed for glycemic control on a day-to-day
basis as well as more advanced monitoring methods.
Herein, we will review advantages and limitations
of different metrics for glycemic control as well as
possibilities for characterization of glucose dynamics
with the special focus on glycemic variability and
continuous glucose monitoring.
Kohnert KD, Heinke P, Vogt L, Salzsieder E. Utility of different
glycemic control metrics for optimizing management of diabetes.
World J Diabetes 2015; 6(1): 17-29 Available from: URL: http://
www.wjgnet.com/1948-9358/full/v6/i1/17.htm DOI: http://
dx.doi.org/10.4239/wjd.v6.i1.17

INTRODUCTION
Since landmark studies have provided evidence that
glycated hemoglobin (HbA1c) is linked to vascular
complications of diabetes[1,2], this biomarker of glycemia
emerged as the benchmark for current diabetes management. Thus, optimal diabetes control aims to restore
levels of HbA1c to as normal as possible to reduce or
prevent diabetic complications. However, HbA1c has
some important limitations and is a rather complex
measure of hyperglycemia. It represents an indicator for
overall glucose exposure, integrating fasting, preprandial
as well as postprandial hyperglycemia, but their relative
contribution varies with the quality of glycemic control[3].
Apart from several medical conditions that can cause
inaccurate test results, HbA1c neither captures glucose
fluctuations nor does it provide any information on glucose dynamics.
Chronic sustained hyperglycemia is well known to
increase the risk for micro- and macrovascular compli-
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MARKERS OF GLYCEMIC CONTROL
Glycemic markers are indispensable in routine practice as
well as in clinical trials to guide therapy and to investigate
the efficacy of medications on patients’ glycemic control.
A summary of useful glucose measures is shown in
Table 1. As discussed in the following, not only do these
markers cover different timeframes of glycemic control,
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Table 1 Traditional and alternative markers of glycemic
control

Hemoglobin A1c
Glycated serum proteins
1,5-Anhydroglucitol
Glycemic variability
indices
Mean plasma glucose
Fasting plasma glucose
Postprandial plasma
glucose

1-3 mo
2-3 wk
1-2 wk
24-72 h
24-72 h
8-10 h
2-4 h

CGM-Mean glucose (mmol/L)

Time span of
glycemic control

22

Ref.
[15]

Cohen , 2007
Takahashi et al[33], 2007
Dungan et al[43], 2008
Rodbard[54], 2009
[30]

Bergenstal et al , 2013
Monami et al[22], 2013
Standl et al[23], 2011

18
16
14
12
10
8
6

r = 0.605
P < 0.001

4
2
0

they also provide different information on glucose
metabolism and may reflect different pathways.
HbA1c
HbA1c is formed by nonenzymatic glycation as adduct
of glucose and the hemoglobin molecule. The HbA1c
value reflects average glucose over 1-3 mo. The National
Glycohemoglobin Standardization Program is the
organization that evaluates, sets standards for accuracy, and
certifies methods for measurement of HbA1c. Besides
laboratory tests, even home monitors for patients have
been approved, e.g., Bayer A1cNow Selfcheck At-HomeA1c
System or BioRad’s Micromat™ Ⅱ Hemoglobin
Instrument.
HbA1c has been used as a biomarker for more
than three decades as universally accepted means for
monitoring glycemic control and as clinical surrogate
endpoint in diabetes. In both patients with type 1 and
type 2 diabetes, it is well documented that HbA1c predicts
the occurrence of diabetes complications. A review by
Khaw et al[9] examined HbA1c as a risk predictor for
cardiovascular disease and found that a 1% increment in
absolute concentration of HbA1c was associated with
about 10%-20% increase in cardiovascular risk[9]. Elley
et al[10] confirmed in a large prospective cohort study of
48444 people with type 2 diabetes that increased HbA1c is
an independent risk factor for cardiovascular disease, after
adjusting for traditional risk factors. This is consistent
with work by Ma et al[11] who suggested from data of a
retrospective study in older patients with diabetes that
elevated HbA1c values are an independent predictor of
complex coronary lesions. However, a very recent analysis
in subjects without diabetes and cardiovascular disease
obtained little additional benefit for prediction of firstonset cardiovascular disease[12]. Prior to the Emerging
Risk Factors Collaboration study[12] large trials, such as
ACCORD[6] and ADVANCE[7], also failed to demonstrate
the ability to alter cardiovascular outcomes upon lowering
HbA1c values in patients with long-standing diabetes.
This is in contrast to the effects of tight glycemic control
in reducing microvascular complications. As a corollary,
the uncertainty around HbA1c results in relation to
clinical outcomes was augmented. Moreover, deeper
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Figure 1 Relationship between hemoglobin A1c and mean glucose obtained
from (A) continuous glucose monitoring and (B) self-monitoring of blood
glucose in a cohort of 114 non-insulin treated type 2 diabetic patients. Medians
(25th-75th percentile) for age, diabetes duration, and HbA1c were 59.0-68.0 yr,
2.0-10.0 yr, and 6.0%-7.3% (42-56 mmol/mol), respectively. The lines denote the
regression lines (black), 95%CI (blue), and prediction intervals (red) (Kohnert et al,
Unpublished data). CGM: Continuous glucose monitoring; HbA1c: Hemoglobin A1c.

insight into the pathogenesis of diabetes has disclosed
important limitations of HbA1c measurement. For
example, early analyses recognized that diabetic patients
with identical HbA1c values can have different mean
glucose concentrations [13,14]. The regression analysis
shown in Figure 1 for a cohort of our type 2 diabetic
patients demonstrates that although the regression
coefficients between HbA1c and mean glucose obtained
either from CGM or concurrent SMBG measurements
are similar (Kohnert et al, Unpublished); wide variations
in the relationship among and within the patients can
be seen. In a minority of patients such mismatch might
partly be explained by unequal temporal distribution
of glucose sampling, but more importantly, there are
studies to provide evidence that this observation is due to
differences in intracellular glycation rates[15]. It appears that
glycation of hemoglobin is not simply a concentrationdependent process, and factors other than glucose are
likely to be involved. Moreover, conditions that could
interfere with HbA1c measurement, causing erroneous
values, are high red cell turnover, hemolytic anemia, blood
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transfusion, chronic renal or liver disease[16], and drug
treatment. Under these circumstances, HbA1c cannot be
used as a glucose control measure; and alternative markers
should be considered. The most important limitation
of HbA1c is its inability to predict hypoglycemia and to
capture short-term changes of glycemia. Furthermore,
we have previously shown that in well-controlled patients
with type 2 diabetes, HbA1c is mainly determined by
chronic sustained hyperglycemia; glycemic fluctuations
go undetected[17]. However, this is critical for safe and
timely adjustment of insulin administration and clinical
decision making. Thus, there has been increasing interest
in additional markers for better glycemic control over
shorter timeframes. The markers in question, however,
may have specific characteristics and are not equally suited
for diabetes management.

events than fasting glucose. Data obtained form a study
conducted by Esposito et al[26] showed that postmeal
incremental glucose values > 2.78 mmol/L, found in
two thirds of study participants, were correlated with
carotid intima-media thickness. Further support for the
concept of treating elevated PPG came from a post-hoc
analysis of the HEART2D study[27]. Although all these
studies could not clarify, whether PPG is a real marker of
cardiovascular events or a surrogate of complex metabolic
processes taking place in the postprandial phase[28], this
measure appears to be helpful for assessing the mealinduced glucose excursion and efficacy of diabetes
treatment. In order to reduce the risk of cardiovascular
events, the ADA[19] and IDF[29] recommend PPG values
≤ 10.0 and ≤ 9.0 mmol/L, respectively.
When considering glucose exposure, mean glucose
is the metric with which the quality of diabetes management can be judged by clinicians as well as patients
at shorter intervals and more easily than with HbA1c.
For this reason, an expert panel of diabetes specialists
recommended mean glucose/median glucose of all
readings as one of the helpful glucose metrics[30].

Fasting glucose, postprandial glucose, and mean
glucose
In contrast to HbA1c, estimation of glucose exposure for
specific time periods overnight or 2 to 4 h postprandial
may be useful in monitoring effects of food, exercise,
or antidiabetic medications. Thus, fasting glucose
(FPG) and postprandial glucose (PPG) provide an acute
assessment of glycemia. However, in their original work
on the relationship between FPG and PPG, Monnier et
al[9] have shown that the relative contribution of these
measures changes with increasing HbA1c values[3] and
worsening of the metabolic situation is indicated by loss
of postprandial glycemic control[18]. According to the
ADA Standards of medical care in diabetes - 2014[19],
FPG values of ≥ 7.0 mmol/L and 2-h plasma glucose
(2hPG) of ≥ 11.1 mmol/L are considered criteria for
the diagnosis of diabetes. Among a number of studies,
which have examined the relationship of FPG or 2hPG
to mortality, data from the Baltimore Longitudinal
Study on Aging showed that FPG levels, exceeding
7.0 mmol/L increased the risk of mortality and the
2hPG added predictive power to that of FPG alone[20].
Impaired fasting glucose emerged also as independent
predictor of cardiovascular mortality in the Australian
Diabetes, Obesity and Lifestyle Study[21]. A recent metaanalysis suggested that reduction of FPG was related to
a decrease of cardiovascular mortality with data on PPG
pointing in the same direction[22].
Standl et al[23] have listed 14 long-term observational
studies showing that elevated PPG levels increase the
risk of cardiovascular disease or the occurrence of a
cardiovascular event approximately threefold. By contrast,
data from prospective studies on the association between
PPG and cardiovascular risk in established diabetes are
limited. The Diabetes Intervention study[24] has revealed
the harmful link between PPG levels >10 mmol/L and
increased risk of cardiovascular events and reported that
reduction below this level decreased myocardial infarction
and death in type 2 diabetes. Cavelot et al[25] confirmed
this association in their follow-up study, demonstrating
that PPG was a stronger predictor of cardiovascular
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Fructosamin and glycated serum proteins
In recent years, fructosamin and serum glycated proteins
with shorter half-lives (14-21 and 17-20 d, respectively) than
hemoglobin have been evaluated as markers of glycemia.
Fructosamin is formed by attachment of the molecule
primarily to albumin via a nonenzymatic reaction. The
fructosamin assay uses a colorimetric method, is rapid,
inexpensive and specific, and can be applied to measure
glycation of serum proteins, principally albumin [31];
however, there is little standardization of this test. Several
studies showed good correlations between fructosamin
and HbA1c and glycated albumin[32]. Glycated albumin
(GA) is a ketoamine that is formed via nonenzymatic
glycation and has been reported to be a useful marker of
shorter-term glycemic control in diabetes[33]. It is a more
rapidly responding indicator than hemoglobin, although
the glycation rate for both proteins is comparable[34].
Various methods to quantify GA are available but have not
been consistently standardized-most common are affinity
chromatography and enzymatic assays. Two cross-sectional
studies, a Japanese and an American one, involving
diabetic patients on hemodialysis[35,36], suggested that GA
is a better marker of glycemic control than HbA1c. The
consistent finding of significantly lower % GA/HbA1c
ratios in diabetic patients without nephropathy compared
to those on dialysis indicates that HbA1c underestimates
glycemic control under these circumstances. It is likely
that factors such as reduced survival of red blood cells
and transfusions contribute to lowering of HbA1c levels
in diabetic patients on hemodialysis. GA has been found
useful in neonatal and gestational diabetes to detect shortterm changes in glycemia[37,38]. Since glycated albumin was
shown to be an independent variable of maximum glucose
levels, it appears to be a more sensitive marker than HbA1c
for glycemic excursions, as they occur during postprandial
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within-day and between-day variability, respectively[50]. It
was Monnier et al[51] who suggested that GV is one of the
important components of dysglycemia in diabetes.
With the advent of CGM, quantification of GV
gained considerable clinical importance[52]. Numerous
indices for evaluation of various aspects of GV are
currently available, which have been carefully characterized
by Rodbard[53,54] and Cameron et al[55]. Although they
can principally be calculated from frequently sampled
SMBG data, i.e., seven- or eight-point glucose profiles,
it is advisable to use CGM datasets, because capturing
relevant glucose peaks and nadirs requires sampling
frequencies of 1-5 min. It is thus not unexpected that
several studies found the magnitude of GV to depend
on the sampling frequency[56,57]. Furthermore, it is very
important to clearly differentiate between indices of GV
and indices of the quality of glycemic control. Measures
of GV quantify short-term changes in glycemia and
reflect different and specific aspects of glycemic control
but should not be interchanged. Validated indices such as
mean amplitude of glycemic excursions (MAGE), mean
of daily difference, continuous overall net glycemic action
are often used in clinical research, but they are not easy
to calculate. Several computer programs have recently
been developed for better handling of sampled glucose
data. We previously developed a computer program
to calculate MAGE[58], and meanwhile, there is other
software available, such as GlyCulator[59] and EasyGV
(www.easygv.co.uk) for computing glycemic variability
indices. In order to standardize measures of glycemia
and glucose data reporting, an expert panel of diabetes
specialists recommended for the ease of use, familiarity,
and correlation with other factors of glycemic control,
the following three measures of GV: SD around the
mean glucose (SD), coefficient of variation (CV), and
interquartile range (IQR)[30]. Especially, if CGM data are
collected, IQR is the most reliable aggregate measure of
GV, as the panel announced. Normative values for GV
indices have been published by Hill et al[60] and Zhou et
al[61].
In regard to the clinical relevance, it remains controversial whether GV is an independent causative or
contributing factor to diabetes complications[62]. Nevertheless, there are a few studies in patients with type 1
diabetes to suggest GV to impact on the development of
microvascular complications[63,64]. In an 11-year followup study, Bragd et al[65] found that GV measured by SD
of blood glucose was a predictor of the prevalence of
peripheral neuropathy. Moreover, Snell-Bergeron reported
subclinical atherosclerosis to be associated with glucose
levels and glucose SD in men with type 1 diabetes[66]. The
potential importance of GV for the development of
microvascular complications has been corroborated by
Soupal et al[67] in a recent cross-sectional study of type 1
diabetes patients. This study showed significantly increased
values for GV indices, such as SD, CV, and MAGE, for
patients with microvascular complications as compared to
those without complications. In this context, it should be

times[39]. This is important because postprandial glucose
excursions are known risk factors for diabetic micro- and
macrovascular diabetes complications. More recently, it
was found that serum GA levels are higher in relation to
HbA1c in diabetes patients with reduced basal pancreatic
[40]
β-cell function . If in the state of postprandial hyperglycemia, indicating postprandial β-cell dysfunction, serum
concentrations were found to be increased, then GA
could be a useful surrogate marker for cardiovascular
risk[41]. This has not yet been confirmed by clinical trials,
although the finding of elevated GA, but not HbA1c
levels in patient with coronary artery stenosis points out
such a relationship[42].
1,5- Anhydroglucitol
Another analyte, 1,5-anhydroglucitol (1,5-AG), has been
suggested for use as intermediate marker of glycemia to
complement HbA1c measurements[43]. It is a naturally
occurring inert polyol, which represents a six-carbon
chain monosaccharide with a structure similar to glucose.
An automated assay named GlycoMark™ is commercially
available. 1,5-AG competes with glucose for tubular
re-absorption and can hence not be used as a marker
for glycemic control in patients with impaired kidney
function. Furthermore, it should be noted that glucose
levels exceeding the renal threshold for glycosuria, i.e., 10
mmol/L (180 mg/dL), lead to a rapid reduction in serum
concentration of 1,5-AG [44]. Poor glycemic control,
indicated by high HbA1c values (> 9.0%, > 75 mmol/
mol), is therefore associated with lower not higher levels
of 1,5-AG. Although this marker responds sensitively
and rapidly to daily glucose excursions in patients with
near or at goal HbA1c levels [45], it can not identify
hypoglycemia. Dungan et al[46] have reported that 1,5-AG
varied markedly in diabetes patients despite similar
HbA1c and showed that this was mainly attributable to
different postprandial glucose excursions. This makes
1,5-AG superior compared to HbA1c or GA (serum
fructosamine) measurements as a marker for identifying
postprandial hyperglycemia. Consequently, 1,5-AG has
been used to evaluate drug strategies on postprandial
glycemia. Studies, including exenatide[47], sitagliptin[48] or
biphasic insulin[49], for example, support the usefulness
of 1,5-AG as a marker to identify treatment effects
on postprandial glycemic excursions that would have
otherwise been missed. However, it must be emphasized
that 1,5-AG is not able to determine glycemic variability.
Metrics of glycemic variability
Clinical observations in patients with type 1 and type 2
diabetes have revealed that glucose profiles can greatly
differ even if patients are well-controlled. While in some
patients small or moderate glucose excursions and rare
hypoglycemia occur, there are marked postprandial
increases with frequent hypoglycemic episodes in others.
Such ups and downs in glucose levels over time, either
measured within 24 h or from day to day at the same
time point, reflect glycemic variability (GV) classified as
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noted that analysis of data from the Diabetes Control and
Complications Trial showed that long-term fluctuations in
glycemia expressed as SDs of HbA1c independently relate
to the development of retinopathy and nephropathy[68].
With respect to type 2 diabetes, there are more study data
available than for type 1 diabetes, demonstrating close
associations between GV and vascular complications[69].
In patients with well-controlled glycemia, Zhou et al[70]
reported that increased MAGE is one of the risk factors
for microalbuminuria. Vaduva et al[71] observed increased
values for several GV indices in type 2 diabetic patients
with chronic kidney disease compared to those without
kidney damage; and Mirani et al[72] noticed glucose profiles
with higher GV in insulin-treated diabetes patients on
hemodialysis than in the hemodialysis-free intervals. One
retrospective long-term follow-up study showed that
fasting glucose variability was a risk factor for diabetic
retinopathy independent of mean fasting glucose or
HbA1c[73]. Regarding macrovascular complications, Chen
et al[74] obtained data from a case-control study to suggest
a significant association between GV and progression of
atherosclerosis, as determined by measurement of carotid
intima-media thickness. These latter data are consistent
with the value of MAGE in predicting better than HbA1c
major adverse cardiac events[75], coronary artery disease in
newly diagnosed diabetes[76] and its severity in established
type 2 diabetes[77]. A strong argument was presented for
the role of GV by the recent analysis of the ADVANCE
(Action in Diabetes and Vascular Disease: Preterax and
Diamicron MR Controlled Evaluation) trial that revealed
a clear association between SD of glucose and macro- as
well as microvascular events in type 2 diabetes[78]. It should
further be noted that MAGE, has been found by Rizzo
et al[79] to be associated with impairment of cognitive
function independent from the main markers of glycemia
(HbA1c, FPG, PPG); and Penckofer et al[80] reported an
impact of GV on mood and life quality in women with
type 2 diabetes.
Finally, experimental findings and clinical observations
suggesting that GV more than sustained chronic
hyperglycemia induces increased oxidative stress[81] provide
sure indications that GV is involved in the development
of vascular disease. Because traditional measures of GV,
with the exception of % CV, are closely correlated with
mean glucose, it remains difficult to define an independent
role for GV in the development of diabetes complications.
Nevertheless, in clinical practice, minimizing GV is
important to achieve acceptable glycemic stability without
increasing the risk of hypoglycemia[82-84].

for glycemic extremes, both hyper- and hypoglycemia.
They do not measure GV per se, rather its consequences.
Nevertheless, ADRR scores correlate with several GV
indices[60,87] and were further shown to correlate with
patients’ insulin sensitivity, epinephrine release[88], and
weakly with basal β-cell function (HOMA%B)[89]. The
ADRR includes the high blood glucose index and the
low blood glucose index (LBGI), which quantify the
risk for hyperglycemia and hypoglycemia. Among the
advantages of ADRR that should be emphasized are the
equal sensitivity to predict excessive hyperglycemic as
well as hypoglycemic episodes and the possibility to use
either SMBG or CGM data for its calculation[90]. On the
other hand, ADRR has been considered as apparently
less sensitive to therapeutic effects[87]. Nonetheless, with
regard to our own research (Kohnert et al, unpublished
data) we were able to differentiate between treatment
modalities, as depicted in Figure 2. ADRR is usually
reported as cutoff scores based on risk categories[90].
Even glucose meter software programs for automatic
calculation are meanwhile available. Treatment studies
that have used ADRR as outcome measure are still
limited in number. Patton and coauthors[91] published a
comprehensive review article on the use of ADRR in
assessment research and treatment outcomes research,
suggesting that adults and youths with diabetes could well
benefit from monitoring their ADRR scores. However,
as these authors stated, it is currently unknown to which
extent ADRR is used in routine diabetes control.
GRADE has been introduced by Hill et al[86]. The
GRADE score is an expression of the mean GRADE
value derived from any glucose profile. The percentage
of time spent in a specified range can be given as
% GRADEhypoglycemia, %GRADEeuglycemia, %GRADEhyperglycemia.
There have been only a few studies that have used
GRADE scores, mainly in comparison with GV indices.
One study has shown that GRADE was significantly
improved in response to unmasking of CGM glucose
values [87] ; another study found GRADE scores to
be reduced concomitant with lowering of GV after
adjustment of therapy in patients with type 2 diabetes[84].
Although both ADRR and GRADE indicate increased
glycemic risk, it should be noted that they are only
moderately correlated with one another[87]. Nevertheless,
as shown in Table 2, our data suggest that among the
above metrics GRADE hypoglycemia and LBGI derived
from CGM data are superior in estimating the risk of
hypoglycemia (Kohnert et al, unpublished data).
Metrics of glucose dynamics
Regulation of glucose concentration is a complex process
that is linked with several ultradian rhythms. Even though
certain aspects of the failing glucoregulation observed
in the development and progression of diabetes may be
assessed by classical indices of GV, they do not include
a time component [92]. The metrics of GV described
above may thus give information about the extent of
excursions, yet information about glucose dynamics is not

Metrics of glycemic risk
Essentially two indices, such as the average daily risk
range (ADRR) [85] and the glycemic risk assessment
diabetes equation (GRADE)[86] have been developed to
grade the quality of glycemic control and to complement
clinical assessment of diabetes treatment. These metrics
are calculated by converting glucose values obtained from
SMBG or CGM into risk scores, i.e., they quantify the risk
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Table 2 Linear regression relating hypoglycemia as dependent
variable with measures of glycemic control as independent
variables in type 2 diabetes
Measure

R²

P value

Time (h/d) spent
< 3.9 mmol/L

GRADEHYPO
LBGI
% CV
HbA1c

0.734
0.471
0.293
0.048

< 0.001
< 0.001
< 0.001
0.02

30
Average daily risk range

Asymptomatic hypoglycemia

P = 0.028
P = 0.005

Data analyzed from 114 patients treated with diet and oral antidiabetic
drugs. GRADEHYPO: Glycemic risk assessment diabetes equation hypoglycemia;
LBGI: Low blood glucose index; %CV: Percent coefficient of variation
(Kohnert et al, Unpublished data).
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sufficiently provided, i.e., how the glucoregulatory system
moves from one state to another over time. In other
words, GV indices are not suitable to gain deeper insight
into regulatory dynamics. Various analytical methods
have been used for indicating the range of glycemic
dynamics in nondiabetic and diabetic patients associated
with typical disease conditions. Time-series analysis
techniques provide an approach to discover changes in
glucose dynamics. Thus, autocorrelation function has
been applied to glucose time series analysis in nondiabetic
and type 1 diabetic individuals [93], but is difficult to
exploit in type 2 diabetes due to the largely nonstationary
data sequence. Utilizing detrended fluctuation analysis
(DFA), Churruca et al[94] and Yamamoto et al[95] observed
a loss of glucose profile complexity, as detected by the
short- and long-term scaling exponent α1 and α2, in the
progression from normoglycemia to impaired glucose
tolerance to overt diabetes. Ogata et al[96] have reported
that increasing long-range DFA scaling exponents reflect
abnormalities in glycemic control. Interestingly, they
found that the MAGE was correlated only to the DFA
long-range scaling exponent a2 in patients with diabetes.
According to Khovanova et al[97], glucose profile dynamics
can be defined by three complementary characteristics:
nonstationarity (DFA exponent a), linear predictability
(autocorrelation coefficient g), and amplitude of variation
(SD of glucose). Kovatchev et al[98] and Molnár et al[99]
introduced the Poincaré plot time series analysis tool to
acquire temporal glycemic variability from CGM data.
The primary method defines short-term and long-term
variability, corresponding to the length of the minor
SD1 and major SD2 axes of the plot. In his recent
work, Crenier[100] extended Poincaré plot quantification
by introducing and validating new partial Poincaré plot
metrics, e.g., area and shape of the fitting ellipse calculated
at specific time points. While the majority of these
metrics closely correlated with classical indices of GV,
the shape index did not, indicating that the Poincaré plot
captures many types of variability. One may speculate
that in order to solve the question of whether GV is an
independent contributor to the development of diabetes
complications, analysis at multiple time scales would
provide a better approach than use of classical indices.
Indeed, in a recent cross-sectional, observational study,
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(31)

Figure 2 Differentiation between treatment groups of type 2 diabetic
patients using the average daily risk range scores. Sample size for each
group is given in parenthesis. Between-treatment group differences were
evaluated by one-way analysis of variance and are statistically significant (P <
0.001). MET: Metformin; SU: Sulfonylurea; OAD: Oral antidiabetic drugs; INS:
Insulin (Kohnert et al, Unpublished data).

Cui et al[101] introduced Multi-Scale glycemic variability
for analysis of CGM data at multiple time scales. They
identified five unique ultradian GV cycles that modulate
glucose over time ranges of 0.5 to 12 h and showed
that greater GV within these cycles was associated with
detrimental changes in brain morphology and function.
Biomarkers and surrogate biomarkers for diabetes
complications
It is agreed upon that chronic sustained hyperglycemia
represents one of the today’s most important surrogate
biomarker for development of microvascular diabetes
complications. In addition to markers of glycemia,
several novel biomarkers have been identified, capable
of predicting onset or progression of nephropathy in
type 2 diabetes. In a recent systematic review, Hellemons
et al[102] assessed the validity of such biomarkers and
found, for example, that serum interleukin 18, urinary
ceruloplasmin, immunoglobulin G, and transferrin were
valid markers to predict onset of diabetic nephropathy.
Vascular cell adhesion molecule 1, interleukin 6, von
Willebrand factor, and intercellular adhesion molecule
1 were identified as markers for progression of nephropathy. Although a number of circulating (e.g., high
sensitive C-reactive protein, brain natriuretic peptide),
genetic, and imaging biomarkers (e.g., carotid intima-media
thickness) are significantly related with cardiovascular risk,
their predictive power for individuals is restricted. The
relationship of hyperglycemia with macrovascular disease
is not as clear as with microvascular complications.
Since large clinical trials[6,7] failed to provide convincing
evidence that HbA1c is a reliable surrogate, adequate
markers for cardiovascular outcomes in diabetic
individuals with longer disease duration are not yet
available[103]. The uncertainty related to cardiovascular
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Figure 3 Continuous glucose monitoring traces from
seven patients with an HbA1c value of 6.5% selected from
the type 2 diabetes cohort treated with oral antidiabetes
drugs. Average 24-h glucose profiles are shown. Shading
indicates the glucose target range 3.9-10.0 mmol/L (modified
from Kohnert et al, Bull Karaganda University 2013; 72: 6-15).
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disease led to the release of the new recommendations
on evaluating cardiovascular risk in drugs intended to
treat type 2 diabetes[104] by the United Kingdom Food and
Drug Administration. Given the complexity of diabetes,
it is conceivable that no single biomarker can indicate
the risk of complications or disease progression. New
technologies, including metabolomics, proteomics, and
genomics have the potential to unravel the pathogenesis
of diabetes and put forward new concepts for the
development of biomarkers beyond impaired glucose
regulation.

and 1.54. It is conceivable that frequent use of CGM
and careful pattern analysis is able to improve glycemic
control by uncovering such trouble points.
Clinical study outcomes and data obtained from
every-day diabetes management have shown that the use
of CGM can consistently improve glycemic control[105].
Notwithstanding that those with unstable diabetes who
are prone to hypoglycemia and hypoglycemia unawareness
will benefit most, the majority of diabetes patients can
achieve their glucose targets when using CGM[106]. Two
variants of CGM based on sensor technology are available:
retrospective and real-time glucose monitoring[107,108].
While CGM systems such as CGMS Gold, Guardian T,
Glucoday, and iPro2 were mainly designed as a tool for
health care providers to collect glucose data over a sensing
period of 3-7 d during which the data were masked to
patients, provide real-time glucose monitors like Guardian
RT, Dexcom Seven Plus, and Navigator real-time glucose
values, trends, and alarms if glucose levels become high
or low. The latter CGMs enable immediate therapeutic
action, but require training experience for both health care
practitioners and patients. However, all the above systems
measure glucose subcutaneously, whereby the kinetics of
the sensing process is defined by the physiology of the
subcutaneous space. Glucose sensing in the peritoneal
space, as recently shown, has the potential to optimize
glucose monitoring because of faster intraperitoneal than
subcutaneous kinetics[109].
Even though application of CGMs has convincingly
demonstrated practical utility in diabetes management,
i.e., food response[110], reduction of glucose variability,
time spent in hypo-/hyperglycemia, and improvement
of HbA1c levels, this technology is still underutilized
for a number of reasons[30]. One of the main problems
is the lack of standardized metrics and a more userfriendly presentation of data. There are currently several
well-established clinical and research measures that have
shown to be useful in analyzing and characterizing CGM
profiles. An expert panel of diabetes specialists identified
time in range as one of the key metrics for guiding
diabetes treatment[30]. This metric can be expressed either
as “% of glucose readings” or “hours per day”. As the

GLUCOSE MONITORING
The development of hand-held blood glucose meters
some decades ago made it possible for diabetes patients
to monitor their own blood glucose levels at any time in a
convenient way and enabled adjustment of therapy. With
the universal availability of glucose meters, SMBG found
broad application for management of glycemic control.
However, this traditional monitoring usually measures
single glucose values at a time point, which is determined
by the user; it provides only a snapshot of the whole
glucose picture and rapid changes occurring between
single measurements escape detection. Introduction of
the CGM technology presented a great step forward
toward modern diabetes management, because it over
comes limitations of traditional SMBG by producing
glucose profiles instead of distinct measurements over
several days, real-time glucose values, glucose trends and
warnings when glucose values approach dangerously low
or high levels. CGM recordings also provided evidence
that diurnal glucose patterns may considerably differ in
individual patients, even at identical HbA1c levels-a fact
overlooked in the past. Figure 3 depicts individual average
CGM profiles from a subsample of type 2 diabetes
patients with identical HbA1c values. As can be seen,
the profiles are quite different in that: (1) most of them
exceed the target range (5%-23% glucose values above
10 mmol/L); (2) they show marked glycemic excursions
(%CV 20.6-38.1); and (3) the glucose complexity longrange DFA scaling exponent α 2 varies between 1.32
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mean glucose and PPG as shorter-term indicators, and
ADRR or GRADE for the quality of glycemic control. We
would further recommend SD around the mean glucose,
MAGE, and %CV as metrics of GV. Since these measures
do not consider a time component Poincaré plot metrics
might attract more attention to quantify short-and longterm GV and their relationship to the development of
diabetes complications. For practical reasons and according
to specific needs, a combination of shorter and longer term
glycemic markers should be used for assessment of diabetes
control to predict vascular outcomes more precisely. Finally,
the control of glucose concentration is incomplete without
dynamic measurements. Because of the limited available
data, the utility of current metrics of glucose dynamics can
not yet be judged, but they have shown promising potential
to provide deeper insight into the glucoregulatory system
hitherto not achieved with currently used metrics.
Since this article brings into focus metrics of glycemic
control, the schematic representation in Figure 4 depicts
which of these metrics may be predictive of microand macrovascular outcomes in diabetes. Nevertheless,
it remains unclear whether glycemic variability and/or
changes in glucose dynamics are implicated, but to
achieve optimal glycemic control one should be aware
that other factors than simply high blood glucose levels
are likely to contribute to complications of diabetes.
The discovery of new markers as reliable surrogates for
clinical outcomes rather than simply glycemic control will
advance the ability to assess the risk of complications and
target treatment of diabetes.

Diabetes onset
FPG, PPG,
HbA1c

Glycemic Variability
SD, MAGE, %CV
Glycemic Risk
ADRR, GRADE

Microvascular diabetes
outcomes
HbA1c,
GA, 1,5 AG

Macrovascular
diabetes outcomes
PPG, HbA1c,
FPG, 1,5 AG

Figure 4 Glycemic Markers and Risk of Diabetic Complications. The solid
lines show established relationships of the glycemic markers with microvascular
and macrovascular diabetes complications; dotted lines represent possible
relations with glycemic variability. FPG: Fasting plasma glucose; PPG:
Postprandial plasma glucose; HbA1c: Hemoglobin A1c; GA: Glycated albumin;
1,5 AG: 1,5 Anhydroglucitol; SD: Standard deviation of plasma glucose values;
MAGE: Mean amplitude of glycemic excursions; CV: Coefficient of variation;
ADRR: Average daily risk range; GRADE: Glycemic risk assessment diabetes
equation.

default target range, 3.9-10.0 mmol/L (70-180 mg/dL)
was selected. Although this is not a “normal” range, it is
commonly considered as acceptable in clinical practice.
Individual targets closer to the physiological range can
be defined, depending on age, comorbidities or patient
compliance.
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Causative anti-diabetic drugs and the underlying clinical
factors for hypoglycemia in patients with diabetes
Hidekatsu Yanai, Hiroki Adachi, Hisayuki Katsuyama, Sumie Moriyama, Hidetaka Hamasaki, Akahito Sako
hypoglycemia and mortality. Here, we systematically
reviewed the drug-induced hypoglycemia, and also
the underlying clinical factors for hypoglycemia
in patients with diabetes. The sulfonylurea use is
significantly associated with severe hypoglycemia in
patients with type 2 diabetes. The use of biguanide
(approximately 45%-76%) and thiazolidinediones
(approximately 15%-34%) are also highly associated
with the development of severe hypoglycemia. In
patients treated with insulin, the intensified insulin
therapy is more frequently associated with severe
hypoglycemia than the conventional insulin therapy and
continuous subcutaneous insulin infusion. Among the
underlying clinical factors for development of severe
hypoglycemia, low socioeconomic status, aging, longer
duration of diabetes, high HbA1c and low body mass
index, comorbidities are precipitating factors for severe
hypoglycemia. Poor cognitive and mental functions are
also associated with severe hypoglycemia.
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Core tip: The use of sulfonylurea is significantly
associated with severe hypoglycemia in patients with
type 2 diabetes. Biguanide and thiazolidinediones use
are also highly associated with severe hypoglycemia.
The intensified insulin therapy is more frequently
associated with severe hypoglycemia compared with
other insulin therapies. Low socioeconomic status,
aging, longer duration of diabetes, high HbA1c and
low body mass index, comorbidities, poor cognitive
and mental function are precipitating factors for severe
hypoglycemia.

Abstract
Recent clinical trials indicated that the intensive
glycemic control do not reduce cardiovascular disease
mortality among diabetic patients, challenging a
significance of the strict glycemic control in diabetes
management. Furthermore, retrospective analysis of
the Action to Control Cardiovascular Risk in Diabetes
study demonstrated a significant association between
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insulin, and 42.3% and 51.1% of type 2 diabetic patients
were due to SU and insulin, respectively[28]. Signorovitch et
al[29] showed that the use of SU (38.2 %), biguanide (56.3%)
and thiazolidinediones (TZD) (14.5%) were highly
associated with the development of severe hypoglycemia.
Although this study did not reveal whether monotherapy or combination therapy by using biguanide
induced severe hypoglycemia, this study showed that
the number of patients treated with biguanide was
greater than those with SU. To understand the burden
of severe hypoglycemia among new users of insulin
and oral anti-diabetic drugs (OAD), Moisan et al [30]
conducted an inception cohort study using the databases
of the Quebec health insurance board and the Quebec
registry of hospitalizations between January 1, 2000 and
December 31, 2008. A total of 188659 new users of antidiabetic treatment were included. A total of 3575 (1.9%)
individuals had at least 1 hypoglycemia-related ED visit.
This study also showed the greater use of metformin
(45.0%) as compared with SU (32.1%).
Hsu et al[31] showed that the number of insulin and
SU user was significantly greater in patients with severe
hypoglycemia (24.2% for insulin, 67.8% for SU) than
in patients without hypoglycemia (4.35% and 54.95%,
respectively).
Holstein et al[32] compared the incidences of severe
hypoglycemia between 2007-2010 and 1997-2000.
Severe hypoglycemia among all emergency admissions
significantly increased from 0.68% in 1997-2000 to
0.83% in 2007-2010, which was associated with the
intensification of anti-hyperglycemic therapy. In type 1
diabetes, severe hypoglycemia increased from 11.5/100000
inhabitants to 23.4/100000 inhabitants for ten years,
and also increased in type 2 diabetes from 18.5/100000
inhabitants to 32.6/100000 inhabitants. The number
of drugs had increased in type 1 and type 2 diabetes. In
patients with type 1 diabetes, the number of incidence
of severe hypoglycemia due to the intensified insulin
therapy (IIT) increased from 64 in 1997-2000 to 96 in
2007-2010, and severe hypoglycemia due to IIT (79.3%)
was more frequent compared with the conventional
(6.6%) or continuous subcutaneous insulin infusion (CSII)
(13.2%), in 2007-2010. In type 2 diabetes, the frequency
of IIT significantly increased in 2007-2010 as compared
with those in 1997-2000. Severe hypoglycemia due to
SU monotherapy increased from 45 cases to 67 cases.
Severe hypoglycemia due to glimepiride (n = 65) occurred
fourfold more frequently than severe hypoglycemia due
to glibenclamide (n = 16). Ha et al[33] also reported that
glimepiride was the most frequently prescribed drug in
patients with severe hypoglycemia in South Korea.
In the survey by Geller et al[34], in an estimated 22.9%
of ED visits for insulin-related hypoglycemia, more
than 1 type of insulin product was documented. Longacting (32.9%) and rapid-acting (26.4%) products were
the most commonly documented insulin product types.
Metformin and SU were the most commonly documented
concomitant OAD, identified in 50.9% (95%CI:
47.6%-54.2%) and 39.2% (95%CI: 34.8%-43.6%),

Sako A. Causative anti-diabetic drugs and the underlying clinical
factors for hypoglycemia in patients with diabetes. World J
Diabetes 2015; 6(1): 30-36 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/30.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.30

INTRODUCTION
The Diabetes Controls and Complication Trial and the
United Kingdom Prospective Diabetes Study lead us to
consider the strict glycemic control to prevent microand macro-vascular complications [1,2]. Recent clinical
trials such as Action to Control Cardiovascular Risk
in Diabetes (ACCORD) presented that cardiovascular
disease mortality did not decrease by the intensive
glycemic control in diabetic patients[3-5], challenging a
significance of the strict glycemic control in diabetes
management.
In retrospective analysis of the ACCORD study, the
annual mortality among patients in the intensive and
standard glucose control arms were significantly higher
in patients with severe hypoglycemia (2.8% and 3.7%,
respectively) than those with no episodes (1.2% and 1.0%,
respectively)[6].
Patients with diabetes treated with insulin and hypoglycemic drugs are at a greater risk of developing hypoglycemia than patients treated with only diet and exercise[7-9].
Drug-induced hypoglycemia causes substantial morbidity
and mortality, and compromises physiological and
behavioral defenses against subsequent hypoglycemia, and
also precludes the maintenance of glyemic control[10-26].
Here we systematically reviewed drug-induced
hypoglycemia, and the underlying clinical factors for the
development in diabetic patients.

CAUSATIVE ANTI-DIABETIC DRUGS FOR
HYPOGLYCEMIA
The list of published articles about the drug-induced
hypoglycemia is shown in Table 1. Kim et al[27] analyzed
subjects with severe hypoglycemia who were brought
to the Emergency Departments (ED) between January
1, 2004 and December 30, 2009. Fifty three percent
of subjects were treated by insulin. Among patients
with severe hypoglycemia due to sulfonylurea (SU),
the glimepiride use increased from 2004 to 2009, while
the gliclazide use decreased. Among patients treated
with insulin, the treatment by using long-acting insulin
analogues and premixed insulin increased, while the
treatment by neutral protamine Hagedorn (NPH)-insulin
and regular insulin (RI) decreased. According to the
accumulated data between 2004 and 2009, glimepiride
(24.2%) and NPH/RI (38.3%) use were frequently
associated with severe hypoglycemia.
A retrospective cohort study showed that severe hypoglycemia in patients with type 1 diabetes was almost due to
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Table 1 Published articles about the drug-induced hypoglycemia in patients with diabetes
Ref.

Subjects

Kim et al[27]

Type 2 (n = 2004-2009 South
298)
Korea

Tsujimoto et
al[28]

Type 1 (n = 2006-2012 Japan
85)

Signorovitch
et al[29]

Moisan et al[30]

Hsu et al[31]

Holstein et
al[32]

Ha et al[33]

Geller et al[34]

Year

Nation

Setting

OAD

Insulin

The Emergency
Department of two
general hospitals
Retrospective cohort
study in one medical
center

Glimepiride (24.2%)
Gliclazide (5.4%)
Glibenclamide (8.4%)

NPH/RI (38.3%)
Premixed (11.1%)
Glargine/Detemir (13.1%)
Insulin (100%)

SU (42.3%)
Insulin (51.1%)
Others (6.6%)
US-based employer
SU (38.2%)
claims database
Biguanides (56.3%)
a-GI (0.9%) Sitagliptin (1.0%)
Incretin mimetics (0.5%)
TZD (14.9%)
Inception cohort study SU (32.1%)
Insulin (8.5%)
using the database
Metformin (45.0%)
of the Quebec health SU + Metformin (12.3%)
insurance board and Others (2.1%)
the Quebec registry of
hospitalizations
Type 2 (n = 1998-2009 Taiwan A nationwide
SU (67.8%)
Insulin (24.2%)
500)
population-based
Others (61.4%)
study using the
National Health
Insurance Research
Database
Type 1 (n = 1997-2000 German A longitudinal
Conventional (27.2%)
92)
population-based
Intensified (69.6%)
study
CSII (3.3%)
Type 1 (n = 2007-2010
Conventional (6.6%)
121)
Intensified (79.3%)
CSII (13.2%)
Type 2 (n = 1997-2000
SU (30.4%)
Conventional (52.7%)
148)
Intensified (0%)
CSII (0%)
Type 2 (n = 2007-2010
SU (29.8%)
Conventional (40.8%)
225)
Metformin (0.9%)
Intensified (21.8%)
CSII (0%)
Not
2006-2009 South
Retrospective analysis Glimepiride (29.7%)
Insulin (29.1%)
determined
Korea
of hypoglycemic
Glibenclamide (4.7%)
(n = 320)
patients presented to Gliclazide (4.7%)
emergency room of
Gliquidone (1.3%)
Uijeongbu St. Mary’s Glipizide (0.9%)
Hospital
Others (24.7%)
Not
2007-2011 United Nationally
Insulin (83.4%)
determined
States
representative public
(n = 8100)
health surveillance
of adverse drug
events among insulintreated patients
seeking emergency
department care

Combination

Type 2 (n =
305)
Type 2 not 1998-2010 United
treated
States
with
insulin (n =
5582)
Not
2000-2008 Canada
determined
(n = 3575)

Ben-Ami et
al[35]

Type 1 and 1986-1992 Israel
2 (n = 99)

Retrospective analysis Glyburide (51.5%)
of the medical record Glyburide + Metformin
in Rambam Medical
(10.2%)
Center

Insulin (23.2%)

Quilliam et
al[36]

Type 2 (n = 2004-2008 United
536581)
States

Retrospective cohort
designed to assess
the rate and costs of
hypoglycemia among
working-age patients
with type 2 diabetes
in the MarketScan
database

Insulin (6.0%)
Other injectable agents
(2.7%)
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TZD (33.3%)
Other oral agents (4.4%)
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SU + Insulin
(16.9%)
SU + Insulin
(6.7%)
SU + Insulin
(5.0%)

Insulin +
Biguanide (8.5%)
SU (6.6%)
TZD (3.6%)
DPP-4 inhibitors
(1.3%)
GLP-1 analogues
(0.2%)
Others (0.9%)
Insulin +
Glyburide
(13.1%)
Insulin +
Metformin
(2.0%)
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Parsaik et al[37] Type 1 (n = 2003-2009 United
210)
States

Population-based
study

Type 2 (n =
503)

OAD (23.0%)

Simple insulin (10.0%)
MDI (67.0%)
CSII(18.0%)
Simple insulin (27.0%)
MDI (37.0%)
CSII (1.0%)

OAD + Insulin
(1.0%)
OAD + Insulin
(11.0%)

a-GI: a-glucosidase inhibitors; CSII: Continuous subcutaneous insulin infusion; DPP-4: Dipeptidyl peptidase-4; GLP-1: Glucagon-like peptide-1;
MDI: Multiple daily insulin injection; NPH: Neutral protamine Hagedorn; OAD: Oral anti-diabetic drug; RI: Regular insulin; SU: Sulfonylurea; TZD:
Thiazolidinediones.

severe hypoglycemia[47,48].
The list of published articles about the underlying
clinical factors for hypoglycemia is shown in Table
2. Yaffe et al [49] reported that black race and low
education level were significantly associated with severe
hypoglycemia. Punthakee et al [50] also reported that
significant associations of race and education level with
severe hypoglycemia. Leese et al[51] indicated older age,
a longer duration of diabetes, and a higher HbA1c as
underlying clinical factors for hypoglycemic patients,
which was also reported by Punthakee et al[50]. Yaffe et al[49]
also suggested a significant association between severe
hypoglycemia and a higher HbA1c. A lower body mass
index (BMI) was also associated with the development of
severe hypoglycemia[50,51].
Punthakee et al[50] studied the association between
severe hypoglycemia and cognitive function, and showed
poor cognitive function is associated with severe hypoglycemia in type 2 diabetic patients. Yaffe et al[49], Hsu et
al[31] and Signorovitch et al[29] also reported a significant
association between mental disorders and severe hypoglycemia. Neurological disorders such as stroke and epilepsy
which influence mental and cognitive functions were
also associated with development of severe hypoglycemia[29,31,50].
Heart, liver and renal functions affect pharmacokinetics
and clearance of insulin and OAD. Liver cirrhosis, renal
disease including diabetic nephropathy, heart diseases
including cardiovascular diseases are significantly
associated with severe hypoglycemia[29,31,50]. Hsu et al[31]
performed a nationwide cohort study, and suggested that
comorbidities such as hypertension and renal disease
are associated with hypoglycemic episodes. Signorovitch
et al [29] also indicated a significant associations of
hypoglycemia with comorbidities such as mental disorders
and stroke. In their study, patients with hypoglycemia
showed a higher Charlson comorbidity index than those
without hypoglycemia.
Neuropathy is also associated with hypoglycemia[50].
In neuropathy, especially, hypoglycemia-associated autonomic failure (HAAF) is significantly associated with the
development of severe hypoglycemia[46,52]. In patients with
HAAF, in the absence of reduction of insulin secretion
and enhancement of glucagon secretion, the defective
glucose counter-regulation by epinephrine induces
hypoglycemia unawareness by reducing the sympathetic
neural activity and neurogenic symptoms[39,40,45]. According
to “Evaluation and Management of Adult Hypoglycemia
Disorders: An Endocrine Society Clinical Practice

respectively, of estimated ED visits for insulin-related
hypoglycemia.
Ben-Ami et al [35] found that the glyburide use as
mono-therapy (51.5%) and as combination therapy with
metformin was the most frequently used drug in patients
with hypoglycemic coma. Quilliam et al[36] estimated the
rate and costs of hypoglycemia in patients with type 2
diabetes, by using a retrospective cohort design to assess
the rate and costs of hypoglycemia among workingage patients in the 2004-2008 MarketScan database.
The use of SU (42.3%), metformin (75.7%) and TZD
(33.3%) were highly associated with the development
of hypoglycemia. In the study among patients with
type 1 diabetes by Parsaik et al[37], multiple daily insulin
injection (MDI) (67.0%) was more frequently associated
with severe hypoglycemia as compared with simple
insulin (10.0%) and CSII (18.0%). In type 2 diabetes,
MDI was also more frequently associated with severe
hypoglycemia than simple insulin (27.0%), CSII (1.0%)
and combination therapy with OAD (11.0%).

UNDERLYING CLINICAL FACTORS FOR
HYPOGLYCEMIA
According to “Evaluation and Management of Adult
Hypoglycemia Disorders: An Endocrine Society Clinical
Practice Guideline”, the causes of hypoglycemia in ill or
medicated adult individuals include hypoglycemia due
to anti-diabetic drugs (insulin or insulin secretagogue),
alcohol and drugs other than anti-diabetic agents and
alcohol; critical illness (hepatic, renal and heart failure),
sepsis and inanition; deficiency of cortisol, glucagon and
epinephrine; non-islet cell tumor[38]. These can also be the
causes of hypoglycemia in diabetic patients. Conventional
risk factors include excessive anti-diabetic drugs doses,
ill-timed, or of the wrong type; decreased exogenous
glucose delivery; increased glucose utilization; decreased
endogenous glucose production; increased insulin
sensitivity; decreased insulin clearance[38].
Hypoglycemia occurs due to relative or absolute
insulin excess and compromised physiological defenses
against decrease in plasma glucose[38-42]. The physiological
defenses against decrease in plasma glucose include:
reduction of insulin secretion; enhancement of glucagon
and epinephrine secretion[39,43,44], which are compromised
in patients with type 1 diabetes and also patients with
long duration of type 2 diabetes [39,40,45,46]. Defective
glucose counter-regulation is associated with the risk of
WJD|www.wjgnet.com

33

February 15, 2015|Volume 6|Issue 1|

Yanai H et al . Underlying clinical factors for hypoglycemia in patients
Table 2 Published articles about the underlying clinical factors for the development of hypoglycemia in patients with diabetes
Ref.

Clinical factors

Yaffe et al[49]

Black race/ethnicity (%)
Education (< high school education) (%)
Glycated hemoglobin level (%)
Prevalent diabetes mellitus (%)
MMSE score [mean (SD)]
Hypertension (%)
Liver cirrhosis (%)
Renal disease (%)
Mental disease (%)
Cancer (%)
Stroke (%)
Heart disease (%)
Age (mean, yr)
Type 1 treated with insulin
Type 2 treated with insulin
Diabetes duration (mean, years)
Type 1 treated with insulin
BMI (mean, kg/m2)
Type 2 treated with insulin
Mental disorders (%)
Neurological disorders (%)
Cardiovascular disorders (%)
Renal disorders (%)
Epilepsy (%)
Stroke (%)
CCI [mean (SD)]
Age [yr, mean (SD)]
Female (%)
Race
Non-Hispanic white (%)
African American (%)
Hispanic (%)
Others (%)
Education
Less than high school (%)
High school graduate (%)
Some college (%)
College graduate (%)
BMI [mean (SD), kg/m2]
Diabetes duration [mean (SD) of years]
HbA1c (%)
History of stroke (%)
History of cardiovascular disease (%)
Neuropathy score [mean (SD)]
UACR (mg/mmol)
< 30 (%)
30-300 (%)
> 300 (%)
DSST score [mean (SD)]
RAVLT score [mean (SD)]
Stroop score [mean (SD)]
MMSE score [mean (SD)]

Hsu et al[31]

Leese et al[51]

Signorovitch et al[29]

Punthakee et al[50]

P value

Hypoglycemia

No hypoglycemia

72.1
36.1
8.0
85.2
89.6 (5.7)
63.6
3.0
17.4
21.4
8.0
15.0
13.2

44.9
24.0
7.2
47.9
91.5 (5.2)
51.2
1.3
5.2
12.5
2.4
4.0
3.6

< 0.01
0.04
< 0.01
< 0.01
< 0.01
< 0.0001
0.0074
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

37.7
66.6

32.8
63.2

0.009
0.038

20.7

16.7

0.013

26.7
15.2
17.2
60.4
16.5
1.2
4.9
1.42 (1.70)
63.91 (6.41)
55.6

30.1
11.4
10.7
59.0
12.3
0.7
2.9
1.3
62.41 (5.77)
46.1

< 0.001
< 0.001
< 0.001
0.05
< 0.001
< 0.001
< 0.001
< 0.001
0.002
0.019
< 0.0001

60.0
30.0
6.3
3.8

70.9
15.4
7.1
6.6

16.3
35.0
26.9
21.9
32.08 (5.64)
14.13 (8.74)
8.46 (1.06)
11.3
41.9
0.53 (0.50)

12.8
25.2
35.1
26.9
33.03 (5.33)
10.18 (7.22)
8.27 (1.05)
4.6
28.4
0.45 (0.50)

58.8
27.5
13.8
46.45 (17.01)
6.90 (2.72)
37.69 (22.02)
26.83 (2.80)

72.4
21.9
5.7
52.89 (15.76)
7.55 (2.53)
31.66 (16.25)
27.45 (2.49)

0.01

0.029
< 0.0001
0.021
0.0002
0.0003
0.049
< 0.0001

< 0.0001
0.002
< 0.0001
0.002

BMI: Body mass index; CCI: Charlson comorbidity index; DSST: Digit Symbol Substitution Test; MMSE: Mini-Mental Status Exam; RAVLT: Rey Auditory
Verbal Learning Test; UACR: Urinary albumin creatinine ratio.

hypoglycemia in patients with type 2 diabetes. Especially,
the glimepiride-induced severe hypoglycemia (approximately
20%-30%) occurred more frequently as compared with
other SU. The use of biguanide (approximately 45%-76%)
and TZD (approximately 15%-34%) are also highly
associated with the development of severe hypoglycemia.
The study that investigated insulin product types and

Guideline”, risk factors for HAAF include absolute
deficiency of endogenous insulin secretion; a history of
severe hypoglycemia, and hypoglycemia unawareness[38].

CONCLUSION
The use of SU is significantly associated with severe
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Table 3 Summary of the underlying clinical factors for the
development of hypoglycemia in patients with diabetes
1 Socioeconomic status (education, race)
2 Aging
3 State of diabetes (duration, HbA1c, body mass index)
4 Cognitive and mental function
5 Comorbidity
6 Failure of organ which influence on clearance of insulin and oral
anti-diabetic drugs (Heart, liver, renal failure)
7 Hypoglycemia-associated autonomic failure

7
8
9

hypoglycemia is very limited. In one study in Korea,
NPH/RI was more frequently associated with severe
hypoglycemia as compared with premixed insulin and
glargine/detemir. In diabetic patients treated with insulin,
IIT is more frequently associated with severe hypoglycemia
compared with conventional insulin therapy and CSII.
Summary of the underlying clinical factors for
hypoglycemia is shown in Table 3. Low socioeconomic
status, aging, longer duration of diabetes, high HbA1c and
low BMI are precipitating factors for severe hypoglycemia.
Poor cognitive and mental functions are also associated
with the development of severe hypoglycemia. Comorbidities including heart, liver, renal failures are likely to
induce severe hypoglycemia. We should also pay attention
to HAAF which leads to very serious hypoglycemia.
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Literature review on the management of diabetic foot ulcer
Leila Yazdanpanah, Morteza Nasiri, Sara Adarvishi
Based on National Institute for Health and Clinical
Excellence strategies, early effective management of
DFU can reduce the severity of complications such
as preventable amputations and possible mortality,
and also can improve overall quality of life. The
management of DFU should be optimized by using a
multidisciplinary team, due to a holistic approach to
wound management is required. Based on studies, blood
sugar control, wound debridement, advanced dressings
and offloading modalities should always be a part of
DFU management. Furthermore, surgery to heal chronic
ulcer and prevent recurrence should be considered as an
essential component of management in some cases. Also,
hyperbaric oxygen therapy, electrical stimulation, negative
pressure wound therapy, bio-engineered skin and growth
factors could be used as adjunct therapies for rapid
healing of DFU. So, it’s suggested that with appropriate
patient education encourages them to regular foot care
in order to prevent DFU and its complications.
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Core tip: Diabetic foot ulcer (DFU) is the most common
complication of diabetes mellitus that usually fail to
heal, and leading to lower limb amputation. Early
effective management of DFU as follows: education,
blood sugar control, wound debridement, advanced
dressing, offloading, advance therapies and in some
cases surgery, can reduce the severity of complications,
and also cam improve overall quality of life of patients
especially by using a multidisciplinary team approach.

Abstract

Yazdanpanah L, Nasiri M, Adarvishi S. Literature review on the
management of diabetic foot ulcer. World J Diabetes 2015; 6(1):
37-53 Available from: URL: http://www.wjgnet.com/1948-9358/
full/v6/i1/37.htm DOI: http://dx.doi.org/10.4239/wjd.v6.i1.37

Diabetic foot ulcer (DFU) is the most costly and
devastating complication of diabetes mellitus, which
affect 15% of diabetic patients during their lifetime.
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diabetes related risk factors that contribute to lowerextremity ulceration and amputation, to date most DFU
has been caused by ischemic, neuropathic or combined
neuroischemic abnormalities[6,17] (Figure 2). Pure ischemic
ulcers probably represent only 10% of DFU and 90%
are caused by neuropathy, alone or with ischemia. In
recent years, the incidence of neuroischemic problems
has increased and neuroischemic ulcers are the most
common ulcers seen in most United Kingdom diabetic
foot clinics now[23].
In total, the most common pathway to develop foot
problems in patients with diabetes is peripheral sensorimotor and autonomic neuropathy that leads to high foot
pressure, foot deformities, and gait instability, which
increases the risks of developing ulcers [24-26]. Today,
numerous investigations have shown that elevated
plantar pressures are associated with foot ulceration[27-29].
Additionally, it has been demonstrated that foot deformities and gait instability increases plantar pressure, which
can result in foot ulceration[24,30].

INTRODUCTION
Diabetes mellitus (DM) is one of the main problems
in health systems and a global public health threat that
has increased dramatically over the past 2 decades[1,2].
According to epidemiological studies, the number of
patients with DM increased from about 30 million cases
in 1985, 177 million in 2000, 285 million in 2010, and
estimated if the situation continues, more than 360
million people by 2030 will have DM[3,4].
Patients with DM are prone to multiple complications
such as diabetic foot ulcer (DFU). DFU is a common
complication of DM that has shown an increasing trend
over previous decades[5-7]. In total, it is estimated that 15%
of patients with diabetes will suffer from DFU during
their lifetime[8]. Although accurate figures are difficult to
obtain for the prevalence of DFU, the prevalence of this
complication ranges from 4%-27%[9-11].
To date, DFU is considered as a major source of
morbidity and a leading cause of hospitalization in patients
with diabetes[1,5,12,13]. It is estimated that approximately
20% of hospital admissions among patients with DM are
the result of DFU[14]. Indeed, DFU can lead to infection,
gangrene, amputation, and even death if necessary care
is not provided[14]. On the other hand, once DFU has
developed, there is an increased risk of ulcer progression
that may ultimately lead to amputation. Overall, the rate
of lower limb amputation in patients with DM is 15 times
higher than patients without diabetes[8]. It is estimated that
approximately 50%-70% of all lower limb amputations
are due to DFU[8]. In addition, it is reported that every
30 s one leg is amputated due to DFU in worldwide[9].
Furthermore, DFU is responsible for substantial emotional
and physical distress as well as productivity and financial
losses that lower the quality of life [15]. The previous
literature indicates that healing of a single ulcer costs
approximately $$17500 (1998 United States Dollars).
In cases where lower extremity amputation is required,
health care is even more expensive at $30000-33500[16].
These costs do not represent the total economic burden,
because indirect costs related to losses of productivity,
preventive efforts, rehabilitation, and home care should
be considered. When all this is considered, 7%-20% of
the total expenditure on diabetes in North America and
Europe might be attributable to DFU[17].

MANGMENT OF DFU
Unfortunately, often patients are in denial of their disease
and fail to take ownership of their illness along with the
necessary steps to prevent complication and to deal with
the many challenges associated with the management
of DFU. However, numerous studies have shown that
proper management of DFU can greatly reduce, delay,
or prevent complications such as infection, gangrene,
amputation, and even death[6,31,32].
The primary management goals for DFU are to
obtain wound closure as expeditiously as possible[33,34].
As diabetes is a multi-organ systemic disease, all comorbidities that affect wound healing must be managed
by a multidisciplinary team for optimal outcomes with
DFU[35-38]. Based on National Institute for Health and
Clinical Excellence strategies, the management of DFU
should be done immediately with a multidisciplinary
team that consists of a general practitioner, a nurse,
an educator, an orthotic specialist, a podiatrist, and
consultations with other specialists such as vascular
surgeons, infectious disease specialists, dermatologists,
endocrinologists, dieticians, and orthopedic specialists[39].
Today, numerous studies have shown that a multidisciplinary team can reduce amputation rates, lower
costs, and leads to better quality of life for patients
with DFU [39-41]. The American Diabetes Association
has concluded that a preventive care team, defined as a
multidisciplinary team, can decrease the risks associated
with DFU and amputation by 50%-85%[42]. It’s suggested
that with applying this approach take appropriate
strategies for management of DFU to consequently
reduce the severity of complications, improve overall
quality of life, and increase the life expectancy of
patients[36]. In this article, we review available evidence on
the management of DFU as follows: education, blood
sugar control, wound debridement, advanced dressing,

ETIOLOGY OF DFU
Recent studies have indicated multiple risk factors
associated with the development of DFU[18-21]. These
risk factors are as follows: gender (male), duration of
diabetes longer than 10 years, advanced age of patients,
high Body Mass Index, and other comorbidities such as
retinopathy, diabetic peripheral neuropathy, peripheral
vascular disease, glycated hemoglobin level (HbA1C),
foot deformity, high plantar pressure, infections, and
inappropriate foot self-care habits]1,12,20-22] (Figure 1).
Although the literature has identified a number of
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including the need for self-inspection, monitoring foot
temperature, appropriate daily foot hygiene, use of
proper footwear, and blood sugar control[47]. However,
education is better when combined with other care
strategies, because previous reviews on patient education
has suggested that when these methods were combined
with a comprehensive approach, these methods can reduce
the frequency and morbidity of the limb threatening
complications caused by DFU[48].

Risk factors for Ulceration

General or systemic contributions
Uncontrolled hyperglycemia
Duration of diabetes
Peripheral vascular disease
Blindness or visual loss
Chronic renal disease
Older age

Local issues
Peripheral neuropathy
Structural foot deformity
Trauma and improperly fitted shoes
Callus
History of prior ulcer amputation
Prolonged elevated pressures
Limited joint mobility

Blood sugar control
In patients with DFU, glucose control is the most important
metabolic factor. In fact, it is reported inadequate control
of blood sugar is the primary cause of DFU[6,49,50].
The best indicator of glucose control over a period of
time is HbA1C level. This test measures the average blood
sugar concentration over a 90-d span of the average
red blood cell in peripheral circulation. The higher the
HbA1C level, the more glycosylation of hemoglobin
in red blood cells will occur. Studies have shown that
blood glucose levels > 11.1 mmol/L (equivalent to >
310 mg/mL or an HbA1C level of > 12) is associated
with decreased neutrophil function, including leukocyte
chemotaxis [50]. Indeed, a greater elevation of blood
glucose level has been associated with a higher potential
for suppressing inflammatory responses and decreasing
host response to an infection[6]. Pomposelli et al[51] has
indicated that a single blood glucose level > 220 mg/dL
on the first postoperative day was a sensitive (87.5%)
predictor of postoperative infection. Furthermore, the
authors found that patients with blood glucose values >
220 mg/dL had infection rates that were 2.7 times higher
than for patients with lower blood glucose values (31.3%
vs 11.5%, respectively) [51]. In addition, it’s indicated
that a 1% mean reduction in HbA1C was associated
with a 25% reduction in micro vascular complications,
including neuropathy[47]. Investigations have found that
poor glucose control accelerated the manifestation of
Peripheral Arterial Disease (PAD). It has been shown
that for every 1% increase in HbA1C, there is an increase
of 25%-28% in the relative risk of PAD, which is a
primary cause of DFU[52]. However, to date, no RCT has
been performed to determine whether improved glucose
control has benefits after a foot ulcer has developed.

Figure 1 The risk factors for diabetic foot ulcer. Ulcers may be distinguished
by general or systemic considerations vs those localized to the foot and its
pathology. (Data adapted from Frykberg et al[18]).

offloading, surgery, and advanced therapies that are used
clinically.

RESEARCH
In this review article, we searched for articles published
between March 1, 1980 and July 28, 2014 in the following
five electronic databases: PubMed, Science Direct,
Embase, Web of Science, and Scopus, for both English
and non-English language articles with the following
keywords: “diabetic foot ulcer”, “amputations”, “wound
management”, “debridement”, “advanced dressings”,
“offloading modalities”, “hyperbaric oxygen therapy”,
“electrical stimulation”, “negative pressure wound
therapy”, “bio-engineered skin“, “growth factors”, and
“foot care” as the medical subject heading (MeSH). Study
designs that were included were randomized controlled
trials (RCTs), case-control studies, cohort studies,
prospective and retrospective uncontrolled studies, crosssectional studies, and review studies. Case reports and
case series were excluded. We searched bibliographies for
all retrieved and relevant publications to identify other
studies.
Education
It has been shown that up to 50% of DFU cases can
be prevented by effective education. In fact, educating
patients on foot self-management is considered the
cornerstone to prevent DFU[12,43-45].
Patient education programs need to emphasize
patient responsibility for their own health and well-being.
The ultimate aim of foot care education for people
with diabetes is to prevent foot ulcers and amputation.
Currently, a wide range and combinations of patient
educational interventions have been evaluated for the
prevention of DFU that vary from brief education to
intensive education including demonstration and handson teaching[46]. Patients with DFU should be educated
about risk factors and the importance of foot care,
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Debridement
Debridement is the removal of necrotic and senescent
tissues as well as foreign and infected materials from a
wound, which is considered as the first and the most
important therapeutic step leading to wound closure and a
decrease in the possibility of limb amputation in patients
with DFU[53-56]. Debridement seems to decrease bacterial
counts and stimulates production of local growth factors.
This method also reduces pressure, evaluates the wound
bed, and facilitates wound drainage[32,57].
There are different kinds of debridement including
surgical, enzymatic, autolytic, mechanical, and biological[58]
(Table 1). Among these methods, surgical debridement has
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Hyperlipidaemia
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Altered bloodflow regulation
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veins-warm foot
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Figure 2 Etiology of diabetic foot ulcer. (Data adapted from Boulton et al[17]).

Table 1 Different kind of debridement for patients with diabetic foot ulcer
Method

Explanation

Advantages

Surgical or
Sharp

Callus and all nonviable soft tissues and bone remove from the open
wound with a scalpel, tissue nippers, curettes, and curved scissors.
Excision of necrotic tissues should extend as deeply and proximally
as necessary until healthy, bleeding soft tissues and bone are
encountered[59]
Mechanical This method includes wet to dry dressings, high pressure irrigation,
pulsed lavage and hydrotherapy[76], and commonly used to clean
wounds prior to surgical or sharp debridement[76]
Autolytic
This method occurs naturally in a healthy, moist wound environment
when arterial perfusion and venous drainage are maintained[18]
Enzymatic

Biological

The only formulation available in the United Kingdom contains
Streptokinase and Streptodornase (Varidase Topical® Wyeth
Laboratories). This enzyme aggressively digests the proteins fibrin,
collagen and elastin, which are commonly found in the necrotic
exudate of a wound[77,78]
Sterile maggots of the green bottle fly (Lucilia sericata) are placed
directly into the affected area and held in place by a close net
dressing. The larvae have a ferocious appetite for necrotic material
while actively avoiding newly formed healthy tissue[79,80]

been shown to be more effective in DFU healing[54,59-62].
Surgical or sharp debridement involves cutting away dead
and infected tissues followed by daily application of saline
moistened cotton gauze[53]. The main purpose of this type
of debridement is to turn a chronic ulcer into an acute
one. Surgical debridement should be repeated as often as
needed if new necrotic tissue continues to form[63]. It has
been reported that regular (weekly) sharp debridement is
associated with the rapid healing of ulcers than for less
frequent debridement[59,64-66]. In a retrospective cohort
study, Wilcox et al[66] indicated that frequent debridement
healed more wounds in a shorter time (P < 0.001). In fact,
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Disadvantages

Only requires sterile scissors or Requires a certain amount of skill
a scalpel, so is cost-effective[55] to prevent enlarging the wound[55]

Allows removal of hardened
necrosis

It is not discriminating and may
remove granulating tissue
It may be painful for the patients[55]
It’s cost-effective[55]
It’s time consuming and may
It is suitable for an extremely require an equivocal time for
painful wound[18]
treatment[18]
They can be applied directly
Streptokinase can be systemically
into the necrotic area[55]
absorbed and is therefore
contraindicated in patients at risk
of an MI
It’s expensive[55]
They discriminate between the There may be a reluctance to use
necrotic and the granulating
this treatment by patients and
tissue[79]
clinicians
It’s expensive[79,80]

the more frequent the debridement, the better the healing
outcome.
The method of debridement depends on characteristics, preferences, and practitioner level of expertise[54].
When surgical or sharp debridement is not indicated, then
other types of debridement could be used.
An older debridement type that is categorized as
biological debridement is maggot debridement therapy
(MDT), which is also known as maggot therapy or
larval therapy. In this method, sterile and live forms of
the Lucilia sericata larvae are applied to the wound to
achieve debridement, disinfection, and ultimately wound
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Table 2 Common offloading techniques
Technique

Casting techniques

Footwear related techniques

Surgical offloading techniques

Other techniques

Examples

TCC (Figure 3)
iTCC (Figure 5)

Shoes or half shoes (Figure 7)
Sandals

Bed rest
Crutches/Canes/Wheelchairs

RCW (Figure 4)

Insoles

ATL
Liquid silicone injections/tissue
augmentation
Callus debridement

Scotch-cast boots
(Figure 6)
Windowed casts
Custom splints

In-shoe orthoses
Socks

Metatarsal head resection osteotomy/
arthroplasty/os ectomy/ exostectomy
External fixation

Bracing (patella tendon bearing,
ankle-foot orthoses)
Walkers
Offloading dressings
Felted foam/padding
Plugs

Data adapted from Armstrong et al[82]. TCC: Total contact cast; iTCC: Instant TCC; RCW: Removable cast walkers; ATL: Achilles tendon lengthening.

healing[67-69]. Indeed, larvae secrete a powerful autolytic
enzyme that liquefies necrotic tissues, stimulates the
healing processes, and destroys bacterial biofilms[70-72].
This technique is indicated for open wounds and ulcers
that contain gangrenous or necrotic tissues with or
without infection[72]. To date, paucity of RCTs show
efficacy of this method with DFU; however, some of
retrospective[71,73]; and prospective[74] studies have shown
MDT as a clinically effective treatment for DFU. These
studies reported that MDT can significantly diminish
wound odor and bacterial count, including MethicillinResistant Staphylococcus Aurous, prevent hospital admission,
and decrease the number of outpatient visits among
patients with DFU[71,73-75].
Despite the advantages of debridement, adequate
debridement must always precede the application of
topical wound healing agents, dressings, or wound closure
procedures, which may be expensive.

addition, a histologic examination of ulcer specimens has
shown that patients treated with TCC before debridement
had better healing as indicated by angiogenesis with the
formation of granulation tissue than for patients treated
with debridement alone as indicated by a predominance
of inflammatory elements[88]. The contributory factors
to the efficacy of TCC treatment are likely to be due to
pressure redistribution and offloading from the ulcer
area. In addition, the patient is unable to remove the cast,
which thereby forces compliance, reduces activity levels,
and consequently improves wound healing[84]. However,
the frequency of side effects referred to in the literature
and minimal patient acceptance make this approach
inappropriate for wide applications[89,90]. Fife et al[91] has
shown that TCC is vastly underutilized for DFU wound
care in the United States. Based on this study, only 16%
of patients with DFU used TCC as their offloading
modalities. The main disadvantage of TCC was the need
for expertise in its application. Most centers do not have
a physician or cast technician available with adequate
training or experience to safely apply TCC. In addition,
improper cast application can cause skin irritation and
in some cases even frank ulceration. Also, the expense
of time and materials (the device should be replaced
weekly), limitations on daily activities (e.g., bathing),
and the potential of a rigid cast to injure the insensate
neuropathic foot are considered other disadvantages.
Furthermore, TCC does not allow daily assessment of
the foot or wound, which is often contraindicative in
cases of soft tissue or bone infections[36,32,83]. In some
cases, it is suggested to use other kinds of offloading
techniques such as a removable cast walker (RCW) or
Instant TCC (iTCC).
An RCW is cast-like device that is easily removable to
allow for self-inspection of the wound and application of
topical therapies that require frequent administration[82,90]
(Figure 4). The application of this method allows for
bathing and comfortable sleep. In addition, because RCW
is removable, they can be used for infected wounds as
well as for superficial ulcers[82]. However, in a study that
compared the effectiveness of TCC, RCW, and half-shoe,
this method did not show equivalent healing time (mean
healing time: 33.5, 50.4, and 61.1 d, respectively), and a

Offloading
The use of offloading techniques, commonly known as
pressure modulation, is considered the most important
component for the management of neuropathic ulcers in
patients with diabetes[81,82]. Recent studies have provided
evidence indicating that proper offloading promotes
DFU healing [83-85].
Although many offloading modalities are currently in
use (Table 2), only a few studies describe the frequency
and rate of wound healing with some of the methods
frequently used clinically. The choice of these methods is
determined by patient physical characteristics and abilities
to comply with the treatment along with the location and
severity of the ulcer[82].
The most effective offloading technique for the
treatment of neuropathic DFU is total contact casts
(TCC) [82,86,87]. TCC is minimally padded and molded
carefully to the shape of the foot with a heel for walking
(Figure 3). The cast is designed to relieve pressure from
the ulcer and distribute pressure over the entire surface
of the foot; thus, protecting the site of the wound[82].
Mueller et al[87] conducted an RCT that showed TCC
healed a higher percentage of plantar ulcers at a faster
rate when compared with the standard treatment. In
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Figure 3 Total contact cast for patients with diabetic foot ulcer. (Data
adapted from Armstrong et al[82]).

Figure 5 Instant total contact cast for patients with diabetic foot ulcers. The
removable cast walker shown in Figure 5 has now been rendered irremovable by
the application of bands of casting. (Data adapted from Rathur et al[86]).

Advanced dressing
A major breakthrough for DFU management over the last
decades was the demonstration of novel dressings[13,95].
Ideally, dressings should confer moisture balance, protease
sequestration, growth factor stimulation, antimicrobial
activity, oxygen permeability, and the capacity to promote
autolytic debridement that facilitates the production of
granulation tissues and the re-epithelialization process. In
addition, it should have a prolonged time of action, high
efficiency, and improved sustained drug release in the case
of medicated therapies[95,96]. Hence, no single dressing
fulfills all the requirements of a diabetic patient with a
foot ulcer. The choice of dressing is largely determined
by the causes of DFU, wound location, depth, amount
of scar or slough, exudates, condition of wound margins,
presence of infection and pain, need for adhesiveness, and
conformability of the dressing[13].
Wound dressing can be categorized as passive, active,
or interactive[97]. Passive dressings are used as protective
functions and for acute wounds because they absorb
reasonable amounts of exudates and ensure good
protection. Active and interactive dressings are capable
of modifying the physiology of a wound by stimulating
cellular activity and growth factors release. In addition,
they are normally used for chronic wounds because they
adapt to wounds easily and maintain a moist environment
that can stimulate the healing process[95,98]. The main
categories of dressings used for DFU are as follows:
films, hydrogels, hydrocolloids, alginates, foams, and
silver-impregnated (Table 3).
Today, all dressings are commonly used in clinical
practice, while the efficacy of these products has been
a challenge for researchers and clinicians, and there are
controversial results regarding their use[36,99]. However,
dressings are used based on DFU characteristics (Figure
8), hydrogels have been found to be the most popular
choice of dressing for all DFU types[96]. Some studies
dealing with the incorporation of these products show
great potential in the treatment of DFU[100,101]. However,
these findings do not represent a practical option since
the application of these compounds is expensive and

Figure 4 Removable cast walker (DH Walker) for patients with diabetic
foot ulcer. (Data adapted from Rathur et al[86]).

significantly higher proportion of people with DFU were
healed after 12 wk wearing a TCC compared with the two
other widely used offloading modalities[81].
iTCC, which involves simply wrapping a RCW with a
single layer of cohesive bandage, Elastoplast or casting tape
(Figure 5), is another offloading technique that is shown to
be more effective than TCC [92] and RCW [93]. This technique
forces the patient to adhere to advice to immobilize the
foot while allowing for ease of application and examination
of the ulcer as needed. A preliminary randomized trial of
TCC vs iTCC (Figure 6) in the management of plantar
neuropathic foot ulcers has confirmed equivalent efficacy
of the two devices and that iTCC is cheaper, quicker to
apply, and has fewer adverse effects than traditional TCC[93].
As this device does not require a skilled technician to
apply it, it could revolutionize the future management of
plantar neuropathic ulcers. It has been suggested that iTCC
will dramatically change the treatment of non-ischemic,
neuropathic, diabetic plantar ulcers, and has the potential
to replace TCC as the gold standard for offloading plantar
neuropathic ulcers[92].
Regardless of the modality selected, patients should
return to an unmodified shoe until complete healing of
the ulcer has occurred (Figure 7). Furthermore, any shoe
that resulted in the formation of an ulcer should not be
worn again[94].
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Table 3 Classification of advanced wound dressings used for diabetic foot ulcers healing
Type

Example

Hydrocolloids Duoderm (Convatec)
Granuflex (Convatec)
Comfeel (Coloplast)

Hydrogels

Aquaform (Maersk
Medical)
Intrasite Gel (Smith
and Nephew)
Aquaflo (Covidien)

Foams

Allevyn (Smith and
Nephew)
Cavicare (Smith and
Nephew)
Biatain (Coloplast)
Tegaderm (3M)
Tegaderm (3M)
Opsite (Smith and
Nephew)

Films

Alginates

Silverimpregnated

Calcium Alginate
Dressing (Smith
and Nephew Inc.,
Australia)
Kaltostat (ConvaTec)
Sorbalgon (Hartman
United States, Inc.l)
Medihoney (Derma
Sciences Inc., Canada)
Acticoat (Smith and
Nephew)
Urgosorb Silver (Urgo)

Explanation

Advantages

Disadvantages

These kind of dressings usually composed of
a hydrocolloid matrix bonded onto a vapor
permeable film or foam backing. When in contact
with the wound surface this matrix forms a gel to
provide a moist environment[102]
These dressings consist of cross-linked insoluable
polymers (i.e., starch or carboxymethylcellulose)
and up to 96% water. These dressings are
designed to absorb wound exudate or rehydrate
a wound depending on the wound moisture
levels. They are supplied in either flat sheets, an
amorphous hydrogel or as beads[96]
These dressings normally contain hydrophilic
polyurethane foam and are designed to absorb
wound exudate and maintain a moist wound
surface[103]

Absorbent
Can be left for several days
Aid autolysis[96]

Concerns about use for
infected wounds
May cause maceration
Unpleasant odor[96]

Absorbent
Donate liquid
Aid autolysis[96]

Concerns about use for
infected wounds
May cause maceration
using for highly exudative
wounds[96]

Highly absorbent and
protective
Manipulate easily[96]
Can be left up to seven days
Thermal insulation[96]

Occasional dermatitis with
adhesive[96]
Bulky[6]
May macerate surrounding
skin[6]

Film dressings often form part of the construction
of other dressings such as hydrocolloids, foams,
hydrogel sheets and composite dressings, which
are made up of several materials with the film
being used as the outer layer[107,108]

Cheap
Manipulate easily
Permeable to water vapor
and oxygen but not to water
microorganisms[95]

The alginate forms a gel when in contact with
the wound surface which can be lifted off with
dressing removal or rinsed away with sterile
saline. Bonding to a secondary viscose pad
increases absorbency[104]

Highly absorbent
Bacteriostatic
Hemostatic
Useful in cavities[96]

May need wetting before
removal[96]
Aren’t suitable for infected
wounds[107,108]
Nonabsorbent
If fluid collects under film it
must be drained or the film
replaced[6]
May need wetting before
removal[96]

These dressing used to treat infected wounds
as silver ions are thought to have antimicrobial
properties[109]

Antiseptic
Absorbent[96]
Reduce odor
Improved pain-related
symptoms Decrease wound
exudates
Have a prolonged dressing
wear time[112]

High cost[96]

Figure 6 Scotch-cast boot for off-loading pressure from the foot of a
diabetic patient with foot ulcer. (Data adapted from Armstrong et al[82]).

Figure 7 Half shoe for off-loading pressure from the foot of a diabetic
patient with foot ulcer. (Data adapted from Armstrong et al[82]).

difficult to regulate[102-105]. Nevertheless, they have longer

wear times, greater absorbency, may be less painful, and
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Figure 8 Classification of the different advanced dressing types usually used in diabetic foot ulcer treatment. (Data adapted from Moura et al[95]).

procedures help to heal ischemic ulcers[118-120], no RCT has
been shown to reduce DFU.
While the primary goal of DFU management focuses
on limb salvage, in some cases amputation may offer
a better functional outcome, although this is often
not clearly defined[41]. This decision is individualized
and multifactorial to match patient lifestyle, medical,
physical, and psychological comorbidities[121]. In general,
amputation is considered as an urgent or curative surgery
and should be the last resort after all other salvage
techniques have been explored, and the patient must be
in agreement[122]. Indications for an amputation include
the removal of infected or gangrenous tissues, control of
infection, and creation of a functional foot or stump that
can accommodate footwear or prosthesis[123].

are typically less traumatic when removed. Moreover, in
certain patients, they are cost effective because of the
lowered frequency of dressing changes and not requiring
extensive nursing time[106].
Surgery
Diabetic foot surgery plays an essential role in the
prevention and management of DFU[110], and has been
on the increase over the past 2 decades[111,112]. Although
surgical interventions for patients with DFU are not
without risk, the selective correction of persistent foot
ulcers can improve outcomes[113].
In general, surgery for DFU healing includes nonvascular foot surgery, vascular foot surgery, and in some
cases amputation. Nonvascular foot surgery is divided
into elective, prophylactic, curative, and emergent
surgeries that aim to correct deformities that increase
plantar pressure[114] (Table 4). Today, a few studies have
reported long-term outcomes for diabetic foot surgery
in RCTs [60,115,116]. In one study conducted by Mueller
et al[115], subjects were randomized into two groups of
Achilles Tendon-Lengthening (ATL) group, who received
treatment of ATL and TCC, and a group who received
TCC only. Their results showed that all ulcers healed in
the ATL group and the risk for ulcer recurrence was 75%
less at seven months and 52% less at two years than for
the TCC group[115].
Vascular foot surgery such as bypass grafts from
femoral to pedal arteries and peripheral angioplasty to
improve blood flow for an ischemic foot have been
recently developed[117]. While studies have shown that these
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ADVANCED THERAPIES
Hyperbaric oxygen therapy
Hyperbaric oxygen therapy (HBOT) has shown promise in
the treatment of serious cases of non-healing DFU, which
are resistant to other therapeutic methods[124-127]. HBOT
involves intermittent administration of 100% oxygen,
usually in daily sessions[128]. During each session, patients
breathed pure oxygen at 1.4-3.0 absolute atmospheres
during 3 periods of 30 min (overall 90 min) intercalated by
5 min intervals in a hyperbaric chamber[124,129] (Figure 9).
Today, RCTs have reported beneficial effects from
HBOT in numerous studies [130-134]. A recent doubleblind RCT conducted by Löndahl et al[134] demonstrated
a significantly improved outcome in the intervention

44

February 15, 2015|Volume 6|Issue 1|

Yazdanpanah L et al . Review of diabetic foot management
Table 4 Different types of nonvascular diabetic foot surgery
Type

Explanation

Elective

The main goal of this surgery is to relieve the pain associated with particular deformities such as hammertoes, bunions, and bone spurs
in patients without peripheral sensory neuropathy and at low risk for ulceration
These procedures are indicated to prevent ulceration from occurring or recurring in patients with neuropathy, including those with a
past history of ulceration (but without active ulceration)
These procedures are performed to effect healing of a non-healing ulcer or a chronically recurring ulcer when offloading and standard
wound care techniques are not effective. These include multiple surgical procedures aimed at removing areas of chronically increased
peak pressure as well as procedures for resecting infected bone or joints as an alternative to partial foot amputation
These procedures are performed to arrest or limit progression of acute infection

Prophylactic
Curative

Emergent

Data adapted from Frykberg et al[18].

therapy, or surgical wound debridement. Furthermore,
HBOT is available in only a minority of communities as
it is expensive [a full course of treatment in the United
States typically costs $50000 (Medicare) to $200000
(private pay)] and is time-consuming (an average of 60
total hours in the chamber)[5,6].
Electrical stimulation
Electrical stimulation (ES) has been reported as a perfect
adjunctive therapy for DFU healing in recent literature.
Currently, there is a substantial body of work that
supports the effectiveness of ES for DFU healing[141-144].
In a randomized, double-blind, placebo-controlled trial
study conducted by Peters et al[141] on 40 patients with
DFU, significant differences in number of healed ulcers
(65% in treatment group vs 35% in control group) were
found at 12 wk.
Based on the literature review, it is suggested that
ES could improve common deficiencies that have been
associated with faulty wound healing in DFU, such as poor
blood flow, infection, and deficient cellular responses[141,145].
This therapy is a safe, inexpensive, and a simple intervention
to improve wound healings in patients with DFU[145,146].

Figure 9 The polyethylene hyperbaric chamber. Oxygen in a concentration
of 100% was pumped into the bag through a regular car wheel valve. The
open end of the bag was sealed by an elastic bandage to the leg above the
knee. Oxygen was allowed to leak around the bandage, and the pressure in
the chamber was kept to between 20 and 30 mmHg (1.02-1.03 atm) above
atmospheric pressure. (Data adapted from Landau[127]).

group as the treated patients were more likely to heal
within 12 mo [25.48 (52%) vs 12.42 (29%); P = 0.03]. In
addition, Kranke et al[135], in a systematic review, revealed
that treatment with HBOT resulted in a significantly
higher proportion of healed DFU when compared with
treatment without HBO (relative risk, 5.20; 95%CI:
1.25-21.66; P = 0.02). However, in another systematic
review conducted by O’Reilly et al[136], no significant
effects on amputation rates were found in the RCT
evidence and in the high quality studies, no difference
was found between HBOT group compared to standard
wound care group.
The exact mechanism of HBOT remains poorly
understood. Some studies have reported that HBOT
improved wound tissue hypoxia, enhanced perfusion,
reduced edema, down regulated inflammatory cytokines,
and promoted fibroblast proliferation, collagen production,
and angiogenesis[137-140]. In addition, it was demonstrated
that HBOT stimulated vasculogenic stem cell mobilization
from bone marrow and recruited them to the skin
wound[139].
Despite reports of increased healing rates and decreased amputation rates with using HBOT, adjuvant use of
this method in DFU remains a controversial issue. HBOT
does not substitute for antibiotic therapy, local humid
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Negative pressure wound therapy
Negative pressure wound therapy (NPWT) is a noninvasive wound closure system that uses controlled,
localized negative pressure to help heal chronic and
acute wounds. This system uses latex-free and sterile
polyurethane or polyvinyl alcohol foam dressing that
is fitted at the bedside to the appropriate size for every
wound, and then covered with an adhesive drape to
create an airtight seal. Most commonly, 80-125 mmHg of
negative pressure is used, either continuously or in cycles.
The fluid suctioned from the wound is collected into a
container in the control unit[147,148] (Figure 10).
It seems that NPWT removes edema and chronic
exudate, reduces bacterial colonization, enhances formation
of new blood vessels, increases cellular proliferation, and
improves wound oxygenation as the result of applied
mechanical force[149-151].
This method has been advocated by numerous
RCTs as a safe and effective adjunctive modality in the
treatment of DFU. Studies have shown that wound
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Table 5 Brief description of commonly used bioengineered tissue products
Type

Explanation

Use

RCT studies

Apligraf
(Advanced
Biohealing Inc.,
La Jolla, CA)

A bilayered living-skin construct containing an outer layer of live
allogeneic human keratinocytes and a second layer of live allogeneic
fibroblasts on type 1 collagen dispersed in a dermal layer matrix. Both
cell layers are grown from infant fore skin and looks and feels like
human skin[164,165]
An allogeneic living-dermis equivalent and includes neonatal
fibroblasts from human fore skin cultured on a polyglactin
scaffold[164,165]

It’s used for full-thickness neuropathic DFU
of greater than 3 wk duration, resistant to
standard therapy (also without tendon,
muscle, capsule, or bone exposure) and is
contraindicated in infected ulcers[167]
It’s used for DFU of greater than 6 wk
duration, full thickness in depth but
without tendon, muscle, joint, or bone
exposure and is contraindicated in infected
ulcers[164,167]
It’s used for full-thickness DFU[174]

Veves et al[168]
Falanga et al[169]
Edmonds[170]
Steinberg et al[171]

Dermagraft
(Organogenesis
Inc, Canton,
Mass)
Oasis (Cook
Biotech, West
Lafayette, IN)

An acellular biomaterial derived from porcine small intestine
submucosa, contains numerous crucial dermal components including
collagen, glycosaminoglycans (hyaluronic acid), proteoglycans,
fibronectin, and bioactive growth factors such as fibroblast growth
factor-2, transforming growth factor β1, and VEGF[164,165]

Marston et al[172]
Gentzkow et al[173]

Niezgoda et al[174]

DFU: Diabetic foot ulcer; VEGF: Vascular endothelial growth factor.

of extra cellular matrix (ECM) with the introduction of a
new ground substance matrix with cellular components to
start a new healing trajectory[165]. Currently, three kinds of
BES products approved in the United States are available
to use for DFU including Derma graft (Advanced Bio
healing Inc., La Jolla, CA), Apligraf (Organogenesis Inc.,
Canton, Mass), and, more recently, Oasis (Cook Biotech,
West Lafayette, IN)[164,166]; and numerous RCT studies
shown their efficacy in DFUs healing (Table 5).
BES product cells are seeded into the scaffolds and
cultured in vitro. In vitro incubation establishes the cells
and allows the cell-secreted ECM and growth factors
to accumulate in the scaffold. The cells within live cell
scaffolds are believed to accelerate DFU healing by actively
secreting growth factors during the repair process[164,165].
In addition, it seems that BES can provide the cellular
substrate and molecular components necessary to accelerate
wound healing and angiogenesis. They act as biologic
dressings and as delivery systems for growth factors and
ECM components through the activity of live human
fibroblasts contained in the dermal elements[162,163,170].
Despite the advantages of BES, they cannot be used
in isolation to treat DFU. Peripheral ischemia, which is
one of the pathological characteristics of DFU, is a critical
contributing factor that affects BES transplantation.
Hence, surgical revascularization and decompression as
well as wound bed preparation are considered as essential
prerequisites for BES applications. In addition, this method
needs control of the infection[77,175]. Therefore, the abovementioned points may result in high long-term costs and
cause major concern for use of this treatment[176].

Figure 10 Schematic drawing of the negative pressure wound treatment.
(Data adapted from Vikatmaa et al[147]).

healing with this approach results in a higher proportion
of healed wounds, faster time for wound closure, a
more rapid and robust granulation tissue response, and
a potential trend towards reduced risk for a second
amputation than for the control treatment[148,152-156]. In
addition, meta-analysis studies have indicated that NPWT
significantly reduces healing times and increases the
number of healed wounds[147,157,158].
While the evidence for NPWT in DFU patients is
promising, this method does not replace surgical wound
debridement to improve blood circulation in all DFU
patients. Investigations have shown that when NPWT
is initiated, there must be no significant infection or
gangrene in the wound[147,158]. Also, RCTs have shown
significantly higher mean material expenses for wounds
treated with NPWT when compared to conventional
therapy (moist gauze) in the management of fullthickness wounds requiring surgical closure[159,160].

Growth factors
DFU has demonstrated the benefits from growth factors
(GFs) such as platelet derived growth factor (PDGF),
fibroblast growth factor, vascular endothelial growth factor,
insulin-like growth factors (IGF1, IGF2), epidermal growth
factor, and transforming growth factor b[177]. Among the
aforementioned GFs, only recombinant human PDGF

Bioengineered skin
Bio-engineered skin (BES) has been used during the last
decades as a new therapeutic method to treat DFU[161-164].
This method replaces the degraded and destructive milieu
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(rhPDGF) (Becaplermin or Regranex), which is a hydrogel
that contains 0.01% of PDGF-BB (rhPDGF-BB), has
demonstrated increased healing rates when compared with
controls in a number of clinical trials[178-181] and has shown
sufficient DFU repair efficacy to earn Food and Drug
Administration (FDA) approval[182]. In one randomized
placebo controlled trial involving patients with full
thickness DFU, Becaplermin demonstrated a 43% increase
in complete closure vs placebo gel (50% vs 35%)[183]. In
another randomized placebo-controlled trial, Sibbald et
al[184] demonstrated that patients with infection-free chronic
foot ulcers treated with the best clinical care and oncedaily applications of 100 μg/g Becaplermin gel had a
significantly greater chance of 100% ulcer closure by 20
wk than those receiving the best clinical care plus placebo
(vehicle gel) alone.
GFs have been shown to stimulate chemotaxis and
mitogenesis of neutrophils, fibroblasts, monocytes, and
other components that form the cellular basis of wound
healing[178,185]. Despite FDA approval and other reviewed
studies, the clinical use of Becaplermin remains limited
because of its high cost[186] and uncertain patient-specific
clinical benefits[187,188]. Some studies have indicated that
endogenous PDGF stimulates tumor infiltrating fibroblasts
found in human melanoma cells and is overexpressed at
all stages of human astrocytoma growth[164]. So, it would
be biologically possible that topical administration of
recombinant PDGF could promote cancer.

4

5

6

7
8
9
10

11

12

CONCLUSION

13

Foot ulcers in patients with diabetes is common, and
frequently leads to lower limb amputation unless a prompt,
rational, multidisciplinary approach to therapy is taken.
The main components of management that can ensure
successful and rapid healing of DFU include education,
blood sugar control, wound debridement, advanced
dressing, offloading, surgery, and advanced therapies,
which are used clinically. These approaches should be used
whenever feasible to reduce high morbidity and risk of
serious complications resulting from foot ulcers.
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Pathogenesis of diabetic cerebral vascular disease
complication
Ren-Shi Xu
vascular smooth muscle dysfunction, oxidative stress,
and the downregulation of miRs participated in vessel
generation and recovery as well as the balance of
endotheliocytes. In turn, these abnormalities, mainly via
phosphatidylinositol 3 kinase, mitogen-activated protein
kinase, polyol, hexosamine, protein kinase C activation,
and increased generation of advanced glycosylation end
products pathway, play an important role in inducing
diabetic CVD complication. A deeper comprehension
of pathogenesis producing diabetic CVD could offer
base for developing new therapeutic ways preventing
diabetic CVD complications, therefore, in the paper we
mainly reviewed present information about the possible
pathogenesis of diabetic CVD complication.
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Core tip: A better understanding pathogenesis of
diabetic cerebral vascular disease (CVD) could provide
the basis for developing novel therapeutic strategies
against diabetic CVD complication. Our article highlights
the pathogenesis as some promising options to prevent
CVD complications in diabetes, including metabolic and
vascular changes and main pathways are involved in
diabetic CVD complication.
Xu RS. Pathogenesis of diabetic cerebral vascular disease
complication. World J Diabetes 2015; 6(1): 54-66 Available
from: URL: http://www.wjgnet.com/1948-9358/full/v6/i1/54.htm
DOI: http://dx.doi.org/10.4239/wjd.v6.i1.54

Abstract
Diabetes mellitus is one of the most potent independent
risk factors for the development of diabetic cerebral
vascular disease (CVD). Many evidences suggested that
hyperglycemia caused excess free fatty acids, the loss
of endothelium-derived nitric oxide, insulin resistance,
the prothrombotic state, endothelial dysfunction,
the abnormal release of endothelial vasoactivators,
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INTRODUCTION
Diabetic mellitus (DM) is a chronic disease leading to a
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fault of insulin due to pancreas dysfunction, which causes
hyperglycemia with metabolic imbalances in carbohydrate,
fat and protein[1]. Morbidities of DM significantly elevate
in late decades, which are primarily due to alter in life style,
an elevation in the incidence of obesity and longevity.
Current projections estimate that the number of people
with DM will nearly double by 2025[2,3].
About 100 million populations suffer from DM in the
world[4], Among them, five to ten percent are type 1 DM
of insulin dependence and ninety to ninety-five percent
are type 2 DM (T2MD) of non insulin dependence.
The current evidences demonstrated that morbidities
of T2MD would increase owing to life styles leading to
obesity[5]. T2DM is a very common disease, which has an
asymptomatic period between the actual onset of diabetic
hyperglycemia and clinical diagnosis. This stage has been
evaluated to sustain at the fewest 4-7 years, and 30%-50%
patients of T2DM are still unknown. This leads to the
development of chronic complications of diabetes, which
remain the chief problems in diabetic care, and which
cause a lack of fitness to work, disability, and premature
death[6,7].
Among the chronic complications of diabetes,
the vasculopathy is the first serious complication. The
vasculopathy related to DM was traditionally divided
into two major parts. Firstly, diabetic complications
associated micrangium including retina, nephridium and
neural system lesion; secondly, the atherothrombotic
complications related to macro-arteries like myocardial
infarction, hypertension, peripheral artery lesion[8].
DM is one of the well known risk factor for cerebrovascular accident [9,10]. Prolonged untreated DM
contributes to micrangium lesion, hypoxic and ischemic
damages of tissues, which elevates the danger of
apoplexy and aggravates cerebral lesion caused by blood
insufficiency[10,11]. Its incidence in DM patients is 2-6 times
more than non DM[12-14] and ultimately its complications
and subsequent prevalence is higher yet. Patients demonstrate a progressive atherosclerosis in cerebral arteries
and increased a vascular reaction to vascular constrictors,
a deregulated reaction to vascular dilators and damaged
automatic regulation of brain blood stream. Changed
endothelium function of small arteries and a damaged
vascular motor function of resistance vessel can lead to
change mediation of local blood stream and deficient
perfusion of tissue in diabetic patients[10,15,16].
Many studies[8,17-19] stress the strong link between
the cerebral vascular disease (CVD) complications and
DM and describe a close association between CVD
microvascular complications and DM, suggest that excess
free fatty acids (FFAs), the loss of endothelium-derived
nitric oxide (NO), insulin resistance, the prothrombotic
state, endothelial dysfunction, the abnormal release
of endothelial vasoactivators, vascular smooth muscle
(VSM) dysfunction, oxidative stress and the miRs
downregulation participated in vessel generation, vessel
recovery as well as endothelium balance generate diabetic
CVD complications by these major mechanisms of
phosphatidylinositol 3 kinase, mitogen-activated protein
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kinase, polyol, hexosamine, generation of advanced
glycosylation end products (AGEs) and protein kinase C
(PKC) pathways activation[20,21]. The aim of this review
is to review the possible pathogenesis of diabetic CVD
complication.

SUPERFLUOUS FREE FATTY ACIDS
DM facilitates lipolysis, reduces uptaking of skeletal
muscle, which result in superfluous concentrations of
FFAs. Moreover, elevates the flux of FFAs into liver
causes the stimulation of triglycerides synthesis, assembly
and secretion of very low-density lipoprotein (VLDL)
particles. Hypertriglyceridemia and the decreased highdensity lipoprotein (HDL) cholesterin as the transportation of cholesterin from HDL to VLDL have been
determined to be strongly relative to atherosclerosis.
It also is likely that FFAs generation promotes reactive
oxygen species (ROS) and PKC. PKC elevation and
phosphatidylinositol 3 kinase (PI3-K) downregulation may
cause endothelial impairment.
Recycling concentrations of FFAs rise in DM because
of the superfluous releasion derived from adipose tissue
as well as the reducing uptake of skeletal muscle[22-24].
FFAs can damage endothelial function via a series of
mechanisms such as elevating oxygen-mediated free
radicals generation, PKC activation and dyslipidemia
aggravation[25-27]. FFAs levels increase activates PKC,
reduces insulin receptor substrate-1 associated PI3-K
activity[25,28]. Increased triglyceride levels decreases HDL
through facilitating cholesterin transportation from HDL
to VLDL[29]. These disturbances alter LDL configuration,
elevating the quantity of the more LDL of small density
contributing to atherosclerosis[30,31]. Hypertriglyceridemia
and decreased HDL are suggested to be relative to
endothelial dysfunction[21,32-34].

THE LOSS OF ENDOTHELIUM-DERIVED
NITRIC OXIDE
Endothelial and vascular smooth muscle cells (VSMCs)
dysfunction and an inclination of thrombus formation
result in atherogenesis as well as the relative complications.
Because endothelial cells (ECs) mediate the vascular
function and structure, they take on an important anatomical location on interaction of circulatory blood and
vascular wall. In normal conditions, ECs active substances,
synthesize and release vascular activators to preserve vessel
balance, to ensure a normal blood stream and nutritious
transportation while avoiding thrombus formation as well
as white blood cell permeation[35]. One of key molecules
produced by ECs is NO, it is generated by an endothelial
NO synthase (eNOS) via a 5 electrons oxidation of the
guanidine nitrogen terminal of L-arginine[36].
The NO biologic availability is a vital element in vessel
abnormality, which results in vascular dilation activated
guanylyl cyclase in VSMCs[36]. Furthermore, NO prevents
vascellum from internal lesion like atherogenesis-mediated
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molecule signal that stops platelet and leukocyte interacting
with vessel wall and inhibits VSMCs proliferation and
migration[37,38]. Contrarily, ECs reduction-mediated NO
induces elevated pro-inflammatory transcription factor
nuclear factor kappa B (NFκB) activity which causes a
leukocyte adhesion molecules expression, chemokines as
well as cytokines generation[39]. The effects facilitate mono
cells and VSMCs to migrate into the internal membrane
and macrophage foam cells formation, producing an early
morphologic alteration of atherogenesis[39-43]. Disorder
of endothelium function such as damaged endothelium
dependent and NO-derived relaxation is identified in cell
and animal studies of DM[21,44-47].

glycoprotein Ⅱb/Ⅲa superfluous expression and excessive
production of thromboxane A2 in DM. Furthermore, DM
rises concentrations of Ⅶ, Ⅷ factor as well as thrombinantithrombin compounds [48,55-57]. Haemostasis chaos
elevates the risk of cerebral thrombosis.
Abnormality of platelet function as well as elevation
of both glycoprotein Ib and Ⅱb/Ⅲa expression in DM
augment interaction between platelet-von Willebrand factor
(vWF) and platelet-fibrin[58]. The internal-cellular platelet
glucose level responses the external-cellular circumstance,
is relative to increasing superoxide anion (O2-) generation
as well as PKC activity, reduced platelet mediated NO[59].
High blood glucose more alters hematoblastic functions
through damaging calcium balance, thus changes platelet
activation and aggregation such as platelet construct and
mediators release[60]. In DM, plasm coagulate factors Ⅶ,
thrombin and impairment-dependent coagulate elements
such as tissue factor (TF) elevated, and endogenic anticoagulate factors like thrombomodulin as well as protein
C reduced[61-63]. In addition, the generation of plasminogen
activator inhibitor-1 (PAI-1), a fibrinolysis inhibitor
elevated[64-66]. Therefore, a inclination of hematoblastic
activating and aggregating accompanied with coagulate
propensity is associated with a danger of thrombus
formation complicated plaque burst.
Diabetic CVD largely results from an abnormality of
elements participated in activation of coagulate factors
and hematoblast[67]. Insulin resistance, high blood glucose
involve in the nosogenesis of the prothrombotic status[68].
Insulin resistance rises PAI-1 and fibrinogen, decreases
levels of tissue plasminogen activator. Hyperinsulinemia
elevates TF expression in monocytes of T2DM contributing to increase TF procoagulant activity and thrombin
production[69]. Low level of inflammation also leads TF
expression in vessel endothelial cells of DM patients, and
results in atherothrombosis[68,69].
Platelet hyperreactivity is one of major relations in
elements leading to DM prothrombotic status[70]. A lot
of mechanisms leaded to platelet dysfunction affect the
adhesive, activated and aggregative stages of hematoblast induced thrombus formation. High blood
glucose changes hematoblast calcium ion homeostasis
contributing to a abnormality of cellular constructure,
elevates the production of pro-aggregant elements[58].
Furthermore, the increase production of glycoproteins Ib
and Ⅱb/Ⅲa in DM subjects contributes to thrombosis
through interacting with vWF and fibrin.
In DM, the elevation of glucose levels contributes to
the activation of PKC, down-regulates the production of
platelet derived NO, rises the formation of O2-[59], and also
triggers the disorder of calcium homeostasis in platelets[60].
The abnormal calcium regulation may significantly lead
to disordered activity, because the intraplatelet calcium
mediates a shape change, secretion, aggregation and
thromboxane formation of platelet. Their disorders
may cause by decreasing endothelial generation of the
antiaggregants NO and prostacyclin, increasing generation
of fibrinogen, and increasing generation of platelet

INSULIN RESISTANCE
Insulin resistance is another vital pathogenesis that exerts
a major effect on the diabetic CVD complication. Insulin
exerts effects by two pathways including PI3-K and
mitogen-activated protein kinase (MAPK). Insulin signal
producing by PI3-K has effects of anti-proliferative and
anti-coagulant, the effects activated by MAPK have a
proatherogenic function. On base of insulin resistance,
although the first pathway is damaged, the second pathway
maintains intact. Therefore, the decrease endothelial
dependent vasodilatation as well as increase mitosis effects
is a key result[48,49].
Insulin resistance also critically takes part in vascular
dysfunction in patients with T2DM [50]. In fact, the
reduction of PI3-K/Akt pathway causes eNOS depression,
decreases NO generation[51]. Combining with decreasing
NO synthesis, intracellular oxidization of stored FFAs
produces ROS contributing to vascular inflammation,
AGEs synthesis, inhibited PGI2 synthase activity, and PKC
activation[51,52].
Rised ROS concentrations closely related with insulin
resistance remove NO generation, generate peroxynitrite
accompanying with a more decrease of NO biologic
availability. Decreased cell concentrations of NO activate
pro-inflammatory pathways promoted by increasing
cytokine generation. In fact, TNF-α and IL-1 facilitate
NF k B activity and adhesion molecules expression.
TNF-α also induces C reactive protein expression which
lowers the regulation of eNOS and elevates adhesion
molecules and endothelin-1 (ET-1) generation[50,53].
Adipokines associated with vasculopathy are leptin,
adipocyte fatty acid-binding protein, interleukins, lipocalin-2
and pigment epithelium- derived factor, which could
produce disorders of vessel function through increasing
proliferation and migration of smooth muscle cells
(SMCs), eNOS depression, and NFkB signaling activation
accompanied with adhesion molecule expression and
atherogenesis[54].

prothrombotic state
Damaged fibrinolysis, as a result of enhancing generation
of PAI-1 and excessive activity of platelet result from of
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activators like thrombin and vWF[58]. In general, diabetic
disorders elevate the activation of platelet and depress
internal depressors of platelet activity.
DM increases a blood coagulability which makes it
more likely that atherosclerotic plaque rupture or erosion
will lead to the thrombotic occlusion of artery. T2DM has
damaged fibrinolytic capacity owing to increasing levels
of PAI-1 in atherogenetic damage and nonateromatous
artery[71]. DM elevates the TF (a forceful procoagulant)
expression and plasm coagulate elements like factor
Ⅶ, reduces contents of internal anti-coagulate factors
like antithrombin Ⅲ and protein C[62,63,72]. A number of
these disorders are associated with the occurrence of
hyperglycemia and proinsulin split products[73]. Therefore,
DM increases a tendency of coagulation accompanying
with damaging fibrinolysis, facilitates the formation and
persistence of thrombi.

endothelium dysfunction as well as elevated thrombus
production are extremely susceptible to generating
thrombotic occlusive events at brain circle for this type of
DM[20].
Mechanisms of the endothelial dysfunction encompass
elevating polyol pathway flux, changed cell redox status,
increasing generation of diacylglycerol, specific PKC
isoforms activation, and exacerbated non-enzymatic
production of AGEs. A lot of pathways promote the
generation of oxidative and nitrosative mediated oxidants
and free radicals like O2- and peroxynitrite, exerting a
important effect in the mechanism of the DM-relative
endothelial dysfunction. The cellular sources of ROS
like O 2- are diverse and encompass AGEs, NADH,
NADPH oxidases, mitochondrial respiratory chain,
xanthine oxidase, arachidonic acid cascade, and microsomal
enzymes[77-82]. The oxygen and nitrogen stress mediated by
hyperglycemia results in DNA-lesion as well as succedent
poly (ADP-ribose) polymerase (PARP) activation[83]. The
endothelial dysfunction progression was related to a
concurrent NAD+ and NADPH loss in vascular systems,
PARP depression inversed their alterations. Endothelium
dysfunction in DM is relied on a PARP-derived, inverse
cell NADPH insufficient[83,84].
A mono layer of ECs is seated in the internal membrane of all vascellum, which offers a metabolically active
interactive spot between blood and vessels regulating blood
influx, nutritious transport, coagulation and thrombosis,
and leukocyte diapedesis [85]. ECs synthetize a lot of
key bioactive substances, such as ROS, prostaglandin,
endothelin as well as angiotensin Ⅱ, which modulates
vascular effect and structure. Moreover, it diminishes
platelet activation, inhibits inflammation by decreasing
leukocyte adhesion to endothelium and migrating into
the vascular wall, and reduces VSMCs proliferation and
migration[38,86,87]. In general, these characters prevent
atherogenesis and protect the vascular vessel.
DM damages endothelium dependent vasodilation
prior to the generation of atheroma [88,89]. Many of
fundamental mechanisms lead to the lower bioavailability
of vasoactivators in DM. Hyperglycemia diminishes
generation of NO by inhibiting the activation of eNOS
synthase and elevating the generation of ROS, particularly
O2-, in endothelial and VSMCs[78].
Insulin resistance contributes to excessive release of
FFAs from adipose tissue[90], activating the signal enzyme
PKC, depressing PI3-K, and increasing the generation
of ROS-mechanisms [27]. Generation of peroxynitrite
decreases synthetizing the vessel dilatory and antiplatelet
prostanoid prostacyclin[91]. The increased levels of FFAs
in DM trigger the production of oxidized low-density
lipoproteins (Ox-LDL), including vital initiating events
for atherosclerosis. Ox-LDL can impair ECs and increase
adhesion molecules expression like P-selectin[92] and
chemotactic factors like monocyte chemoattractant
protein-1, macrophage colony stimulating factor[93,94] and
thus lead to endothelial dysfunction in DM[78,95].

Endothelial dysfunction
The endothelium is an organ composing of a mono
cell layer arraying the intimal surface of the vasculature,
serving as a paclose between blood and tissues. The
normal paracrine and autocrine functions of endothelial
cells include the synthesis of a series of substances that
moderate vascular relaxation, mediate local inflammation,
depress leucocyte migration and affect platelet activation.
Endothelial dysfunction consists of many abnormalities, encompassing changed vasomotor activity,
VSMC dysfunction, excess generation of inflammatory
cytokines and chemokines, damaged platelet function
and abnormal coagulation, which contribute to elevating
vasoconstriction, inflammation and thrombosis[74].
The endothelium in DM is more frail in producing
atherosclerotic plaques compared with the endothelium
of non DM. A series of mechanisms may lead to the
elevated risk of generating atherosclerotic plaques in
DM. The abnormal cluster of hyperglycemia, increased
FFAs and insulin resistance in DM, targeting the
endothelial cell, causing oxidative stress and endothelial
dysfunction[75]. The endothelial dysfunction leads to a
defective endothelium dependent vasorelaxation and
vasoconstriction, a migration of monocytes, a VSMCs
transport into internal membrane as well as a generation
of macrophage foam cells, which trigger an atherogenesis
production. As far as ET-1, besides a vascular constrictive
function, which has the function of proinflammation,
mitogenesis and proliferation yet[48,76].
Hyperglycemia, elevated FFAs as well as insulin
resistance exert through a usual pathogenesis characterized
by rising ROS generation (Especially O2-), subsequently
result in damaging endothelial dependent NO induced
relaxation. Elevated ET-1 generation and VSMCs
proliferation also lead to endothelium dysfunction. Hypertriglyceridemia, consequent atherogenesis and platelet
hyperactivity as well as diminished fibrinolysis and
hypercoagulability are features of vessel circumstances in
DM. In general, an initial and progressive atherogenesis,
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the elevation in the activity of VCAM-1 expression is
found yet[108,109]. Besides binding leukocytes, VCAM-1
engagement leads to leukocyte transendothelial migration
(TEM) via inducing gap formation between cells in the
endothelial monolayer, facilitating TEM [110]. The gap
formation is moderated by VCAM-1[111,112]. VCAM-1
accumulation elevates the internal cellular free calcium
level yet[111]. Therefore, the expression of VCAM-1 rises
the permeability of vascular endothelium as well as the
TEM of leukocyte, leads to the impairment of vessel
and abnormal endothelial function, as well as mediates
atherogenesis production. The ICAM-1 expression in
ECs is risen in atherogenesis and in the animal model
of atherogenesis[113,114]. In normal conditions, ICAM-1
is presented in low concentrations in ECs, however
ICAM-1 is significantly elevated while stimulating by
pro-inflammatory factors such as the pro-inflammatory
cytokines TNF-α, IL-1β as well as interferon-γ[114]. Soluble
ICAM-1 may mediate leukocyte adhesion, migration.
Promoting leukocyte to attach to the ECs surface isn’t the
only effect of ICAM-1. Effect of ICAM-1 mediates signal
in ECs, rises the IL-8 generation, facilitates the ICAM-1
and c-fos expression. It is likely that pro-inflammatory
IL-8 and c-fos activated by ICAM-1 facilitates a positive
feedback loop, contributing to excessive ICAM-1 and
VCAM-1 expression and thus initiating the persistent
recruitment of leukocytes to regions of atherosclerosis,
facilitating the progress of atherogenesis through producing
pro-inflammatory stimuli through indirect or direct
endothelial dysfunction[115-117].
P-selectin is mediated by pro-inflammatory stimuli
stored in internal cellular vesicles of ECs combined with
the plasm membrane being responsible to many stimuli
like ischemia and chronic high blood glucose yet [118].
On some conditions, P-selectin translocation to the
endothelial cell surface is modulated by a ROS-dependent
mechanism. P-selectin accumulation rises cytosol free
Ca2+, mediates changes of cell morphology, facilitating
endothelial dysfunction to ultimately generate vessel
impairment[119-121].
VCAM-1, ICAM-1, P-selectin exert a key effect on
vascular integrity and permeability through endothelial
dysfunction[122]. Increased concentrations of soluble EAM
could be one of the common causes for the pathogenesis
of between atherogenetic CVD and endothelial dysfunction[122]. The adhesive molecule expression in ECs
facilitates the adhesion and transportation of leukocytes
into the sub-endothelial space, consequently contributing to
abnormal endothelial function and sub-endothelial structure
alteration [123]. Elevated vessel permeability owing to
structure changes can then decrease insulin transportation
to insulin sensitive peripheral tissues, ultimately form
insulin resistance. In addition, insulin resistance may directly
contribute to endothelial dysfunction[124]. The investigation
in non-diabetic subjects have proposed that lightly damaged
glucose tolerance in the normal glycemic range may
facilitate the process of endothelial dysfunction through
side effects of oxidative stress, generation of AGEs, and

abnormal release of Endothelial
Vasoactivators
Hyperglycemia rises the cyclooxygenase-2 mRNA
expression in DM. Endothelin could be especially
associated with the pathophysiology of vasculopathy
in DM, because endothelin triggers inflammatory
reaction, results in VSMCs contraction and growth[95].
The abnormalities of endothelium associated factors
or vasoactivators generation consisting of vascular
oxidative stress[96], inflammatory factors, NO, prostanoids
(prostacyclin), ET-1, angiotensin Ⅱ (ANG-Ⅱ), tissuetype plasminogen activator (t-PA), PAI-1, vWF, adhesion
molecules such as vascular cell adhesion molecule (VCAM)
leukocyte adhesion molecules, intercellular adhesion
molecule (ICAM) as well as cytokines[97]. These vascular
activated factors contribute to elevating vascular tone,
resulting in microvascular and macrovascular impairment
and apoptosis of microvascular cells, consequently
contributing to DM associated vascular complications[97].
In lots of pathological conditions, the abnormal balance
of these regulatory mediators causes the onset and process
of vascular endothelial dysfunction[98]. Vascular endothelial
dysfunction elevates effects of leukocyte, smooth muscle
proliferation, vascular constriction, damaged coagulating,
vessel inflammation, thrombus generation, and atherogenesis, these mechanisms are the base of later DM
complications like retinopathy, nephropathy, vasculopathy
as well as neuropathy[99]. ET-1 is a forceful vasoconstrictor
generated by ECs. The generation and the level of ET-1
in plasma elevated in DM patients, and it is reported a
positive correlation between plasm ET-1 concentrations
and the micro-vessel lesion of DM. Therefore, ET-1 could
exert a possible key effect on endothelial dysfunction by
a disorder between ECs mediated vascular dilator and
vascular constrictor factors on mechanisms of the vessel
complication in DM[100]. Besides its direct vasoconstrictor
functions, elevated levels of ET-1 may lead to endothelial
dysfunction via generating a series of vascular active
substances consisting of ROS, NO and inflammatory
factors[101-103].
CGRP is a key mediator of ET-1 vasoconstriction.
The elevation of CGRP expression leads an abnormal
balance in the CGRP/ET-1 ratio, inducing abnormal
vascular constriction to result in topical endothelial
dysfunction as well as vessel impairment[104,105]. VCAM-1 is
one of key ECs receptors, mediating leukocyte adhesion
to the vascular ECs. Current studied results have highly
proposed that VCAM-1 might exert a key effect on
mechanisms of atherosclerosis on account of VCAM-1
effects on leukocyte adhesion and transmigration is key
as well as its expression is upregulated in the initial phases
of neogenetic atheroma plaques[106]. Moreover, VCAM1expression is upregulated by pro-inflammatory stimuli
like TNF-α and IL-1β, is least partially mediated by
NFκB[107]. The expression of VCAM-1 is upregulated
in vessel stress circumstances like insulin resistance and
chronic high blood glucose yet. In the circumstance,

WJD|www.wjgnet.com

8

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease

increased concentrations of FFAs[125].
Vascular endothelial dysfunction may be prior to
the development of insulin resistance, which results
from a decrease of insulin sensitivity, generates a vicious
cycle[126-128]. Our studied results provided the further
evidences that endothelial dysfunction exerts a causal role
in the pathogenesis of CVD in T2DM, and also highlights
new insights into the possible clinical value of endothelial
function in CVD of T2DM. The pathophysiologic
mechanisms of CVD in T2DM could be relative to an
abnormal expressive balance of ET-1, CGRP, VCAM-1,
ICAM-1 and P-selectin, causing endothelial dysfunction
via a series of chemical factors like ROS, NO and
inflammatory factors. Alternatively, we speculated that
emotion, cerebral splanchno-motor and neuroendocrine
center could participate in the mechanisms of CVD
in T2MD through changes of ET-1, CGRP, VCAM-1,
ICAM-1 and P-selectin expression, but further researches
need to be warranted[129].

and resulted in fatal thrombosis are inclined to have
few VSMCs[134]. Hyperglycemic lipid modifications of
LDL may partially modulate the risen migration and
the following apoptosis of VSMCs in atherosclerosis
impairment. LDL that has suffered nonenzymatic glycation
promotes VSMCs migration, while oxidized glycated
LDL can promote apoptosis of VSMCs[135]. Therefore,
DM changes VSMCs function through facilitating
atherosclerotic lesion formation, plaque instability[68].

Oxidative Stress
The generation of ROS is severely controlled in normal
cells, but excessive generation at the condition of
metabolized disorder contributes to cell lesions. O2-. and
NO are correspondingly nonvalent, however, while the
both are combined they produce highly active peroxynitrites
that impairs and diminishes protein and lipid. Moreover,
O2-. and NO can impair the iron sulfur center of enzyme
and other protein, releasing iron atom and thus depressing
enzyme and protein activity. There are a number of key
proteins that are highly sensitive to the type of inhibition
such as complexes Ⅰ-Ⅲ in the electron transfer chain,
aconitase in the trichloroacetic acid cycle as well as biotin
synthase[136,137].
The production of lipid, protein and nucleic acid compounds participates in lots of complicated chain reactions
in ways of a series of biological substrates containing
reactive methylene groups. Intermediate productions in
these chain reactions can have very strongly oxidative
effects, thus cell lesion can be comprehensive[138,139].
Lipids locate in plasm, mitochondria and endoplasmic
reticulum membranes are main attacked objects of
ROS and peroxidation. Terminal productions of lipid
peroxidation like lipid peroxides can be toxic to cells,
require to be resolved by glutathione. In the same way,
proteins and nucleic acids can be suffered by peroxidation
and nitrosylation. The terminal products aren’t commonly
directly toxic to cells, the gather of inactive proteins can
excessively increase the ability of cells to recycle them,
DNA impairment is known to promote the pathogenesis
of apoptosis.
Diabetic CVD complications are majorly owing to
a prolonged exposure of hyperglycemia[140]. The early
trigger high glucose levels change vessel function is
the disorder between NO bio-availability and gather
of ROS, contributing to endothelial dysfunction. In
fact, high blood glucose mediated production of O2inactivates NO to generate peroxynitrite (ONOO-), a
forceful oxidant, it easily pass through phospholipid
membranes, causes substrate nitration[21]. Hyperglycemia
mediated ROS generation promotes a series of cellular
mechanisms such as polyol and hexosamine flux,
AGEs, PKC activation and NF κ B induced vascular
inflammation[52,141]. One of the major resources of ROS
in the condition of high blood glucose is represented
by PKC and its downstream subjects. The circumstance
of high blood glucose promotes a chronic increase of

Vascular Smooth Muscle
Dysfunction
The changes in vascular homeostasis owing to the
dysfunction of ECs and SMCs are the primary characters
of diabetic vascular diseases, which are favor of a proinflammatory or thrombotic status, finally contributing
to artery thrombus formation. The diabetic affect on
vascular function isn’t confined to ECs. The abnormal
regulation of VSM function is accelerated through
damaging the sympathetic nervous system function[130].
DM rises PKC activity, NFκB and oxygen free radicals
generation in VSM, which is similar to the effects in
ECs[131]. Furthermore, DM elevates the migration of
VSMCs into early atherosclerotic impairment, replicating
and generating external cellular matrix key process in
later impairment production[132]. VSMCs apoptosis during
atherogenetic impairment is rised yet, so that DM patients
are apt to have fewer VSMCs in impairment, increasing
the tendency of plaque rupture. In DM, the cytokine
generation reduces VSM synthesis of collagen and elevates
generation of matrix metalloproteinases, producing
an elevated propensity for plaque destabilization and
rupture[133].
DM promotes the VSMCs atherogenic activity.
Hyperglycemia stimulates PKC, receptor for AGEs and
NFκB in VSMCs, which is similar in ECs. Promotion of
these systems increases generation of O2-, which leading
to the oxidant gathering circumstances[27]. VSMCs are
indispensable in the progression of atherosclerosis. In
case the formation of the macrophage abundant fatty
streak, VSMCs in the middle layer of the arteries migrate
into the early intimal impairment, replicate and generate
a complicate extracellular matrix vital process in the
development formed atherosclerotic plaque. VSMCs
heighten the atheroma by way of the collagen source,
which makes it less possibly to rupture and results in
thrombosis. In fact, the impairments that have disrupted
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diacyglycerol concentrations in ECs accompanying the
following membrane translocation of conventional
and nonconventional PKC isoforms. In case activated,
PKC would be responsible for different structure and
functions alterations in vascular systems such as changes
in permeability, inflammation, angiogenesis, growth,
external cell matrix expansion and apoptosis of cells[142].
A key result of PKC activation is ROS production.
Hyperglycemia mediated the PKC activation rises
superoxide generation by NADPH oxidase in vascular
ECs[27]. PKC also contributes to elevated generation of
ET-1, which is favor of vasoconstricting and platelet
aggregating[142].
In the vascular wall, the generation of PKC-depended
ROS takes part in the atherogenetic progression via
promoting vessel inflammation yet[52,143]. ROS contributes
to upregulation and nuclear translocation of NF κ B
subunit p65, thus, the transcription of pro-inflammatory
genes encodes for monocyte chemoattractant protein-1
(MCP-1), selectins, VCAM-1, and ICAM-1. The latter
event promotes the adhesion of monocytes to vascular
endothelial cells, rolls and exudes in the subendothelium
accompanying the following production of foam cells.
The production of IL-1 and TNF- a derived from a
active macrophage keeps elevation of adhesion molecule
through augmenting NFκB signal in the endothelial cell
and also stimulates SMCs growth and proliferation[144].
Endothelial dysfunction in DM is the subsequence
of damaged NO availability and the risen synthesis of
vascular constrictor and prostanoid[144]. The up-regulation
of PKC induced cyclooxygenase-2 (COX-2) is related to an
elevation of thromboxane A2 as well as a downregulation
of prostacyclin (PGI2) release[145]. The data speculate that
PKC is upstream signaling molecules which affect vessel
balance at the condition of hyperglycemia[145]. Production
of AGEs contributes to cell disorders by triggering of a
AGEs receptor (RAGE) activation[146,147]. AGE-RAGE
signal conversely promotes ROS-sensitive biochemical
pathways like the hexosamine flux[52]. At the circumstance
of hyperglycemia, an elevated flux of fructose-6-phosphate
promotes a series of reactions leading different glycosilated
patterns being responsible for down-regulation of enzymes
involved in vessel balance. Especially, OglcNAcylation at
the Akt site of eNOS protein contributes to decreasing
eNOS activities and ECs disorders[52,148]. Furthermore,
transcription factors glycosylation results in upregulation
of inflammation (TGFα, TGFβ1) and prothrombus genes
(PAI-1)[148,149]. Hyperglycemia mediated ROS generation
promotes the polyol pathway flux participated in vessel
redox stress yet[141,150]. Therefore, hyperactivation of the
pathway is relative to elevated atherogenetic damages in a
DM mouse[151,152].

mechanisms of high blood glucose mediated vessel
lesion[153,154]. The small no coded RNAs mediate many
aspects of DM vasculopathy through moderating gene
expression at the posttranscriptional time. DM shows a
obvious abnormality of miRs participated in angiogenesis,
vascular repair and endothelial homeostasis[155]. When
ECs are exposed to prolonged hyperglycemia, miR-320
is largely expressed and triggers a series of angiogenic
factors and their receptors such as vascular endothelial
growth factor and insulin like growth factor-1 (IGF-1).
Increased expression of the miR is relative to decreasing
cellular proliferation and migration. When the miR
decrease recoveries the characters and elevates IGF-1
expression, facilitating angiogenesis and vascular repair[156].
High blood glucose also elevates the miR-221
expression, a mediator of angiogenesis for c-kit receptor is
associated with migrating as well as homing of endothelial
progenitor cells (EPCs) [157]. miR-221 and 222 were
identified to induced AGE mediated vessel lesion yet[157].
In fact, the decrease of miR-222 expression in human
ECs exposed to hyperglycemia and in a DM mouse
results in AGE associated ECs disorders through targeted,
cyclin depended kinase proteins participated in cellular
cycle depression (P27KIP1 and P57KIP2)[157]. A current
research revealed that miR-503 severely participated in
high blood glucose mediated endothelial dysfunction in
a DM mouse, is elevated in muscles of ischemia limbs in
DM patients[158]. The pernicious function of miR-503 at
the condition of DM has been identified by the interaction
with CCNE and cdc25A, which are key mediators of cell
cycle process influencing the migration and proliferation
of ECs. It is interesting that miR-503 depression can
actualize the normalization of post-ischemic novel
vascularization and blood stream repairs in a DM mouse.
The studied results offer a base to predict protective
effects on regulating miR-503 expression against DM
vasculopathy.
Assay of plasm miR demonstrated a largely decrease
of miR-126 in a cohort of DM patients[155]. Current
studied results propose that down-regulation of miR-126
expression is in part responsible for damaging vascular
recovery capacities in DM[159,160]. The expression of miR-126
decreases in EPCs isolated from DM and transfection using
anti-miR-126 diminished the proliferation and migration
of EPCs[159,160]. By comparison, the recovered expression
of miR-126 facilitated EPCs associated a recovery capacity
and depressed apoptosis. The miR-126 effect in EPCs
is regulated by Spred-1, an inhibitor of Ras/ERK signal
pathway, a key mediator of cellular cycles. In general, the
findings provide further evidences that miRs promotes a
series of complicated signaling network through triggering
the genes expression participated in the differentiation,
migration as well as survival of cell[161].
In summary, many factors affect the diabetic CVD
complication, which are summaried in the Figure 1 of
diagrammatic sketch. Such factors will promote optimal
understanding of the pathogenesis of the diabetic
CVD complication and lead to the identification of the
specific preventive therapy. Ultimately, the knowledge

Abnormality of MIRS participate
in angiogenesis, vascular repair
and endothelial homeostasis
MicroRNAs (miRs) are a currently found one type of
small no coding RNAs known as important effects on
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Figure 1 Diagram of pathogenesis of diabetic cerebral vascular disease complication. NO: Endothelium-derived nitric oxide; ET-1: Endothelin-1; VCAM:
Vascular cell adhesion molecule; ICAM: Intercellular adhesion molecule; TNF: Tumor necrosis factor; IL: Interleukin; NF-kB: Nuclear factor-kB; COX-2:
Cyclooxygenase-2; PGI2: Prostacyclin: PAI-1: Prothrombus genes; TGF-β: Transforming growth factor beta; MCP-1: Monocyte chemoattractant protein-1; TF: Tissue
factor; Ox-LDL: Oxidized low-density lipoproteins; FFAs: Free fatty acids.

gained from these previous studies can be used to obtain
the potential drug for preventing the diabetic CVD
complication.

3

References
1
2

4

Bucala R. Diabetes, aging, and their tissue complications.
J Clin Invest 2014; 124: 1887-1888 [PMID: 24789881 DOI:
10.1172/JCI75224]
Arinzon Z, Shabat S, Shuval I, Peisakh A, Berner Y. Prevalence
of diabetes mellitus in elderly patients received enteral

WJD|www.wjgnet.com

5

61

nutrition long-term care service. Arch Gerontol Geriatr 2008; 47:
383-393 [PMID: 17950479]
Bethel MA, Sloan FA, Belsky D, Feinglos MN. Longitudinal
incidence and prevalence of adverse outcomes of diabetes
mellitus in elderly patients. Arch Intern Med 2007; 167: 921-927
[PMID: 17502533]
Amos AF, McCarty DJ, Zimmet P. The rising global burden
of diabetes and its complications: estimates and projections
to the year 2010. Diabet Med 1997; 14 Suppl 5: S1-85 [PMID:
9450510]
Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS,
Koplan JP. The continuing epidemics of obesity and diabetes

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease

6

7

8

9

10

11

12
13

14

15

16

17

18

19

20

21

in the United States. JAMA 2001; 286: 1195-1200 [PMID:
11559264]
Piechowski-Jozwiak B, Maulaz A, Bogousslavsky J. Secondary
prevention of stroke with antiplatelet agents in patients with
diabetes mellitus. Cerebrovasc Dis 2005; 20 Suppl 1: 15-23 [PMID:
16276081]
Spijkerman AM, Dekker JM, Nijpels G, Adriaanse MC,
Kostense PJ, Ruwaard D, Stehouwer CD, Bouter LM, Heine
RJ. Microvascular complications at time of diagnosis of type
2 diabetes are similar among diabetic patients detected by
targeted screening and patients newly diagnosed in general
practice: the hoorn screening study. Diabetes Care 2003; 26:
2604-2608 [PMID: 12941726]
Krentz AJ, Clough G, Byrne CD. Interactions between
microvascular and macrovascular disease in diabetes:
pathophysiology and therapeutic implications. Diabetes Obes
Metab 2007; 9: 781-791 [PMID: 17924862]
Harada S, Fujita-Hamabe W, Tokuyama S. Ischemic stroke and
glucose intolerance: a review of the evidence and exploration
of novel therapeutic targets. J Pharmacol Sci 2012; 118: 1-13
[PMID: 22188858]
Fülesdi B, Limburg M, Bereczki D, Michels RP, Neuwirth
G, Legemate D, Valikovics A, Csiba L. Impairment of
cerebrovascular reactivity in long-term type 1 diabetes. Diabetes
1997; 46: 1840-1845 [PMID: 9356034]
Unfirer S, Kibel A, Drenjancevic-Peric I. The effect of
hyperbaric oxygen therapy on blood vessel function in
diabetes mellitus. Med Hypotheses 2008; 71: 776-780 [PMID:
18722723 DOI: 10.1016/j.mehy.2008.06.016]
Kleiser B, Widder B. Course of carotid artery occlusions with
impaired cerebrovascular reactivity. Stroke 1992; 23: 171-174
[PMID: 1561643]
Larsen FS, Olsen KS, Hansen BA, Paulson OB, Knudsen GM.
Transcranial Doppler is valid for determination of the lower
limit of cerebral blood flow autoregulation. Stroke 1994; 25:
1985-1988 [PMID: 7916502]
Lipsitz LA, Mukai S, Hamner J, Gagnon M, Babikian V.
Dynamic regulation of middle cerebral artery blood flow
velocity in aging and hypertension. Stroke 2000; 31: 1897-1903
[PMID: 10926954]
Sena CM, Pereira AM, Seiça R. Endothelial dysfunction - a
major mediator of diabetic vascular disease. Biochim Biophys
Acta 2013; 1832: 2216-2231 [PMID: 23994612 DOI: 10.1016/
j.bbadis.2013.08.006]
Moghaddasi M, Mamarabadi M, Habibi AH. A comparison
of cerebral vasomotor reactivity in diabetic and nondiabetic
Iranian patients. J Res Med Sci 2010; 15: 50-53 [PMID:
21526058]
Konig M, Lamos EM, Stein SA, Davis SN. An insight into the
recent diabetes trials: what is the best approach to prevent
macrovascular and microvascular complications? Curr
Diabetes Rev 2013; 9: 371-381 [PMID: 23865412]
Tandon N, Ali MK, Narayan KM. Pharmacologic prevention
of microvascular and macrovascular complications in
diabetes mellitus: implications of the results of recent clinical
trials in type 2 diabetes. Am J Cardiovasc Drugs 2012; 12: 7-22
[PMID: 22217193 DOI: 10.2165/11594650-]
Sosale A, Prasanna Kumar KM, Sadikot SM, Nigam A, Bajaj
S, Zargar AH, Singh SK. Chronic complications in newly
diagnosed patients with Type 2 diabetes mellitus in India.
Indian J Endocrinol Metab 2014; 18: 355-360 [PMID: 24944931
DOI: 10.4103/2230-8210.131184]
Muntean C, Mitrea A, Mota M, Tudorica V. Type 2 diabetes
and its implications in cerebrovascular disease. Rom J Diabetes
Nutr Metab Dis 2012; 19: 81-88 [DOI: 10.2478/v10255-012-00117]
Creager MA, Lüscher TF, Cosentino F, Beckman JA. Diabetes
and vascular disease: pathophysiology, clinical consequences,
and medical therapy: Part I. Circulation 2003; 108: 1527-1532
[PMID: 14504252]

WJD|www.wjgnet.com

22
23
24
25

26

27

28

29

30

31

32

33

34
35
36
37

38

39

62

Boden G. Free fatty acids, insulin resistance, and type 2
diabetes mellitus. Proc Assoc Am Physicians 1999; 111: 241-248
[PMID: 10354364]
Fujimoto WY. The importance of insulin resistance in the
pathogenesis of type 2 diabetes mellitus. Am J Med 2000; 108
Suppl 6a: 9S-14S [PMID: 10764845]
Kelley DE, Simoneau JA. Impaired free fatty acid utilization
by skeletal muscle in non-insulin-dependent diabetes
mellitus. J Clin Invest 1994; 94: 2349-2356 [PMID: 7989591]
Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S,
Cline GW, Slezak LA, Andersen DK, Hundal RS, Rothman
DL, Petersen KF, Shulman GI. Effects of free fatty acids on
glucose transport and IRS-1-associated phosphatidylinositol
3-kinase activity. J Clin Invest 1999; 103: 253-259 [PMID:
9916137]
Dichtl W, Nilsson L, Goncalves I, Ares MP, Banfi C, Calara
F, Hamsten A, Eriksson P, Nilsson J. Very low-density
lipoprotein activates nuclear factor-kappaB in endothelial
cells. Circ Res 1999; 84: 1085-1094 [PMID: 10325246]
Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura
M, Aoki T, Etoh T, Hashimoto T, Naruse M, Sano H, Utsumi
H, Nawata H. High glucose level and free fatty acid stimulate
reactive oxygen species production through protein kinase
C--dependent activation of NAD(P)H oxidase in cultured
vascular cells. Diabetes 2000; 49: 1939-1945 [PMID: 11078463]
Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N,
Lee D, Goodyear LJ, Kraegen EW, White MF, Shulman GI.
Free fatty acid-induced insulin resistance is associated with
activation of protein kinase C theta and alterations in the
insulin signaling cascade. Diabetes 1999; 48: 1270-1274 [PMID:
10342815]
Sniderman AD, Scantlebury T, Cianflone K. Hypertriglyceridemic hyperapob: the unappreciated atherogenic
dyslipoproteinemia in type 2 diabetes mellitus. Ann Intern Med
2001; 135: 447-459 [PMID: 11560458]
Sniderman A, Thomas D, Marpole D, Teng B. Low density
lipoprotein. A metabolic pathway for return of cholesterol
to the splanchnic bed. J Clin Invest 1978; 61: 867-873 [PMID:
207724]
Dimitriadis E, Griffin M, Owens D, Johnson A, Collins P,
Tomkin GH. Oxidation of low-density lipoprotein in NIDDM:
its relationship to fatty acid composition. Diabetologia 1995;
38: 1300-1306 [PMID: 8582539]
de Man FH, Weverling-Rijnsburger AW, van der Laarse
A, Smelt AH, Jukema JW, Blauw GJ. Not acute but
chronic hypertriglyceridemia is associated with impaired
endothelium-dependent vasodilation: reversal after lipidlowering therapy by atorvastatin. Arterioscler Thromb Vasc
Biol 2000; 20: 744-750 [PMID: 10712400]
Kuhn FE, Mohler ER, Satler LF, Reagan K, Lu DY, Rackley
CE. Effects of high-density lipoprotein on acetylcholineinduced coronary vasoreactivity. Am J Cardiol 1991; 68:
1425-1430 [PMID: 1746422]
Koya D, King GL. Protein kinase C activation and the
development of diabetic complications. Diabetes 1998; 47:
859-866 [PMID: 9604860]
Kinlay S, Libby P, Ganz P. Endothelial function and coronary
artery disease. Curr Opin Lipidol 2001; 12: 383-389 [PMID:
11507322]
Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N
Engl J Med 1993; 329: 2002-2012 [PMID: 7504210]
Radomski MW, Palmer RM, Moncada S. The role of nitric
oxide and cGMP in platelet adhesion to vascular endothelium.
Biochem Biophys Res Commun 1987; 148: 1482-1489 [PMID:
2825688]
Sarkar R, Meinberg EG, Stanley JC, Gordon D, Webb RC.
Nitric oxide reversibly inhibits the migration of cultured
vascular smooth muscle cells. Circ Res 1996; 78: 225-230
[PMID: 8575065]
Zeiher AM, Fisslthaler B, Schray-Utz B, Busse R. Nitric oxide

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease

40
41

42

43
44

45
46
47
48
49

50

51

52
53

54

55
56

57
58
59

modulates the expression of monocyte chemoattractant
protein 1 in cultured human endothelial cells. Circ Res 1995;
76: 980-986 [PMID: 7758169]
Libby P. Changing concepts of atherogenesis. J Intern Med
2000; 247: 349-358 [PMID: 10762452]
Nomura S, Shouzu A, Omoto S, Nishikawa M, Fukuhara S.
Significance of chemokines and activated platelets in patients
with diabetes. Clin Exp Immunol 2000; 121: 437-443 [PMID:
10971508]
Mohamed AK, Bierhaus A, Schiekofer S, Tritschler H, Ziegler
R, Nawroth PP. The role of oxidative stress and NF-kappaB
activation in late diabetic complications. Biofactors 1999; 10:
157-167 [PMID: 10609877]
Collins T, Cybulsky MI. NF-kappaB: pivotal mediator or
innocent bystander in atherogenesis? J Clin Invest 2001; 107:
255-264 [PMID: 11160146]
Tesfamariam B, Brown ML, Deykin D, Cohen RA. Elevated
glucose promotes generation of endothelium-derived
vasoconstrictor prostanoids in rabbit aorta. J Clin Invest 1990;
85: 929-932 [PMID: 2312734]
Bohlen HG, Lash JM. Topical hyperglycemia rapidly
suppresses EDRF-mediated vasodilation of normal rat
arterioles. Am J Physiol 1993; 265: H219-H225 [PMID: 8342636]
Meraji S, Jayakody L, Senaratne MP, Thomson AB,
Kappagoda T. Endothelium-dependent relaxation in aorta of
BB rat. Diabetes 1987; 36: 978-981 [PMID: 3596063]
Pieper GM, Meier DA, Hager SR. Endothelial dysfunction
in a model of hyperglycemia and hyperinsulinemia. Am J
Physiol 1995; 269: H845-H850 [PMID: 7573526]
Holt R, Cockram C, Flyvbjerg A, Goldstein B J. Textbook of
Diabetes. 4th ed. USA: Wiley-Blackwell, 2010
DeFronzo RA. Insulin resistance, lipotoxicity, type 2 diabetes
and atherosclerosis: the missing links. The Claude Bernard
Lecture 2009. Diabetologia 2010; 53: 1270-1287 [PMID:
20361178 DOI: 10.1007/s00125-010-1684-1]
Kim JA, Montagnani M, Koh KK, Quon MJ. Reciprocal
relationships between insulin resistance and endothelial
dysfunction: molecular and pathophysiological mechanisms.
Circulation 2006; 113: 1888-1904 [PMID: 16618833]
Du X, Edelstein D, Obici S, Higham N, Zou MH, Brownlee M.
Insulin resistance reduces arterial prostacyclin synthase and
eNOS activities by increasing endothelial fatty acid oxidation.
J Clin Invest 2006; 116: 1071-1080 [PMID: 16528409]
Giacco F, Brownlee M. Oxidative stress and diabetic
complications. Circ Res 2010; 107: 1058-1070 [PMID: 21030723
DOI: 10.1161/CIRCRESAHA.110.223545]
Cardillo C, Campia U, Bryant MB, Panza JA. Increased
activity of endogenous endothelin in patients with type II
diabetes mellitus. Circulation 2002; 106: 1783-1787 [PMID:
12356630]
Li ZY, Wang P, Miao CY. Adipokines in inflammation,
insulin resistance and cardiovascular disease. Clin Exp
Pharmacol Physiol 2011; 38: 888-896 [PMID: 21910745 DOI:
10.1111/j.1440-1681.2011.05602.x]
Collinson DJ, Rea R, Donnelly R. Vascular risk: diabetes.
Vasc Med 2004; 9: 307-310 [PMID: 15678624]
Novak V, Zhao P, Manor B, Sejdic E, Alsop D, Abduljalil
A, Roberson PK, Munshi M, Novak P. Adhesion molecules,
altered vasoreactivity, and brain atrophy in type 2 diabetes.
Diabetes Care 2011; 34: 2438-2441 [PMID: 21926285 DOI:
10.2337/dc11-0969]
Reagan LP. Diabetes as a chronic metabolic stressor: causes,
consequences and clinical complications. Exp Neurol 2012; 233:
68-78 [PMID: 21320489 DOI: 10.1016/j.expneurol.2011.02.004]
Vinik AI, Erbas T, Park TS, Nolan R, Pittenger GL. Platelet
dysfunction in type 2 diabetes. Diabetes Care 2001; 24:
1476-1485 [PMID: 11473089]
Assert R, Scherk G, Bumbure A, Pirags V, Schatz H,
Pfeiffer AF. Regulation of protein kinase C by short term
hyperglycaemia in human platelets in vivo and in vitro.

WJD|www.wjgnet.com

60
61

62

63

64

65

66

67
68
69
70

71
72

73
74
75
76

77
78
79

63

Diabetologia 2001; 44: 188-195 [PMID: 11270675]
Li Y, Woo V, Bose R. Platelet hyperactivity and abnormal
Ca(2+) homeostasis in diabetes mellitus. Am J Physiol Heart
Circ Physiol 2001; 280: H1480-H1489 [PMID: 11247757]
Hafer-Macko CE, Ivey FM, Gyure KA, Sorkin JD, Macko
RF. Thrombomodulin deficiency in human diabetic nerve
microvasculature. Diabetes 2002; 51: 1957-1963 [PMID:
12031986]
Ceriello A, Giacomello R, Stel G, Motz E, Taboga C, Tonutti
L, Pirisi M, Falleti E, Bartoli E. Hyperglycemia-induced
thrombin formation in diabetes. The possible role of oxidative
stress. Diabetes 1995; 44: 924-928 [PMID: 7621998]
Ceriello A, Giugliano D, Quatraro A, Marchi E, Barbanti
M, Lefèbvre P. Evidence for a hyperglycaemia-dependent
decrease of antithrombin III-thrombin complex formation in
humans. Diabetologia 1990; 33: 163-167 [PMID: 2184068]
Ren S, Lee H, Hu L, Lu L, Shen GX. Impact of diabetesassociated lipoproteins on generation of fibrinolytic
regulators from vascular endothelial cells. J Clin Endocrinol
Metab 2002; 87: 286-291 [PMID: 11788661]
Kario K, Matsuo T, Kobayashi H, Matsuo M, Sakata T,
Miyata T. Activation of tissue factor-induced coagulation
and endothelial cell dysfunction in non-insulin-dependent
diabetic patients with microalbuminuria. Arterioscler Thromb
Vasc Biol 1995; 15: 1114-1120 [PMID: 7627704]
Pandolfi A, Cetrullo D, Polishuck R, Alberta MM, Calafiore
A, Pellegrini G, Vitacolonna E, Capani F, Consoli A.
Plasminogen activator inhibitor type 1 is increased in the
arterial wall of type II diabetic subjects. Arterioscler Thromb
Vasc Biol 2001; 21: 1378-1382 [PMID: 11498469]
Vazzana N, Ranalli P, Cuccurullo C, Davì G. Diabetes mellitus
and thrombosis. Thromb Res 2012; 129: 371-377 [PMID:
22197180 DOI: 10.1016/j.thromres.2011.11.052]
Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: epidemiology, pathophysiology, and management.
JAMA 2002; 287: 2570-2581 [PMID: 12020339]
Boden G, Rao AK. Effects of hyperglycemia and hyperinsulinemia on the tissue factor pathway of blood coagulation.
Curr Diab Rep 2007; 7: 223-227 [PMID: 17547839]
Linden MD, Tran H, Woods R, Tonkin A. High platelet
reactivity and antiplatelet therapy resistance. Semin Thromb
Hemost 2012; 38: 200-212 [PMID: 22422334 DOI: 10.1055/
s-0032-1301417]
Carr ME. Diabetes mellitus: a hypercoagulable state. J
Diabetes Complications 2001; 15: 44-54 [PMID: 11259926]
Ceriello A, Giugliano D, Quatraro A, Dello Russo P, Torella
R. Blood glucose may condition factor VII levels in diabetic
and normal subjects. Diabetologia 1988; 31: 889-891 [PMID:
3240844]
Nordt TK, Bode C. Impaired endogenous fibrinolysis in
diabetes mellitus: mechanisms and therapeutic approaches.
Semin Thromb Hemost 2000; 26: 495-501 [PMID: 11129405]
Snell-Bergeon JK, Wadwa RP. Hypoglycemia, diabetes, and
cardiovascular disease. Diabetes Technol Ther 2012; 14 Suppl 1:
S51-S58 [PMID: 22650225 DOI: 10.1089/dia.2012.0031]
Aljada A. Endothelium, inflammation, and diabetes. Metab
Syndr Relat Disord 2003; 1: 3-21 [PMID: 18370622 DOI: 10.1089
/154041903321648225]
Avogaro A, Albiero M, Menegazzo L, de Kreutzenberg S,
Fadini GP. Endothelial dysfunction in diabetes: the role
of reparatory mechanisms. Diabetes Care 2011; 34 Suppl 2:
S285-S290 [PMID: 21525470 DOI: 10.2337/dc11-s239]
Giugliano D, Ceriello A, Paolisso G. Oxidative stress and
diabetic vascular complications. Diabetes Care 1996; 19:
257-267 [PMID: 8742574]
De Vriese AS, Verbeuren TJ, Van de Voorde J, Lameire NH,
Vanhoutte PM. Endothelial dysfunction in diabetes. Br J
Pharmacol 2000; 130: 963-974 [PMID: 10882379]
Nishikawa T, Edelstein D, Brownlee M. The missing link: a
single unifying mechanism for diabetic complications. Kidney

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease

80
81

82
83

84

85

86
87
88

89

90

91
92

93

94

95
96
97

Int Suppl 2000; 77: S26-S30 [PMID: 10997687]
Brownlee M. Biochemistry and molecular cell biology of
diabetic complications. Nature 2001; 414: 813-820 [PMID:
11742414]
Guzik TJ, Mussa S, Gastaldi D, Sadowski J, Ratnatunga C,
Pillai R, Channon KM. Mechanisms of increased vascular
superoxide production in human diabetes mellitus: role of
NAD(P)H oxidase and endothelial nitric oxide synthase.
Circulation 2002; 105: 1656-1662 [PMID: 11940543]
Ceriello A. New insights on oxidative stress and diabetic
complications may lead to a “causal” antioxidant therapy.
Diabetes Care 2003; 26: 1589-1596 [PMID: 12716823]
Garcia Soriano F L, Jagtap P, Szabó E, Mabley JG, Liaudet
L, Marton A, Hoyt DG, Murthy KG, Salzman AL, Southan
GJ, Szabó C. Diabetic endothelial dysfunction: the role of
poly(ADP-ribose) polymerase activation. Nat Med 2001; 7:
108-113 [PMID: 11135624]
Soriano FG, Pacher P, Mabley J, Liaudet L, Szabó C.
Rapid reversal of the diabetic endothelial dysfunction by
pharmacological inhibition of poly(ADP-ribose) polymerase.
Circ Res 2001; 89: 684-691 [PMID: 11597991]
Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA,
McEver RP, Pober JS, Wick TM, Konkle BA, Schwartz BS,
Barnathan ES, McCrae KR, Hug BA, Schmidt AM, Stern DM.
Endothelial cells in physiology and in the pathophysiology of
vascular disorders. Blood 1998; 91: 3527-3561 [PMID: 9572988]
Verma S, Anderson TJ. The ten most commonly asked
questions about endothelial function in cardiology. Cardiol Rev
2001; 9: 250-252 [PMID: 11569467]
Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous
modulator of leukocyte adhesion. Proc Natl Acad Sci USA 1991;
88: 4651-4655 [PMID: 1675786]
Williams SB, Cusco JA, Roddy MA, Johnstone MT, Creager
MA. Impaired nitric oxide-mediated vasodilation in patients
with non-insulin-dependent diabetes mellitus. J Am Coll
Cardiol 1996; 27: 567-574 [PMID: 8606266]
Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK,
Creager MA. Impaired endothelium-dependent vasodilation
in patients with insulin-dependent diabetes mellitus.
Circulation 1993; 88: 2510-2516 [PMID: 8080489]
Hennes MM, O’Shaughnessy IM, Kelly TM, LaBelle P, Egan
BM, Kissebah AH. Insulin-resistant lipolysis in abdominally
obese hypertensive individuals. Role of the renin-angiotensin
system. Hypertension 1996; 28: 120-126 [PMID: 8675251]
Zou M, Yesilkaya A, Ullrich V. Peroxynitrite inactivates
prostacyclin synthase by heme-thiolate-catalyzed tyrosine
nitration. Drug Metab Rev 1999; 31: 343-349 [PMID: 10335439]
Vora DK, Fang ZT, Liva SM, Tyner TR, Parhami F, Watson
AD, Drake TA, Territo MC, Berliner JA. Induction of P-selectin
by oxidized lipoproteins. Separate effects on synthesis and
surface expression. Circ Res 1997; 80: 810-818 [PMID: 9168783]
Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M,
Parhami F, Gerrity R, Schwartz CJ, Fogelman AM. Minimally
modified low density lipoprotein induces monocyte
chemotactic protein 1 in human endothelial cells and smooth
muscle cells. Proc Natl Acad Sci USA 1990; 87: 5134-5138
[PMID: 1695010]
Rajavashisth TB, Andalibi A, Territo MC, Berliner JA,
Navab M, Fogelman AM, Lusis AJ. Induction of endothelial
cell expression of granulocyte and macrophage colonystimulating factors by modified low-density lipoproteins.
Nature 1990; 344: 254-257 [PMID: 1690354]
Hopfner RL, Gopalakrishnan V. Endothelin: emerging role
in diabetic vascular complications. Diabetologia 1999; 42:
1383-1394 [PMID: 10651255]
Cohen RA, Tong X. Vascular oxidative stress: the common
link in hypertensive and diabetic vascular disease. J
Cardiovasc Pharmacol 2010; 55: 308-316 [PMID: 20422735]
van den Oever IA, Raterman HG, Nurmohamed MT, Simsek
S. Endothelial dysfunction, inflammation, and apoptosis in

WJD|www.wjgnet.com

98

99
100

101

102
103

104

105

106

107

108

109

110

111

112
113

64

diabetes mellitus. Mediators Inflamm 2010; 2010: 792393 [PMID:
20634940]
Tan KC, Chow WS, Ai VH, Lam KS. Effects of angiotensin II
receptor antagonist on endothelial vasomotor function and
urinary albumin excretion in type 2 diabetic patients with
microalbuminuria. Diabetes Metab Res Rev 2002; 18: 71-76
[PMID: 11921421]
Verma S, Anderson TJ. Fundamentals of endothelial function
for the clinical cardiologist. Circulation 2002; 105: 546-549
[PMID: 11827916]
Wedgwood S, McMullan DM, Bekker JM, Fineman JR,
Black SM. Role for endothelin-1-induced superoxide and
peroxynitrite production in rebound pulmonary hypertension
associated with inhaled nitric oxide therapy. Circ Res 2001; 89:
357-364 [PMID: 11509453]
Romero M, Jiménez R, Sánchez M, López-Sepúlveda R,
Zarzuelo MJ, O’Valle F, Zarzuelo A, Pérez-Vizcaíno F, Duarte
J. Quercetin inhibits vascular superoxide production induced
by endothelin-1: Role of NADPH oxidase, uncoupled eNOS
and PKC. Atherosclerosis 2009; 202: 58-67 [PMID: 18436224
DOI: 10.1016/j.atherosclerosis.2008.03.007]
Brain SD, Williams TJ, Tippins JR, Morris HR, MacIntyre
I. Calcitonin gene-related peptide is a potent vasodilator.
Nature 1985; 313: 54-56 [PMID: 3917554]
McCulloch J, Uddman R, Kingman TA, Edvinsson L. Calcitonin gene-related peptide: functional role in cerebrovascular
regulation. Proc Natl Acad Sci USA 1986; 83: 5731-5735 [PMID:
3488550]
Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, Davis
V, Gutierrez-Ramos JC, Connelly PW, Milstone DS. A major
role for VCAM-1, but not ICAM-1, in early atherosclerosis. J Clin
Invest 2001; 107: 1255-1262 [PMID: 11375415]
Iademarco MF, McQuillan JJ, Rosen GD, Dean DC.
Characterization of the promoter for vascular cell adhesion
molecule-1 (VCAM-1). J Biol Chem 1992; 267: 16323-16329
[PMID: 1379595]
van Buul JD, Voermans C, van den Berg V, Anthony EC, Mul
FP, van Wetering S, van der Schoot CE, Hordijk PL. Migration
of human hematopoietic progenitor cells across bone marrow
endothelium is regulated by vascular endothelial cadherin. J
Immunol 2002; 168: 588-596 [PMID: 11777950]
van Wetering S, van den Berk N, van Buul JD, Mul FP,
Lommerse I, Mous R, ten Klooster JP, Zwaginga JJ, Hordijk
PL. VCAM-1-mediated Rac signaling controls endothelial
cell-cell contacts and leukocyte transmigration. Am J Physiol
Cell Physiol 2003; 285: C343-C352 [PMID: 12700137]
Madonna R, Pandolfi A, Massaro M, Consoli A, De Caterina
R. Insulin enhances vascular cell adhesion molecule-1
expression in human cultured endothelial cells through
a pro-atherogenic pathway mediated by p38 mitogenactivated protein-kinase. Diabetologia 2004; 47: 532-536 [PMID:
14762656]
Okouchi M, Okayama N, Shimizu M, Omi H, Fukutomi
T, Itoh M. High insulin exacerbates neutrophil-endothelial
cell adhesion through endothelial surface expression of
intercellular adhesion molecule-1 via activation of protein
kinase C and mitogen-activated protein kinase. Diabetologia
2002; 45: 556-559 [PMID: 12032633]
Rahman A, Fazal F. Hug tightly and say goodbye: role of
endothelial ICAM-1 in leukocyte transmigration. Antioxid
Redox Signal 2009; 11: 823-839 [PMID: 18808323 DOI: 10.1089/
ARS.2008.2204]
Doran AC, Meller N, McNamara CA. Role of smooth muscle
cells in the initiation and early progression of atherosclerosis.
Arterioscler Thromb Vasc Biol 2008; 28: 812-819 [PMID:
18276911 DOI: 10.1161/ATVBAHA.107.159327]
Galkina E, Ley K. Vascular adhesion molecules in atherosclerosis. Arterioscler Thromb Vasc Biol 2007; 27: 2292-2301
[PMID: 17673705]
Pi X, Lockyer P, Dyer LA, Schisler JC, Russell B, Carey S,

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease

114
115

116

117

118

119

120
121

122
123
124
125
126
127
128

129

130

131
132

glucose levels. Diabetes 2001; 50: 851-860 [PMID: 11289052]
133 Fukumoto H, Naito Z, Asano G, Aramaki T. Immunohistochemical and morphometric evaluations of coronary
atherosclerotic plaques associated with myocardial infarction
and diabetes mellitus. J Atheroscler Thromb 1998; 5: 29-35 [PMID:
10077455]
134 Libby P. Current concepts of the pathogenesis of the acute
coronary syndromes. Circulation 2001; 104: 365-372 [PMID:
11457759]
135 Taguchi S, Oinuma T, Yamada T. A comparative study of
cultured smooth muscle cell proliferation and injury, utilizing
glycated low density lipoproteins with slight oxidation, autooxidation, or extensive oxidation. J Atheroscler Thromb 2000; 7:
132-137 [PMID: 11480453]
136 Brown GC, Borutaite V. Nitric oxide, cytochrome c and
mitochondria. Biochem Soc Symp 1999; 66: 17-25 [PMID:
10989653]
137 Andersson U, Leighton B, Young ME, Blomstrand E,
Newsholme EA. Inactivation of aconitase and oxoglutarate
dehydrogenase in skeletal muscle in vitro by superoxide
anions and/or nitric oxide. Biochem Biophys Res Commun 1998;
249: 512-516 [PMID: 9712727]
138 Beckman KB, Ames BN. Endogenous oxidative damage of
mtDNA. Mutat Res 1999; 424: 51-58 [PMID: 10064849]
139 Requena JR, Fu MX, Ahmed MU, Jenkins AJ, Lyons TJ,
Thorpe SR. Lipoxidation products as biomarkers of oxidative
damage to proteins during lipid peroxidation reactions.
Nephrol Dial Transplant 1996; 11 Suppl 5: 48-53 [PMID: 9044307]
140 DeFronzo RA, Ferrannini E. Insulin resistance. A multifaceted
syndrome responsible for NIDDM, obesity, hypertension,
dyslipidemia, and atherosclerotic cardiovascular disease.
Diabetes Care 1991; 14: 173-194 [PMID: 2044434]
141 Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura
T, Kaneda Y, Yorek MA, Beebe D, Oates PJ, Hammes HP,
Giardino I, Brownlee M. Normalizing mitochondrial superoxide
production blocks three pathways of hyperglycaemic damage.
Nature 2000; 404: 787-790 [PMID: 10783895]
142 Geraldes P, King GL. Activation of protein kinase C isoforms and
its impact on diabetic complications. Circ Res 2010; 106: 1319-1331
[PMID: 20431074 DOI: 10.1161/CIRCRESAHA.110.217117]
143 Kouroedov A, Eto M, Joch H, Volpe M, Lüscher TF, Cosentino
F. Selective inhibition of protein kinase Cbeta2 prevents acute
effects of high glucose on vascular cell adhesion molecule-1
expression in human endothelial cells. Circulation 2004; 110:
91-96 [PMID: 15210597]
144 Hink U, Li H, Mollnau H, Oelze M, Matheis E, Hartmann
M, Skatchkov M, Thaiss F, Stahl RA, Warnholtz A, Meinertz
T, Griendling K, Harrison DG, Forstermann U, Munzel T.
Mechanisms underlying endothelial dysfunction in diabetes
mellitus. Circ Res 2001; 88: E14-E22 [PMID: 11157681]
145 Cosentino F, Eto M, De Paolis P, van der Loo B, Bachschmid
M, Ullrich V, Kouroedov A, Delli Gatti C, Joch H, Volpe
M, Lüscher TF. High glucose causes upregulation of
cyclooxygenase-2 and alters prostanoid profile in human
endothelial cells: role of protein kinase C and reactive oxygen
species. Circulation 2003; 107: 1017-1023 [PMID: 12600916]
146 Yan SF, Ramasamy R, Schmidt AM. The RAGE axis: a
fundamental mechanism signaling danger to the vulnerable
vasculature. Circ Res 2010; 106: 842-853 [PMID: 20299674 DOI:
10.1161/CIRCRESAHA.109.212217]
147 Bierhaus A, Humpert PM, Morcos M, Wendt T, Chavakis T,
Arnold B, Stern DM, Nawroth PP. Understanding RAGE, the
receptor for advanced glycation end products. J Mol Med (Berl)
2005; 83: 876-886 [PMID: 16133426]
148 Fülöp N, Marchase RB, Chatham JC. Role of protein O-linked
N-acetyl-glucosamine in mediating cell function and survival
in the cardiovascular system. Cardiovasc Res 2007; 73: 288-297
[PMID: 16970929]
149 Buse MG. Hexosamines, insulin resistance, and the
complications of diabetes: current status. Am J Physiol Endocrinol

Sweet DT, Chen Z, Tzima E, Willis MS, Homeister JW,
Moser M, Patterson C. Bmper inhibits endothelial expression
of inflammatory adhesion molecules and protects against
atherosclerosis. Arterioscler Thromb Vasc Biol 2012; 32: 2214-2222
[PMID: 22772758 DOI: 10.1161/ATVBAHA.112.252015]
Lawson C, Wolf S. ICAM-1 signaling in endothelial cells.
Pharmacol Rep 2009; 61: 22-32 [PMID: 19307690]
Deem TL, Cook-Mills JM. Vascular cell adhesion molecule 1
(VCAM-1) activation of endothelial cell matrix metalloproteinases:
role of reactive oxygen species. Blood 2004; 104: 2385-2393 [PMID:
15265790]
Setiadi H, McEver RP. Signal-dependent distribution of cell
surface P-selectin in clathrin-coated pits affects leukocyte
rolling under flow. J Cell Biol 2003; 163: 1385-1395 [PMID:
14676308]
Yang SX, Yan J, Deshpande SS, Irani K, Lowenstein CJ. Rac1
regulates the release of Weibel-Palade Bodies in human aortic
endothelial cells. Chin Med J (Engl) 2004; 117: 1143-1150 [PMID:
15361285]
Panés J, Kurose I, Rodriguez-Vaca D, Anderson DC, Miyasaka
M, Tso P, Granger DN. Diabetes exacerbates inflammatory
responses to ischemia-reperfusion. Circulation 1996; 93: 161-167
[PMID: 8616923]
Kaplanski G, Farnarier C, Benoliel AM, Foa C, Kaplanski S,
Bongrand P. A novel role for E- and P-selectins: shape control
of endothelial cell monolayers. J Cell Sci 1994; 107 (Pt 9):
2449-2457 [PMID: 7531200]
Pasceri V, Willerson JT, Yeh ET. Direct proinflammatory effect
of C-reactive protein on human endothelial cells. Circulation
2000; 102: 2165-2168 [PMID: 11056086]
Rodriguez CJ, Miyake Y, Grahame-Clarke C, Di Tullio MR,
Sciacca RR, Boden-Albala B, Sacco RL, Homma S. Relation of
plasma glucose and endothelial function in a population-based
multiethnic sample of subjects without diabetes mellitus. Am J
Cardiol 2005; 96: 1273-1277 [PMID: 16253596]
Blankenberg S, Barbaux S, Tiret L. Adhesion molecules and
atherosclerosis. Atherosclerosis 2003; 170: 191-203 [PMID:
14612198]
Simionescu M. Implications of early structural-functional
changes in the endothelium for vascular disease. Arterioscler
Thromb Vasc Biol 2007; 27: 266-274 [PMID: 17138941]
Raghavan VA. Insulin resistance and atherosclerosis. Heart
Fail Clin 2012; 8: 575-587 [PMID: 22999241 DOI: 10.1016/
j.hfc.2012.06.014]
Rask-Madsen C, King GL. Mechanisms of Disease: endothelial
dysfunction in insulin resistance and diabetes. Nat Clin Pract
Endocrinol Metab 2007; 3: 46-56 [PMID: 17179929]
Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis.
Circulation 2002; 105: 1135-1143 [PMID: 11877368]
Perez del Villar C, Garcia Alonso CJ, Feldstein CA, Juncos
LA, Romero JC. Role of endothelin in the pathogenesis of
hypertension. Mayo Clin Proc 2005; 80: 84-96 [PMID: 15667034]
Wedgwood S, Dettman RW, Black SM. ET-1 stimulates
pulmonary arterial smooth muscle cell proliferation via
induction of reactive oxygen species. Am J Physiol Lung Cell
Mol Physiol 2001; 281: L1058-L1067 [PMID: 11597896]
Xu R, Yang R, Hu H, Xi Q, Wan H, Wu Y. Diabetes alters the
expression of partial vasoactivators in cerebral vascular disease
susceptible regions of the diabetic rat. Diabetol Metab Syndr
2013; 5: 63 [PMID: 24499567]
McDaid EA, Monaghan B, Parker AI, Hayes JR, Allen JA.
Peripheral autonomic impairment in patients newly diagnosed
with type II diabetes. Diabetes Care 1994; 17: 1422-1427 [PMID:
7882811]
Hattori Y, Hattori S, Sato N, Kasai K. High-glucose-induced
nuclear factor kappaB activation in vascular smooth muscle
cells. Cardiovasc Res 2000; 46: 188-197 [PMID: 10727667]
Suzuki LA, Poot M, Gerrity RG, Bornfeldt KE. Diabetes
accelerates smooth muscle accumulation in lesions of
atherosclerosis: lack of direct growth-promoting effects of high

WJD|www.wjgnet.com

65

February 15, 2015|Volume 6|Issue 1|

Xu RS. Pathogenesis of diabetic cerebral vascular disease
Metab 2006; 290: E1-E8 [PMID: 16339923]
150 Lee AY, Chung SS. Contributions of polyol pathway to
oxidative stress in diabetic cataract. FASEB J 1999; 13: 23-30
[PMID: 9872926]
151 Vikramadithyan RK, Hu Y, Noh HL, Liang CP, Hallam K,
Tall AR, Ramasamy R, Goldberg IJ. Human aldose reductase
expression accelerates diabetic atherosclerosis in transgenic
mice. J Clin Invest 2005; 115: 2434-2443 [PMID: 16127462]
152 Vincent AM, Russell JW, Low P, Feldman EL. Oxidative
stress in the pathogenesis of diabetic neuropathy. Endocr Rev
2004; 25: 612-628 [PMID: 15294884]
153 Shantikumar S, Caporali A, Emanueli C. Role of microRNAs
in diabetes and its cardiovascular complications. Cardiovasc
Res 2012; 93: 583-593 [PMID: 22065734 DOI: 10.1093/cvr/
cvr300]
154 Zampetaki A, Mayr M. MicroRNAs in vascular and metabolic
disease. Circ Res 2012; 110: 508-522 [PMID: 22302757 DOI:
10.1161/CIRCRESAHA.111.247445]
155 Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi
M, Mayr A, Weger S, Oberhollenzer F, Bonora E, Shah A,
Willeit J, Mayr M. Plasma microRNA profiling reveals loss of
endothelial miR-126 and other microRNAs in type 2 diabetes.
Circ Res 2010; 107: 810-817 [PMID: 20651284 DOI: 10.1161/
CIRCRESAHA.110.226357]
156 Wang XH, Qian RZ, Zhang W, Chen SF, Jin HM, Hu RM.
MicroRNA-320 expression in myocardial microvascular
endothelial cells and its relationship with insulin-like
growth factor-1 in type 2 diabetic rats. Clin Exp Pharmacol

157

158

159

160
161

Physiol 2009; 36: 181-188 [PMID: 18986336 DOI: 10.1111/
j.1440-1681.2008.05057.x]
Togliatto G, Trombetta A, Dentelli P, Rosso A, Brizzi MF.
MIR221/MIR222-driven post-transcriptional regulation
of P27KIP1 and P57KIP2 is crucial for high-glucose- and
AGE-mediated vascular cell damage. Diabetologia 2011; 54:
1930-1940 [PMID: 21461636 DOI: 10.1007/s00125-011-2125 -5]
Caporali A, Meloni M, Völlenkle C, Bonci D, Sala-Newby
GB, Addis R, Spinetti G, Losa S, Masson R, Baker AH,
Agami R, le Sage C, Condorelli G, Madeddu P, Martelli F,
Emanueli C. Deregulation of microRNA-503 contributes
to diabetes mellitus-induced impairment of endothelial
function and reparative angiogenesis after limb ischemia.
Circulation 2011; 123: 282-291 [PMID: 21220732 DOI: 10.1161/
CIRCULATIONAHA.110.952325]
Meng S, Cao JT, Zhang B, Zhou Q, Shen CX, Wang CQ.
Downregulation of microRNA-126 in endothelial progenitor
cells from diabetes patients, impairs their functional properties,
via target gene Spred-1. J Mol Cell Cardiol 2012; 53: 64-72 [PMID:
22525256 DOI: 10.1016/j.yjmcc.2012.04.003]
Wang DE. MicroRNA Regulation and its Biological Significance
in Personalized Medicine and Aging. Curr Genomics 2009; 10:
143 [PMID: 19881907 DOI: 10.2174/138920209788185216]
Paneni F, Beckman JA, Creager MA, Cosentino F. Diabetes
and vascular disease: pathophysiology, clinical consequences,
and medical therapy: part I. Eur Heart J 2013; 34: 2436-2443
[PMID: 23641007 DOI: 10.1093/eurheartj/eht149]
P- Reviewer: Das UN, Slomiany BL S- Editor: Ji FF
L- Editor: A E- Editor: Lu YJ

WJD|www.wjgnet.com

66

February 15, 2015|Volume 6|Issue 1|

World J Diabetes 2015 February 15; 6(1): 67-79
ISSN 1948-9358 (online)

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4239/wjd.v6.i1.67

© 2015 Baishideng Publishing Group Inc. All rights reserved.

REVIEW

Type 1 diabetes and polyglandular autoimmune syndrome:
A review
Martin P Hansen, Nina Matheis, George J Kahaly
explored. The incidence of T1D has steadily increased
in most parts of the world, especially in industrialized
nations. T1D is frequently associated with autoimmune
endocrine and non-endocrine diseases and patients with
T1D are at a higher risk for developing several glandular
autoimmune diseases. Familial clustering is observed,
which suggests that there is a genetic predisposition.
Various hypotheses pertaining to viral- and bacterialinduced pancreatic autoimmunity have been proposed,
however a definitive delineation of the autoimmune
pathomechanism is still lacking. In patients with PAS,
pancreatic and endocrine autoantigens either colocalize
on one antigen-presenting cell or are expressed on two/
various target cells sharing a common amino acid, which
facilitates binding to and activation of T cells. The most
prevalent PAS phenotype is the adult type 3 variant or
PAS type Ⅲ, which encompasses T1D and autoimmune
thyroid disease. This review discusses the findings of
recent studies showing noticeable differences in the
genetic background and clinical phenotype of T1D either
as an isolated autoimmune endocrinopathy or within the
scope of polyglandular autoimmune syndrome.
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Core tip: Type 1 diabetes (T1D) occurs in conjunction
with several autoimmune endocrine and non-endocrine
diseases. Recent studies have revealed noticeable
differences in the genetic background and clinical
phenotype of T1D either as an isolated autoimmune
endocrinopathy or within the scope of polyglandular
autoimmune syndrome. These findings are relevant for
diagnostic and therapeutic procedures in daily practice
as well as for the general understanding of endocrine
autoimmunity.

Abstract
Type 1 diabetes (T1D) is an autoimmune disorder caused
by inflammatory destruction of the pancreatic tissue. The
etiopathogenesis and characteristics of the pathologic
process of pancreatic destruction are well described. In
addition, the putative susceptibility genes for T1D as a
monoglandular disease and the relation to polyglandular
autoimmune syndrome (PAS) have also been well
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of diabetic ketoacidosis (e.g., nausea, acute abdomen or
even coma). The diagnosis and differential diagnosis
rely mainly on typical history and signs as well as
measuring organ-specific autoantibodies directed against
pancreatic islet cells, insulin, glutamate decarboxylase
(GAD) and tyrosine phosphatase, which are positive in
95% of the cases at T1D onset. These pancreas autoantibodies may appear months or years before the
clinical manifestation with various sensitivity, specificity
and predictive relevance[23,24]. Positive titers of islet cell
autoantibodies (ICAs), glutamic acid decarboxylase
autoantibodies (GADAs), insulinoma-associated protein
2 autoantibodies (IA2As), insulin autoantibodies
(IAAs) and the recently discovered zinc transporter
8 autoantibodies (ZnT8As) are important serologic
diagnostic parameters. An early presence of autoantibodies
is associated with a greater risk for T1D. The first
antibodies to appear in young children are IAAs with a
peak under the age of five years; a valid titer can only be
measured before initiation of insulin therapy[25]. While titers
of ICAs, ZnT8As and IAAs have been reported to decline
after the onset of T1D, GADAs persist for years in the
sera of diabetic patients independent of inflammatory
[26]
β-cell destruction . Therefore, measurement of GADAs
is preferred in adults with late onset diabetes mellitus.
ZnT8As can be found in about a fourth of T1D patients
seronegative for ICAs, GADAs, IA2As and IAAs, and
in approximately one third of patients with autoimmune
disorders associated with T1D (Table 1)[27,28]. Considering
the prevalence of organ-specific autoantibodies and their
role in diagnosis of T1D, an autoimmune component in
the disease manifestation seems undeniable.

Hansen MP, Matheis N, Kahaly GJ. Type 1 diabetes and
polyglandular autoimmune syndrome: A review. World J
Diabetes 2015; 6(1): 67-79 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/67.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.67

INTRODUCTION
Type 1 diabetes (T1D) is an endocrine disorder characterized by autoimmune destruction of insulin-producing
pancreatic β-cells, which subsequently reduces insulin
production and induces metabolic dysregulation [1-4].
Although T1D onset was once thought to be restricted
to children and adolescents, it can occur at any age,
with the highest rate of incidence below the age of 30
years[5-7]. Approximately 50 T1D susceptibility genes
have been identified to date. These genes also carry a
potential risk for various autoimmune diseases occurring
simultaneously or within a narrow time interval and
might explain to some extent why additional endocrine
autoimmune diseases are comorbid in one third of
all T1D patients [8-12]. These associated autoimmune
disorders are either glandular diseases [e.g., Addison’s
disease or autoimmune thyroid disease (AITD)] that lead
to polyglandular autoimmune syndrome (PAS) or nonglandular autoimmune diseases (e.g., rheumatoid arthritis
or celiac disease)[13-15]. The variation in these comorbidities
may hold the key to understanding the pathogenesis of
autoimmune diseases, but also simultaneously complicates
the diagnosis and treatment of T1D and is therefore of
interest to both scientists and clinicians.

Pathogenesis
Inflammatory infiltrates predominantly consisting of
CD4 + and CD8 + lymphocytes and macrophages in
the pancreatic tissue of patients with recent onset of
T1D make an autoimmune etiology most likely[3,29-31].
In addition to direct killing of β-cells by natural killer
cells, with a subsequent expression and presentation
of autoantigens and a loss of peripheral immunologic
tolerance, recently detected β -cell regeneration in
children with T1D and β-cell persistence in older patients
highlight a more complex pathogenesis that includes
the involvement of cytokines, regulatory T cells and
hormones[31-34]. Several studies have confirmed a higher
cumulative risk for T1D in family members (Table 2).
According to twin studies, the genetic predisposition and
environmental effects might contribute 80% and 20%,
respectively, to the clinical phenotype of T1D[35,36]. Further
studies focusing on serologic and genetic characteristics
of these patients revealed a multitude of susceptibility
genes, antigens, serologic markers and environmental risk
factors.

ISOLATED T1D
Approximately 5%-10% of all newly diagnosed patients
with diabetes mellitus (nearly 400 million subjects
worldwide) have T1D (20-40 million, accordingly)[5,16].
This number may be even higher as 5%-15% of all
adults with type 2 diabetes are positive for pancreatic islet
autoantibodies[17,18]. The age-adjusted incidence ranges
from 0.1:100000/year (e.g., China) to 40.9:100000/year
(Finland), while the highest incidence rates are found
in North American and European populations. Large
studies confirmed a continuing rise of T1D incidence
in Europe from 1989 through 2008 by approximately
3%-4% per year, which is higher than the average annual
increase of 2.8%[19]. There is a subtle gender bias, where
males have the highest incidence between 10-14 years
of age and females have the highest incidence between
the ages of 5 and 9 years[5,20,21]. The initial onset of T1D
occurs primarily between the ages of 8 and 14 years, in
close proximity to the start of puberty[22].
Clinical spectrum and diagnosis
Clinical symptoms, caused by the high glucose levels
from T1D, develop quickly and range from chronic
fatigue, weight loss, polydipsia and polyuria to symptoms
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Table 1 Characteristics of the relevant autoantibodies in type 1 diabetes

ICA
GADA
IA2A
IAA
ZnT8

[125-134]

Antigen

Sensitivity

Specificity

Percent at onset

Annotation

Islet cells
Glutamic acid decarboxylase (65 kDa)
Tyrosine phosphatase-related islet
antigen 2
Proinsulin/insulin

70%
65%-75%
50%-90%

99%
99%
99%

70%-90%
70%-80%
50%-70%

Single positivity similar predictive;
in combination ≥ 3 increasing risk to
approximately 90%; age independent

74%

99%

30%-50%

C terminal domain of the zinc
transporter 8

65%-75%

99%

60%-80%

Inverse correlation with age; measurement
prior to insulin therapy required
Declines rapidly after onset of T1D

IAA: Insulin autoantibody; IA2A: Tyrosine phosphatase-related islet antigen 2 autoantibodies; ICA: Islet cell autoantibodies; GADA: Glutamic acid
decarboxylase autoantibodies; T1D: Type 1 diabetes; ZnT8: Zinc transporter 8.

non-glandular diseases in patients with T1D have been
described and frequently involve organ-specific as well
as systemic autoimmunity. The following autoimmune
diseases are listed in the order of their frequency: autoimmune thyroid diseases (AITD, 15%-30%), autoimmune
type A gastritis (15%), pernicious anemia (10%), celiac disease
(4%-9%), vitiligo (1%-7%), rheumatoid arthritis (1.2%),
systemic lupus erythematosus (1.15%), autoimmune
adrenal failure or Addison’s disease (0.5%) and multiple
sclerosis (0.2%) (Table 3)[53-60]. In addition to a common
environment, many overlapping risk factors for T1D
and other autoimmune diseases have been identified.
While a role for HLA class Ⅰ-recognizing CD8 T cells
has been known to affect T1D and celiac disease, recent
studies also showed a joint susceptibility for these diseases
in HLA class Ⅱ [61]. HLA-DQ2 can be found in 90%
of patients with celiac disease and in 55% of patients
with T1D, while HLA-DQ8 is present in approximately
10% and 70%, respectively[62]. In patients with HLADQ2-DQ8 heterozygosity, a transdimer (DQ2α /8β )
binds a gliadin peptide and T1D-specific antigens,
which implicates both gluten and the gut microbiome as
additional factors or triggers for autoimmune diseases,
respectively[63-66]. Because the co-occurrence of nonglandular immunopathies such as autoimmune gastritis
and pernicious anemia may lead to an atypical clinical
presentation and additional discomfort, early and regular
screening for serologic parameters (e.g., parietal cell
antibodies) and red blood cell count is recommended[67].
The manifestation of additional glandular autoimmune
diseases in association with T1D has recently become
of particular interest for research on the common pathogenesis of general autoimmunity. PAS characterized
by a combination of at least two autoimmune endocrinopathies can be classified into a juvenile form (PAS
type Ⅰ) and an adult form, which is then subdivided
according to the specific constellation of autoimmune
glandular diseases (PAS types Ⅱ-Ⅳ)[68-70].

Table 2 Involvement of family members of patients with
[5,27,135]
type 1 diabetes
Affected family member

Presence of T1D

First degree relative (general)
Mother
Father
Monozygotic twin
Dizygotic twin

5%-6%
2%
7%
30%-50%
6%-10%

T1D: Type 1 diabetes.

population, amounting to RR = 15[37]. Several affected
sibling pair linkage studies showed the importance of
genetic predisposition and the association of T1D with
polymorphisms in the specific human leukocyte antigen
(HLA) loci on chromosome 6p21.3[38,39]. HLA class Ⅱ
loci are assumed to be responsible for 40%-50% genetic
risk[40,41]. HLA-DR3 or -DR4, which can be detected in
approximately 95% of Caucasian Anglo-Saxon patients
with T1D, partly reflect the distribution of the incidence
among different countries and ethnicities in their genotype
frequencies. Several studies graded the susceptibility of
HLA class Ⅱ genotypes[42-45] as follows: the highest risk
was found in DR3/4 heterozygotes, followed by DR4
homozygotes, DR3 homozygotes and DR4 heterozygotes
combined with another DR allele[27]. Furthermore, many
non-HLA polymorphisms that appear to make a smaller
contribution to the manifestation of T1D have been
identified[46]. Nevertheless, a concordance rate lower than
50% in monozygotic twins, a manifestation of T1D in
10% of the carriers of high-risk genes and a 15-fold
difference in the disease incidence among European
Caucasians indicates that genetics alone cannot explain
disease onset[8,47,48]. In contrast, an increase in patients
with low-risk or protective HLA genotypes emphasizes
the importance of environmental factors such as viral
infections, nutrition and chemicals or epigenetics,
respectively[49-52].

T1D WITHIN THE SCOPE OF JUVENILE
PAS TYPE I

Association of T1D with other
endocrinopathies

PAS type Ⅰ , also known as Whitaker’s syndrome,
autoimmune polyendocrinopathy-candidiasis-ectodermal-

Additional or associated autoimmune glandular and
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[15,55,56,60,97,100,136-143]

Table 3 Prevalence of associated autoimmunity in patients with type 1 diabetes
Associated disease
Type 1 diabetes
Hashimoto’s thyroiditis
Graves’ disease
Addison’s disease
Autoimmune hypophysitis and/or
hypopituitarism
Autoimmune type A gastritis and
pernicious anemia
Celiac disease

Patients with type 1 diabetes

General population

Prevalence of organ-specific Abs

Overt disease

Prevalence of organ-specific Abs

Overt disease

ICA in 85%-90%
TPO Abs in 15%-30%
TSH-R Abs in 1%-18%
21-OH Abs in 0.7%-2.0%
Pituitary Abs in 3.6%

100%
10%-20%
3%-6%
0.5%-0.8%
0.4%-0.9%

ICA in 1%-3 %
TPO Abs in 2%-10%
TSH-R Abs in 1%-2%
21-OH Abs in 0.6%
Pituitary Abs in 0.5%

0.1%-1.0%
0.5%-9.0%
0.1%-2.0%
0.005%-0.140%
0.24%-0.80%

Gastric parietal cell Abs in 13%-25% 5%-10% (2%-6%) Gastric parietal cell Abs in
2.5%-12.0%
Transglutaminase Abs in 8%-12%
1%-9%
Transglutaminase Abs in 0.5%-1.0%

2% (0.15%-1.00%)
0.50%

Abs: Antibodies; ICA: Islet cell antibodies; TPO: Thyroperoxidase; TSH-R: Thyrotropin receptor antibodies; 21-OH: 21 Hydroxylase.

dystrophy or multiple endocrine deficiency autoimmune
candidiasis syndrome, is a hereditary disorder with
disease manifestation that occurs in a characteristic order
at an early age. Mucocutaneous candidiasis is typically the
first of the three major components to occur, typically
prior to five years of age. Before the age of ten years,
hypoparathyroidism becomes apparent and precedes
Addison’s disease, which is usually the last disorder to
appear (in many cases before the age of 15 years). By
definition, at least two of these major components must
be present for PAS type Ⅰ. Additional disorders were
described that occurred prior to the fifth decade[71,72].
T1D was found in 12%-33% of all patients with PAS
type Ⅰ[72,73]. Several studies have suggested that a young
age of clinical onset correlates with the manifestation
of multiple concomitant autoimmune diseases[74,75]. As a
monogenetic disease with autosomal recessive inheritance
caused by mutations in the autoimmune regulatory gene
on chromosome 21, the prevalence of PAS Ⅰ varies
highly between ethnicities ranging from 1:6500 in Iranian
Jews to 1:10000000 in the Japanese population, with a
female/male ratio of 0.8-2.4[76-78].
Screening for the co-occurrence of T1D in patients
with PAS Ⅰ is less effective. This is because the positive
predictive value of ICAs and GAD65 autoantibodies is
only 27%, whereas 18%-28% of PAS type Ⅰ patients
without T1D have islet cell autoantibodies present[73,79].
This peculiarity led to the hypothesis that the detected
autoantibody epitopes differ from those in patients with
isolated T1D and that a limited, subclinical autoimmune
reaction within the pancreas may exist without causing an
overt clinical manifestation[73,80]. A novel β-cell antigen,
initially identified as a 51 kDa protein, was found to
be aromatic-L-amino-acid decarboxylase[81-83]. Though
no correlation of T1D manifestation in PAS and antiaromatic-L-amino-acid decarboxylase autoantibodies
has been found yet, its high prevalence in PAS type
I-associated diseases (e.g., vitiligo and autoimmune
hepatitis) warrants further research on its role in disease
pathogenesis of autoimmune disorders[82]. Similar to
isolated T1D, the combination of autoantibodies in
polyendocrinopathies has been suggested to provide a
higher predictive value than any isolated autoantibody.
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T1D WITHIN THE SCOPE OF THE ADULT
PAS (TYPES Ⅱ-Ⅳ)
T1D is the most frequent disorder of the PAS and is often
the first disease to appear. The exact immunopathogenesis
has not been fully elucidated, but several studies provide
evidence for common immunologic mechanisms induced
by environmental factors in a background with genetic
polymorphisms[84-86]. The frequent finding of combined
manifestations of autoimmune glandular diseases led
to a sub-classification for adult PAS as follows[68,87]: (1)
PAS type Ⅱ: Addison’s disease in combination with at
least one additional autoimmune endocrinopathy (e.g.,
T1D); (2) PAS type Ⅲ: autoimmune thyroid disease in
combination with T1D but excluding Addison’s disease;
(3) PAS type Ⅳ: combination of at least two autoimmune
endocrinopathies but excluding PAS types Ⅰ-Ⅲ.
Clinical spectrum and diagnosis of T1D within PAS
types Ⅱ-Ⅳ
In approximately 40%-50% of patients with Addison’
s disease, additional autoimmune glandular diseases
occur and become overt as PAS type Ⅱ. Of these, T1D
is apparent in 12%-24%[88-90]. Autoantibodies directed
against the adrenal cortex are found in 0.7%-3.0% of
T1D patients. Although T1D often develops before
Addison’s disease, GAD65 antibodies are detected in
5%-7% of patients with Addison’s disease but without
T1D, thus a thorough follow-up should be performed
in islet cell antibody-positive patients. The concomitant
presence of Addison's disease and T1D leads to frequent
hypoglycemia due to decreased gluconeogenesis and
increased insulin sensitivity. Thus, autoimmune-induced
adrenal failure should be considered in patients with T1D
suffering from unexplained recurrent hypoglycemia and
fatigue, whereas insulin therapy combined with cortisol
substitution warrants close monitoring during treatment
of T1D patients with adrenal failure.
PAS type Ⅲ is the most frequent subtype of polyglandular autoimmune diseases, containing 41% of the
possible endocrine component combinations[68]. The cooccurrence of autoimmune-induced hypothyroidism
(generally caused by chronic lymphocytic Hashimoto’s
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Glandular and non-glandular autoimmune diseases

Figure 1 Endocrine and non-endocrine autoimmune diseases in patients with polyglandular autoimmune syndrome. The prevalence of glandular (dark grey)
and non-glandular (light grey) autoimmune diseases in the 151 patients with adult polyglandular autoimmune syndrome (PAS) followed at the Johannes Gutenberg
University Medical Center.

thyroiditis) and T1D is often accompanied by hypoglycemia
due to increased insulin sensitivity. Hypothyroidism leads
to a reduction in glucose resorption in the duodenum
and glucose release from the liver. Because patients
exhibit a decreased appetite and intake of calories, the
risk for hypoglycemia is significantly enhanced [91-93].
During the hypothyroid phase, the insulin dosage should
be carefully evaluated and a reduction by approximately
20%-25% for 3-4 wk is recommended. After substitution
with levothyroxine, the baseline insulin dosage may
be administered again, after the patient becomes biochemically euthyroid. In hypothyroid children, chronic
hypoglycemia and decreased food intake frequently lead to
growth disorders. Either anti-thyroid peroxidase and/or
antithyroglobulin autoantibodies are present in 19%-24%
of T1D patients, whereas hypothyroidism (subclinical with
normal free thyroid hormone levels but pathologically
increased baseline serum thyroid-stimulating hormone) is
observed in 10%-20% of patients[12,94-96]. In comparison,
subclinical and overt hyperthyroidism occur less frequently
(3% and 6%, respectively)[97]. Overt hyperthyroidism is
accompanied in 50% of the cases by glucose intolerance
and in 3% of the cases by overt diabetes. The impaired
glucose tolerance is due to decreased insulin sensitivity
and decreased hepatic storage of glycogen, whereas
both secretion of glucagon and intestinal glucose
absorption are enhanced. Thus, hyperthyroidism increases
glucose resorption and hepatic glucose release leading
to hyperglycemia. In T1D patients, this leads to insulin
resistance and an increased release of fatty acids causing
ketoacidosis[53,91,98]. T1D usually manifests at a very young
age. Moreover, in 60% of PAS type Ⅲ patients, Graves’
hyperthyroidism may occur prior to T1D, as has been
reported in Japanese populations, usually within a time
period of less than ten years[99]. Onset of T1D in patients
with Graves’ disease and Hashimoto’s thyroiditis occurred
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at a mean age of 34 years in 0.78% and 1.17% of cases,
respectively[100]. ZnT8As, and especially GADAs, are
observed more frequently in PAS type Ⅲ than in isolated
T1D, while IA2As may indicate a slow onset of T1D[99].
In addition, in patients with T1D and PAS type Ⅲ, gastric
parietal cell and adrenocortical autoantibodies have been
observed in 16.8% and 5.1% of cases, respectively[96].
PAS type Ⅳ is a very heterogeneous and less welldefined group of polyglandular autoimmune diseases.
It is frequently incorrectly published that this syndrome
is defined as the combination of a monoglandular
autoimmune disease (e.g., T1D) with a non-glandular
autoimmune disease (e.g., autoimmune gastritis or celiac
disease). In PAS type Ⅳ, pituitary antibodies have been
detected in 3.6% of T1D patients, and clinically overt
pituitary failure was noted in 0.9%[101]. Aside from PAS
type Ⅰ, the combinations of T1D with autoimmune
hypopituitarism or hypergonadotrophic hypogonadism as
rare forms of PAS type Ⅳ have an estimated prevalence
of < 1% and are rarely described in the literature[102,103].
Our own findings
In a screening of 471 consecutive T1D patients that
were followed at the endocrine outpatient clinic at the
Johannes Gutenberg University Medical Center, multiple
glandular involvement and PAS type Ⅲ were found in
27% (n = 127) and 10%, respectively[104]. Subsequent
prospective screening of 15000 consecutive patients with
monoglandular autoimmune disease (e.g., T1D) revealed a
high prevalence (1%) of patients with the adult PAS types
Ⅱ-Ⅳ, with a female bias of 75%. Figure 1 shows the
various spectrums of autoimmune diseases registered in
our PAS cohort. Significant male and female biases were
noted for T1D and Hashimoto’s thyroiditis, respectively.
T1D manifested early (mean: 27.5 years), whereas other
component diseases appeared later, ranging from an age
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Table 4 Odds ratio of susceptibility genes for autoimmune
[117,144-160]
endocrinopathies

FOXP3

HLA-DR3
MICA
PTPN22
CTLA-4

T cell

TCR

CD 28

GD

AD

3.5
1.6
1.8
1.5

3.7
2.5
1.6
5

2-4
2
1.6
1.5

5
7
1.5
1.8

AD: Addison’s disease; CTLA-4: Cytotoxic T lymphocyte antigen 4;
GD: Graves’ disease; HLA: Human leukocyte antigen; HT: Hashimoto’s
thyroiditis; MICA: MHC class I polypeptide-related sequence A; PTPN22:
Protein tyrosine phosphatase non-receptor type 22; T1D: Type 1 diabetes.

Antigene
B7

HT

CTLA-4

PTPN22

HLA-DR

T1D

B7

DRB1*03-DQA1*0501-DQB1*0201 and DRB1*04DQA1-0301-DQB1*0302 have been reported to be
associated with isolated T1D as well as with T1D within
the scope of adult PAS[10,107]. This joint susceptibility for
both T1D and AITD has been demonstrated in both
Caucasians and in Asians[108-112]. CTLA-4 A/G49 single
nucleotide polymorphisms (SNP) confer susceptibility
to PAS type Ⅲ[113,114]. In particular, the CTLA-4 SNP
rs3087243 (+ 6230 G > A) variant seems to predispose
patients to a combined manifestation of T1D and
Graves’ disease[115]. The 1858 C→T substitution in the
protein tyrosine phosphatase non-receptor type 22 gene
is associated with AITD, isolated T1D and PAS type Ⅲ
and the G1,123C SNP is associated with T1D and AITD
in Asians[116-119]. Additionally, a SNP in the forkhead box
P3 (FOXP3) gene on the arm of the X chromosome has
been associated with increased susceptibility to PAS type
[113]
Ⅲ in Caucasians . A mutation in FOXP3 has also been
shown to be the susceptibility gene in the extremely rare
immunodysregulation, polyendocrinopathy, enteropathy,
X-linked (IPEX) syndrome [120] . Typically, T1D is
associated with severe enteropathy, hypothyroidism and
autoimmune skin diseases such as psoriasis, neurodermitis
and psoriasis vulgaris[121]. There is a large variability in the
organs affected by the additional autoimmune diseases
in the severe IPEX syndrome and many patients die in
infancy. Because FOXP3 plays an important role in the
function of regulatory T cells, a recent study suggested a
similar CD25-correlated pathogenesis in isolated T1D and
T1D within the context of the IPEX syndrome (Table
5)[122,123].

APC

Figure 2 Immunologic synapse. This schematic depicts T cell activation and
how it is influenced by expression of common susceptibility genes. Shared
susceptibility genes for autoimmune thyroid disease and type 1 diabetes
are involved in the immunological synapse. HLA-DR molecules present
autoantigens to T cells, CTLA-4 expression suppresses T cell activation,
PTPN22 expression negatively influences the T cell receptor (TCR) signaling
pathway and FOXP3 expression regulates the differentiation of regulatory T
cells (modified according to ref.[124]). APC: Antigen presenting cell; CTLA-4:
Cytotoxic T lymphocyte antigen 4; HLA: Human leukocyte antigen; PTPN22:
Protein tyrosine phosphatase non-receptor type 22; FOXP3: Forkhead box
protein P3.

of 36.5-40.5 years. T1D was also the first component
disease of adult PAS in half of the patients (48.3%),
whereas Graves’ disease (19.2%), Hashimoto’s thyroiditis
(17.2%), Addison’s disease (14.6%) and vitiligo (12.6%)
were less likely to be the first component disease. The
predominant frequency of the coexistence of T1D and
AITD was confirmed in our large collective. The time
interval between manifestations of the first and second
endocrinopathies varied considerably, with the longest
time intervals between T1D and AITD, and a short time
interval between Addison’s disease and AITD[105].

Genetics of the adult PAS types ⅡⅣ
Unlike the 1:1 gender ratio of isolated T1D and PAS type
Ⅰ, there is a clear female bias of 3:1 in adult PAS, with
a prevalence of 1:20000[13,104,106]. The incidence of adult
PAS is approximately 1:100000/year and has a peak in
the third or fourth decade of life. For a majority of the
glandular autoimmune disorders, common susceptibility
genes have been identified, including polymorphisms
in protein tyrosine phosphatase non-receptor type 22,
cytotoxic T lymphocyte antigen 4 (CTLA-4), MHC
class Ⅰ polypeptide-related sequence A, and HLA
(Table 4, Figure 2). Thus, the association of endocrine
autoimmune diseases is primarily due to a common
genetic predisposition. The HLA class Ⅱ haplotypes
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CONCLUSION
In isolation as a monoglandular disease, or within the
larger context of PAS, the manifestation of T1D justifies
an extensive serologic and functional screening for
additional autoimmune glandular and gastrointestinal
diseases both in patients with T1D of recent onset as
well as every two years during patient follow-up (Figure 3).
In particular, in families with clustering of T1D patients
or in families of patients with PAS, the risk for associated
autoimmune diseases and endocrine or autoimmune
involvement of the first-degree relatives is significantly
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Table 5 Polyglandular autoimmune syndromes

[13,68,78,161-166]

PAS Type Ⅰ

PAS Type Ⅱ-Ⅳ

IPEX

Onset
Incidence
Male/Female ratio
Genetics
Autoantibodies

Childhood
< 1:100000/yr
3:04
Monogenetic (AIRE)
Anti-interferon-α/ω antibodies 100%,
additional Abs

Adulthood
1–2:100000/yr
1:03
Polygenetic
Organ-specific Abs depending on the
autoimmune components

Prevalence of T1D
Additional autoimmune
endocrine components

2%-33%
Hypoparathyroidism (80%-85%)
Addison’s disease (60%-70%)
Hypogonadism (12%)
Autoimmune thyroid disease (10%)

Infancy
Extremely rare
Male >> Female
X-linked (FOXP3)
ANA (42%)
SSA (25%)
TG Abs (25%)
80%
Autoimmune thyroid
disease (25%)

Concomitant non-endocrine
diseases

40%-60%
Autoimmune thyroid disease (70%-75%)
Addison’s disease (40%-50%)
Hypoparathyroidism (0%-5%)
Hypogonadism (0%-3%)
Hypopituitarism (0%-2%)
Mucocutaneous candidiasis (70%-80%); Autoimmune gastritis; pernicious anemia;
autoimmune hepatitis; autoimmune
neurodermitis; alopecia areata; myasthenia
gastritis; alopecia areata; vitiligo;
gravis; systemic lupus erythematosus;
keratoconjunctivitis
rheumatoid arthritis; autoimmune hepatitis

Malabsorption;
autoimmune skin diseases;
multiple sclerosis

Functional testing

Serologic screening

Abs: Antibodies; AIRE: Autoimmune regulatory gene; ANA: Anti-nuclear antibodies; FOXP3: Forkhead box protein P3; IPEX: Immunodysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome; PAS: Polyglandular autoimmune syndrome; TG: Transglutaminase; T1D: Type 1 diabetes.

TPO-/Tgl-Ab

if positive

TSH/fT4

17-OH-autoAb

if positive

Cortisol/ ACTH

if positive

LH/FSH E/T

if pathol.

if pathol.

Ca-Sensor-Ab

PC-/IF-Ab

if positive

PTH/Ca/
Phosphate

if pathol.

if positive

Endoscopy/RBC

if pathol.

TG-Ab

if positive

Endoscopy/
Biopsy

if pathol.

Therapy

if pathol.

21-OH-autoAb

Hypo/Hyperthyr.

Hydro-cortisone

Substitute E/T

Substitute Vit-D

Iron/Vit-B12

Gluten-free diet

Figure 3 Serologic and functional screening in patients with type 1 diabetes. The serologic and functional screening for associated autoimmune diseases
in patients with type 1 diabetes (T1D) performed at the onset of T1D and during follow-up appointments every two years. After diagnosis of thyroid dysfunction,
adrenal failure, primary hypogonadism, hypoparathyroidism, type A autoimmune gastritis with or without pernicious anemia and celiac disease, substitution proceeds
with levothyroxine, hydrocortisone, estradiol or testosterone, vitamin D, iron tablets and vitamin B12 intramuscularly, with a strict gluten-free diet. In contrast,
hyperthyroidism due to the autoimmune Graves’ disease will be managed first with the administration of anti-thyroid drugs (e.g., methimazole). Ab: Antibody;
ACTH: Adrenocorticotropic hormone; Ca: Calcium; Ca-Sensor: Calcium-sensing receptor; E: Estradiol; FSH: Follicle-stimulating hormone; fT4: Free thyroxine;
Hypo: Hypothyroidism; Hyperthyr: Hyperthyroidism; IF: Intrinsic factor; LH: Luteinizing hormone; PC: Parietal cell; PTH: Parathyroid hormone; RBC: Red blood cell
count; T: Total testosterone; TG: Transglutaminase/deaminated anti-gliadin; Tgl: Thyroglobulin; TPO: Thyroid peroxidase; TSH: Thyrotropin; Vit: Vitamin; 17-OH:
17-hydroxylase; 21-OH: 21-hydroxylase.

high. Within a few years, approximately one third of
T1D patients will develop thyroid autoantibodies and
thyroid dysfunction leading to PAS type Ⅲ. Furthermore,
in subjects with either monoglandular T1D or the
relatively rare autoimmune adrenal failure, organ-specific
autoantibody screening and functional testing will help
identify both patients at risk for developing PAS, as
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well as subclinical PAS that may already be present.
Clinicians should pay particular attention to autoimmune
endocrinopathies, (e.g., Addison’s disease or AITD), which
are associated with T1D and strongly impact the patients’
treatment with insulin. Thus, adrenal 21-hydroxylase
autoantibodies should be assayed in all patients with T1D
and GAD antibodies should be examined in all patients
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with Addison’s disease for early identification of subjects
with a preclinical manifestation of a PAS. In conclusion,
management of T1D within the context of PAS requires
professional oversight and intervention provided in
specialized centers for autoimmune endocrine and
metabolic disorders.
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REVIEW

Diabetes and cardiac autonomic neuropathy: Clinical
manifestations, cardiovascular consequences, diagnosis
and treatment
Akif Serhat Balcıoğlu, Haldun Müderrisoğlu
dilatation. It causes a wide range of cardiac disorders,
including resting tachycardia, arrhythmias, intraoperative
cardiovascular instability, asymptomatic myocardial
ischemia and infarction and increased rate of mortality
after myocardial infarction. Etiological factors associated
with autonomic neuropathy include insufficient glycemic
control, a longer period since the onset of diabetes,
increased age, female sex and greater body mass index.
The most commonly used methods for the diagnosis
of CAN are based upon the assessment of heart rate
variability (the physiological variation in the time interval
between heartbeats), as it is one of the first findings in
both clinically asymptomatic and symptomatic patients.
Clinical symptoms associated with CAN generally occur
late in the disease process and include early fatigue and
exhaustion during exercise, orthostatic hypotension,
dizziness, presyncope and syncope. Treatment is based
on early diagnosis, life style changes, optimization of
glycemic control and management of cardiovascular risk
factors. Medical therapies, including aldose reductase
inhibitors, angiotensin-converting enzyme inhibitors,
prostoglandin analogs and alpha-lipoic acid, have been
found to be effective in randomized controlled trials.
The following article includes the epidemiology, clinical
findings and cardiovascular consequences, diagnosis,
and approaches to prevention and treatment of CAN.
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Abstract

Core tip: Although very frequent, cardiac autonomic
neuropathy (CAN) is one of the most commonly
overlooked complication of diabetes. Higher incidence
of cardiovascular events is encountered with CAN
due to its relation with silent myocardial ischemia,
arrhythmias, intraoperative cardiovascular instability,

Cardiac autonomic neuropathy (CAN) is a frequent
chronic complication of diabetes mellitus with potentially
life-threatening outcomes. CAN is caused by the
impairment of the autonomic nerve fibers regulating
heart rate, cardiac output, myocardial contractility, cardiac
electrophysiology and blood vessel constriction and
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orthostatic hypotension and cardiomyopathy. Diabetic
patients should be screened for CAN due to the
possibility of reversal of cardiovascular denervation in
the early stages of the disease. Cardiovascular reflex
tests and Holter-derived time- and frequency-domain
measurements are frequently used for the diagnosis.
Therapeutic approaches are promising and may hinder
or reverse the progression of the disease when initiated
during the early stages.

PATHOGENESIS
Diabetic CAN is eventually caused by complex interactions among a number of pathogenic pathways.
Hyperglycemia is the leading cause of the initiation of
this pathogenic process[9,10]. The pathogenesis of diabetic
CAN is multifactorial, including increased mitochondrial
production of free radicals due to hyperglycemia-induced
oxidative stress. Neuronal activity, mitochondrial function,
membrane permeability and endothelial function are
impacted by advanced glycosylation end product formation,
polyol aldose reductase signaling and poly(ADP ribose)
polymerase activation and the alteration of the Na+/K+ATPase pump function. Neuronal apoptotic processes
are precipitated by endoplasmic reticulum stress induced
by hyperglycemia, along with impaired nerve perfusion,
dyslipidemia, alterations in redox status, low-grade
inflammation and disturbance in calcium balance [11].
The literature has described these mechanisms and their
interactions but is beyond the scope of this article[9-11].

Balcıoğlu AS, Müderrisoğlu H. Diabetes and cardiac autonomic
neuropathy: Clinical manifestations, cardiovascular consequences,
diagnosis and treatment. World J Diabetes 2015; 6(1): 80-91
Available from: URL: http://www.wjgnet.com/1948-9358/full/v6/
i1/80.htm DOI: http://dx.doi.org/10.4239/wjd.v6.i1.80

INTRODUCTION
Cardiac autonomic neuropathy (CAN), a type of generalized symmetric polyneuropathy, is the most examined
and clinically significant diabetic autonomic neuropathy[1].
The autonomic nervous system has 2 major components:
the parasympathetic and the sympathetic nervous
systems. These may operate independently of each other
or interact cooperatively to control heart rate, cardiac
output, myocardial contractility, cardiac electrophysiology,
and the constriction and dilatation of blood vessels[2].
CAN is caused by damage to the autonomic nerve fibers
that innervate the heart and blood vessels and leads to
abnormalities in cardiovascular dynamics[2]. The earliest
finding of CAN, even at the subclinical stage, is a decrease
in heart rate variability (HRV)[3].

CLINICAL MANIFESTATIONS
Diabetes can lead to dysfunction in the autonomic nervous
system, causing various cardiovascular disorders, including
resting tachycardia, postural hypotension, higher intra/
perioperative cardiovascular instability, more frequent
asymptomatic myocardial ischemia and infarction, and
greater mortality after myocardial infarction[2]. Clinical
symptoms associated with CAN generally occur at
later stages and include postural hypotension, dizziness,
lightheadedness, presyncope, syncope, and early fatigue
and exhaustion during exercise[1]. However, subclinical
autonomic dysfunction, revealed as deterioration in HRV,
can occur in the 1st year following diagnosis in patients with
type 2 diabetes and within 2 years following diagnosis in
type 1[12]. Low et al[13] reported a higher rate of autonomic
symptoms in type 1 than in type 2 diabetes. A greater
number of autonomic symptoms have been associated with
an increased risk of CAN as measured by HRV[14].
Because neuropathy first affects the longest nerve
fibers, the first manifestation of diabetic CAN tends to
be related with vagus nerve damage, which is responsible
for nearly 75% of parasympathetic activity [9]. This
damage causes resting tachycardia as the sympathetic tone
becomes dominant[15]. Tachycardia eventually diminishes
in a few years due to progressive sympathetic nerve fiber
damage. However, increased heart rate persists in these
patients[16]. The progressive damage of the autonomic
balance is indicated by additional symptoms, including
intolerance to exercise, orthostatic hypotension and a
further HRV reduction[17]. Cardiac pain perception often
deteriorates with the involvement of sensory nerve fibers,
making patients prone to silent ischemia and myocardial
infarction[18,19].
Etiological factors associated with autonomic neuropathy include poor glycemic control, longer diabetes
duration, increased age, female sex and greater body

EPIDEMIOLOGY
Diabetes is estimated to affect approximately 350 million
people globally [4]. Diabetic neuropathies, including
CAN, are frequent chronic complications of type 1
and 2 diabetes that influence quality of life and have
potentially fatal outcomes[2]. Prevalence rates between
1.6% to 90% have been reported, varying according to
the diagnostic methods used, population studied and
disease stage[1]. The Diabetes Control and Complications
Trial (DCCT) showed abnormal HRV values of 1.65%,
6.2% and 12.2% in patients with diabetes for a duration
of less than 5 years, 5 to 9 years and more than 9 years,
respectively[5]. A study including 1171 patients with both
type of diabetes mellitus reported impaired HRV tests
in 25.3% of type 1 and 34.3% of type 2 patients[6]. The
different methodology between various studies makes
epidemiological comparison difficult. Risk factors of
decreased HRV in patients with type 2 diabetes include
age, duration of diabetes, obesity and smoking[2]. In type
1 diabetes, risk factors of CAN include higher levels of
HbA1c, hypertension, distal symmetrical polyneuropathy,
retinopathy and hyperglycemic exposure[7,8].
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mass index[20]. Mortality rates of 25% to 50% within 5 to
10 years of diagnosis have been found in patients with
symptomatic autonomic dysfunction[21,22]. Among diabetic
patients, the 5-year mortality rate is 3 times higher in those
with autonomic involvement than in those without[23].

effects of anesthesia, diabetic patients with CAN are
subject to more pronounced decreases in blood pressure
and heart rate during induction of anesthesia and, to
a lesser extent, after intubation and extubation[20,28]. In
addition, more severe intraoperative hypothermia in
patients with CAN resulting in decelerated metabolism of
anesthetic drugs may cause deepening of anesthesia and/
or delayed recovery[29]. Accordingly, screening for CAN
is recommended during the preoperative evaluation of
diabetic patients for anesthetic management planning.

CARDIOVASCULAR CONSEQUENCES
Impaired heart rate variability
HRV is a physiological variation in the interval between
heartbeats and is regulated by the interaction of the
sympathetic and parasympathetic tone[24]. The functional
response to the instantaneous metabolic needs of the
body is regulated by this beat-to-beat variation. As high
variability reflects the cardiac ability to adapt and implies
good health, damage or disturbances to this control
system results in lower HRV values. Even in a normal
heart rate, the first finding of CAN is a decrease in HRV,
which is apparent at the subclinical stage and can be
detected through deep respiration[25].

Non-dipping blood pressure profile and orthostatic
hypotension
Blood pressure has diurnal variations. Decreases in
nighttime and increases in daytime blood pressure show
its circadian rhythm[30]. Declines in parasympathetic tone
occur at night and nocturnal unopposed sympathetic
activity leads to deterioration of the circadian rhythm
of blood pressure and results in the lack of or a less
than 10% reduction in nocturnal blood pressure in
patients with CAN[31]. Such “non-dipper” CAN subjects
experience more frequent left ventricular hypertrophy
and are predisposed to cardiovascular events[32]. Another
blood pressure regulation abnormality related to CAN is
orthostatic hypotension, which is defined as a decrease
in systolic blood pressure by a minimum of 20 mmHg
(at least 30 mmHg in patients with hypertension) or
diastolic blood pressure of 10 mmHg in response to
postural shifts from the supine to the standing[2,20]. In
diabetic individuals, orthostatic hypotension develops as a
consequence of denervation of the efferent sympathetic
vasomotor nerves, especially in the splanchnic vascular
bed[33]. Additionally, pathogenesis of orthostatic hypotension includes lower cutaneous, splanchnic and total
vascular resistance [10]. Impaired chronotropic and/or
blood pressure response to exercise may accompany this
condition[10]. Orthostatic hypotension can cause many
symptoms that reduce quality of life or lead to serious
injury due to falling, such as lightheadedness, dizziness,
faintness, visual blurring, presyncope and syncope while
standing[20]. However, an important number of patients
are asymptomatic despite significant decreases in blood
pressure[2]. Orthostatic hypotension can be provoked
by several drugs, which may be used concurrently for
treatment of diabetes or its complications, including,
vasodilators, diuretics, phenothiazines, insulin (through
endothelium-dependent vasodilation) and tricyclic
antidepressants for symptomatic relief of pain associated
with diabetic neuropathy[9].

Resting tachycardia
Due to the dominant sympathetic tone, resting heart
rates of 90 to 100 beats per minute with occasional
increases to as many as 130 beats per minute are frequent
findings in CAN with vagal impairment[16,26]. Highest
resting heart rates have been shown in patients with lone
parasympathetic impairment[16,26]. As the disease progresses
and involves both parasympathetic and sympathetic
nerves, the heart rate tends to return to the normal range
but remains higher than in healthy individuals[16,26]. Tang
et al[27] showed that resting heart rate is independently
associated with CAN and has a high predictive value in
predicting CAN in the general population[27]. A steady
heart rate less responsive to exercise, stress or sleep is
suggestive of almost total cardiac denervation, which
indicates severe CAN[20].
Exercise intolerance
Exercise tolerance is worsened by CAN through the
blunting of the increases in heart rate, blood pressure and
cardiac output response to exertion[20]. The development
of hypotension or hypertension following strenuous
exercise is more likely in individuals with CAN, particularly
in the onset of a new exercise program[1]. Therefore,
patients with diabetes probably to have CAN should be
checked for cardiac stress before beginning to exercise[1].
Due to poor thermoregulation, such patients should avoid
exercising in environments that are too hot or cold and
hydrate adequately[1].

Silent myocardial ischemia
Coronary artery disease has long been considered as a
major complication of diabetes mellitus[34]. Numerous
studies have reported more extensive atherosclerotic
disease, particularly that of the coronary arteries, in
diabetic individuals[35,36]. Silent myocardial ischemia is
defined as the objective documentation of myocardial
ischemia without angina or its equivalents [37]. Several

Intraoperative and perioperative cardiovascular
instability
The perioperative risk of cardiovascular morbidity and
mortality are 2 to 3 times higher in diabetic individuals[28].
Since the normal autonomic response of vasoconstriction
and the increase in heart rate cannot appropriately compensate for the vasodilatation and negative chronotropic
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Sudden death
CAN is associated with a higher risk of malignant
arrhythmias and sudden death[9]. Previous studies have
found 5-year mortality rates between 16% and 50% in
patients with both CAN and either type of diabetes, often
attributed to sudden cardiac death[14,23]. Severe asymptomatic
ischemia inducing fatal arrhythmias has been reported as
the leading potential cause[22]. Additionally, life-threatening
arrhythmias and sudden death may be predisposed by
QT prolongation[52]. The European Diabetes InsulinDependent Diabetes Mellitus (EURODIAB IDDM)
Complications Study established the association between
impaired HRV and corrected QT prolongation[53]. In
addition, unopposed increases in sympathetic activity
and resultant norepinephrine signaling and metabolism[9],
along with increased mitochondrial oxidative stress[54] and
calcium-dependent apoptosis[55], is thought to contribute
to myocardial injury[54,56] and clarify the higher risk of
sudden cardiac events and deaths. The EURODIAB
IDDM Prospective Cohort Study, including 2787 patients
with type 1 diabetes, reported CAN to be the strongest
predictor of mortality over the 7-year follow-up period,
even greater than traditional cardiovascular risk factors[57].
A meta-analysis including 15 studies and 2900 diabetic
patients showed CAN patients to have a pooled relative
risk of mortality of 3.45 (95%CI: 2.66-4.47) and an
increase in line with higher numbers of cardiovascular
autonomic function abnormalities[58]. Similar results were
confirmed in 2 other studies of patients with type 1
and type 2 diabetes, strengthening the role in predicting
mortality of abnormalities in both HRV and the QT index
independent of conventional risk factors[59,60]. The Action
to Control Cardiovascular Risk in Diabetes (ACCORD)
trial[61] also confirmed the association between CAN and
mortality in type 2 diabetic patients. In this trial, PopBusui et al[62] showed that mortality was between 1.55
and 2.14 times more likely in patients with baseline CAN
than those without[62]. Three large studies (the ACCORD
trial[61], the Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified Release Controlled
Evaluation trial[63], and the Veterans Affairs Diabetes
Trial[64]) investigated the role of more intensive treatment
and the frequency of cardiovascular events on individuals
with long-term type 2 diabetes. In these trials, tight
glycemic control was not shown to reduce cardiovascular
adverse events[2] and the ACCORD trial was terminated
early due to the increased mortality risk in the intensive
therapy group[65]. Hypoglycemia is known to reduce the
threshold for malignant ventricular arrhythmias that can
result in sudden death[9,66]. In addition, hypoglycemic
periods were reported to lead to impaired autonomic
cardiovascular function even in healthy volunteers[67].
Hence, the cause of a lack of a decrease, or even an
increase, in cardiovascular events in the intensive therapy
arm may be linked to deterioration of cardiac autonomic
function due to episodes of hypoglycemia.

reports have shown the predictive role of silent ischemia
during exercise testing[38] or ambulatory electrocardiography
(ECG) monitoring[39] on poor clinical outcomes and
survival. A threefold increase in cardiac deaths was
witnessed over a 2-year follow-up in individuals with
silent ischemia during ambulatory ECG monitoring[39].
Painless presentation of myocardial infarction in
patients with CAN may include diaphoresis, dyspnea,
fatigue, lightheadedness, palpitations, acute confusion,
indigestion, nausea, and vomiting[20]. Several explanations
are possible for the variety of symptom patterns in
individuals with diabetes, such as various pain perception
thresholds, sensorial denervation secondary to autonomic
neuropathy and psychological disavowal[34]. Therefore,
despite increasing ischemia, individuals with CAN and
coronary artery disease may resume exercise as the longer
threshold or subthreshold ischemia is not sufficient to
induce pain, thus endangering the patient[40]. Likewise, the
Framingham Heart Study reported higher incidences of
painless myocardial infarction in patients with diabetes
than without (39% vs 22%)[41,42]. Similarly, the National
Registry of Myocardial Infarction 2 (NRMI-2) survey
found that one-third of patients presented without
angina[43]. In the NRMI-2, diabetes was present in 32%
of subjects without chest pain and 25.4% with angina[43].
The Detection of Ischemia in Asymptomatic Diabetic
Study, including 1123 patients with type 2 diabetes,
reported that CAN is able to strongly predict silent
ischemia and succeeding adverse cardiovascular events[44].
Vinik et al[10], in their meta-analysis of 12 studies, reported
the association between CAN and the existence of silent
ischemia detected by exercise stress tests with prevalence
rate ratios of 0.85 to 15.53[10]. Therefore, patients with
CAN require more rigorous evaluation of the presence
of coronary artery disease. The presence and extent of
macrovascular coronary artery disease in such patients
can be noninvasively tested by resting and stress thallium
myocardial scintigraphy [1]. Moreover, cardiovascular
autonomic function testing should be included in the
coronary artery risk assessment of all diabetic patients.
Myocardial infarction and increased risk of mortality
Myocardial infarction tends to be more extensive and
severe in patients with diabetes[42,45]. The timely diagnosis
of myocardial ischemia or infarction is often delayed due
to diminished angina perception and therefore the period
before first medical contact is prolonged[46]. Long-term
survival rates following acute myocardial infarction are
lower in patients with diabetes[20]. In diabetic patients,
5-year survival rates of 38% have been reported following
the first major coronary event, lowering to just 25% for
those with subsequent events, while the rates are 75%
and 50%, respectively, in non-diabetic patients[45,47]. HRV
has been demonstrated to be a good predictor of postmyocardial infarction mortality [48-50]. For this reason,
cardiovascular autonomic function testing is advisable
for all diabetic patients after a myocardial infarction to
identify the candidates who have a high risk of death[51].
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Diabetic cardiomyopathy is defined as structural and
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Valsalva maneuver, measuring the heart rate response
during and after a provoked increase in intra-thoracic and
intra-abdominal pressures; (4) blood pressure response
to orthostasis, which evaluates baroreflex mediated blood
pressure fluctuations after changes in posture; and (5)
blood pressure response to isometric exercise, as defined
by the diastolic blood pressure increase due to continuous
muscle contraction using a handgrip dynamometer[75].
Tests 1 and 2 reflect parasympathetic function, and 4 and
5, sympathetic function[76,77]. Although the Valsalva ratio
primarily represents parasympathetic activity, the resultant
autonomic changes are complicated and include both
the sympathetic and parasympathetic components[78]. An
American Diabetes Association statement describes these
validated cardiac autonomic reflex tests (CART) in detail
and recommends their use in the diagnosis of CAN (Table
1)[1]. HRV with deep breathing is the most commonly
used autonomic function test and has a specificity of
approximately 80%[79,80].
The assessment of HRV has become easier and more
detailed due to new, digital, high frequency, 24-h multichannel electrocardiographic recorders and the use of
statistical indexes in the time and frequency domains.

functional myocardial abnormalities without coronary
artery disease, hypertension or valvular heart disease[68]. It
is characterized by diastolic dysfunction[69]. The responsible
mechanisms are left ventricular hypertrophy (increased
left ventricular mass and concentric remodeling [70]),
myocardial lipotoxicity, increased oxidative stress, cell
death, interstitial and perivascular fibrosis, impaired
contractile reserve, changes in myocardial substrate and
energy metabolism, altered substrate utilization and
mitochondrial dysfunction[69]. In patients with CAN,
the initial augmentation in cardiac sympathetic activity
stimulates the renin-angiotensin-aldosterone system and
increases heart rate, stroke volume and peripheral vascular
resistance[71]. In addition, the combination of sympathetic
hyperactivity and regional myocardial sympathetic
denervation cause reduced coronary blood flow and
diastolic dysfunction, which may lead to impairment of
systolic function[2].
Stroke
Previous studies have revealed the relationship between
CAN and cerebrovascular events. Ko et al[72] reported
that the presence of CAN, assessed by HRV testing,
was significantly associated with the ischemic stroke
in a study of 1458 patients with type 2 diabetes with a
7-year follow-up[72]. Another study of 133 subjects with
type 2 diabetes showed that stroke could be predicted by
parasympathetic and sympathetic autonomic function
abnormalities[73].

Time domain methods
Time domain methods determine the heart rate at any
point in time or the intervals between consecutive normal
complexes[24]. Each QRS complex is detected and the
normal-to-normal (NN) intervals (that is all intervals
between adjacent QRS complexes resulting from sinus
node depolarizations) or the instantaneous heart rate
is determined through a continuous ECG record [24].
Simple time-domain variables that can be analyzed
include mean NN interval, mean heart rate, the difference
between the longest and the shortest NN interval and
the variation between night and day heart rate[24]. More
complex time-domain parameter calculations can be
performed from a series of instantaneous heart rates or
cycle intervals, particularly those recorded during 24-h
periods[24]. The complex parameters can be divided into
2 classes: those derived from direct measurements of
the NN intervals and those derived from the differences
between NN intervals. The parameters calculated by
direct measurements include: standard deviation of the
NN interval (SDNN), reflecting all cyclic components
responsible for variability in the recording period; standard
deviation of the average NN interval (SDANN) calculated
over periods (usually 5 min), estimating heart rate changes
from cycles longer than 5 min; and the mean of the 5-min
standard deviation of the NN interval (SDNN index)
calculated over 24 h, measuring variability from cycles of
less than 5 min. Secondly, the parameters calculated by
the differences between NN intervals include the square
root of the mean squared differences of successive NN
intervals (RMSSD), the number of interval differences of
successive NN intervals of more than 50 msec (NN50),
and the division of NN50 by the total number of NN
intervals (pNN50)[24]. Although influenced by several

DIAGNOSTIC METHODS OF CARDIAC
AUTONOMIC NEUROPATHY
Variability in heart rate and blood pressure values can
provide data regarding both parasympathetic and
sympathetic autonomic function and is useful in clinical
settings.
Heart rate variability
The most commonly used methods for the diagnosis
of CAN are based on HRV assessment. HRV testing is
noninvasive and objective in the evaluation of cardiac
autonomic function and can be performed by recording
electrocardiograms during deep breathing, standing,
and Valsalva maneuvers[74]. HRV analysis enables the
independent measurement of the sympathetic and
parasympathetic components of the autonomic nervous
system and can be assessed with a number of simple
clinical tests[75] or easier digital 24-h electrocardiographic
recordings[24]. In the 1970s, Ewing et al[75] discovered 5
simple tests of short-term R-R alterations to identify
CAN in patients with diabetes: (1) heart rate response
to respiration, which measures beat to beat sinus
arrhythmia (R-R variation) during paced deep expiration
and inspiration (E:I ratio); (2) heart rate response to
standing, known as the 30:15 ratio, which is the ratio of
the longest R-R interval (between beats 20 to 40) to the
shortest R-R interval (between beats 5 to 25); (3) the
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Table 1 Cardiovascular autonomic reflex tests
Test

Technique

Beat-to-beat HRV

With the patient at rest and supine, heart rate is monitored
by ECG while the patient breathes in and out at 6 breaths per
minute, paced by a metronome or similar device

Normal response and values

A difference in heart rate of > 15 beats per minute is normal
and < 10 beats per minute is abnormal.
The lowest normal value for the expiration-to inspiration
ratio of the R-R interval decreases with age: age 20-24 yr, 1.17;
25-29, 1.15; 30-34, 1.13; 35-39, 1.12; 40-44, 1.10; 45-49, 1.08;
50-54, 1.07; 55-59, 1.06; 60-64, 1.04; 65-69, 1.03; and 70-75, 1.02
Heart rate response to
During continuous ECG monitoring, the R-R interval is
Normally, a tachycardia is followed by reflex bradycardia.
standing
measured at beats 15 and 30 after standing
The 30:15 ratio should be > 1.03
Heart rate response to
The subject forcibly exhales into the mouthpiece of a
Healthy subjects develop tachycardia and peripheral
the Valsalva maneuver manometer to 40 mmHg for 15 s during ECG monitoring
vasoconstriction during strain and an overshoot bradycardia
and rise in blood pressure with release. The normal ratio of
longest R-R to shortest R-R is > 1.2
Systolic blood pressure Systolic blood pressure is measured in the supine subject. The Normal response is a fall of < 10 mmHg, borderline fall is a
response to standing
patient stands and the systolic blood pressure is measured
fall of 10-29 mmHg and abnormal fall is a decrease of > 30
after 2 min
mmHg with symptoms
Diastolic blood pressure The subject squeezes a handgrip dynamometer to establish a The normal response for diastolic blood pressure is a rise of
response to isometric
maximum. Grip is then squeezed at 30% maximum for 5 min > 16 mmHg in the other arm
exercise
HRV: Heart rate variability; ECG: Electrocardiogram.

arrhythmias and requiring normal sinus rhythm and
atrioventricular nodal function, these short-term variation
measurements estimate high frequency variations in
heart rate and are therefore highly correlated[24]. SDNN
represents both the sympathetic and parasympathetic
modulation of HRV, and RMSSD and pNN50 the
parasympathetic system[24].

It is not yet clear which of these 2 methods is preferable: time-domain methods including the standardized
CART of Ewing or frequency-domain methods. However,
many time- and frequency-domain variables obtained
over the 24-h period are highly correlated with each
other[24]. On the other hand, studies comparing Holterbased analysis and CART found a high (83%) correlation
between the both techniques[81]. The advantages of Holterbased techniques include simpler, less stressful and faster
implementation during daily routine use, independence
of patient cooperation and greater sensitivity allowing
for the identification of disorders in the early stages.
However, CART can be applied quickly (less than 15 min)
using stand-alone operator friendly devices during routine
physical examination.

Frequency domain methods
CAN may also be evaluated using spectral analysis of
HRV, which divides the R-R signal into sine and cosine
waves to estimate the amount of variability as a function
of frequency[24]. Three main spectral components are
distinguished in a spectrum calculated from shortterm recordings of 2 to 5 min: very-low-frequency (≤
0.04 Hz) of fluctuations in vasomotor tone related to
thermoregulation, low-frequency (0.04-0.15 Hz) associated
with the baroreceptor reflex, and high-frequency (0.15-0.4
Hz) related to respiratory activity[24]. The sympathetic
system is thought to modulate the 2 low-frequency
components and the parasympathetic system the highfrequency component[20]. Accordingly, while decreases in
very-low- and low-frequency peaks indicate sympathetic
dysfunction, a decrease in the high-frequency peak is a
sign of parasympathetic dysfunction[1]. A decrease in the
ratio of low-frequency-to-high-frequency demonstrates
sympathetic imbalance[1]. Various mathematical methods
can be used to analyze the spectral components of
HRV. Most common is the Fourier transform because
of its simplicity and high processing speed[24]. A noisefree signal is necessary in order to correctly perform
the spectral analysis. Because artefacts and extra beats
must be removed, this correction leads to data loss
and is associated with an underestimation in each case.
Additionally, specific reference values must be obtained
as each HRV-analysing device has different technical
properties for spectral measurements.
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Heart rate turbulence
Another Holter-based technique for evaluating CAN
is the heart rate turbulence (HRT)[82]. HRT refers to
sinus rhythm cycle length fluctuations following isolated
premature ventricular beats. After an initial acceleration,
the sinus rate decelerates after a premature ventricular
beat. There are 2 components of HRT; turbulence onset
and turbulence slope. A transient vagal inhibition triggers
the mentioned initial acceleration in heart rate as a
response to the missed baroreflex afferent input due to
hemodynamically ineffective ventricular contraction.
The successive deceleration in heart rate is caused by a
sympathetically mediated overshoot of arterial pressure
through vagal recruitment[82]. HRT evaluation can be used
in the risk assessment after acute myocardial infarction
and in the monitoring of disease progression in heart
failure and CAN[82]. We previously demonstrated that
among HRV and HRT indexes, turbulence slope has the
greatest correlation with CAN severity[83]. A turbulence
slope of below 3.32 msec/R-R is 97% sensitive and 71%
specific for the diagnosis of CAN as detected by the
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CART in patients with type 2 diabetes[83].

a score of 6 can detect CAN in 72.87% of previously
undiagnosed individuals[96]. Screening should be repeated
annually in the presence of negative results[1].

Other diagnostic tools
Other methods currently used in research settings are
scintigraphic evaluation of sympathetic innervation of
the heart, which can reveal cardiac sympathetic nerve
population changes and early anatomical regional deficits
of sympathetic denervation [84-86]; microneurography,
which records electrical activity released by peroneal, tibial
or radial sympathetic nerves and identifies sympathetic
dysfunction[87]; neurovascular flow, using noninvasive laser
Doppler measures of peripheral sympathetic reactions to
nociception[88]; and baroreflex sensitivity, which evaluates
the capability to reflexively increase vagal activity in
response to a sudden increase in blood pressure[89]. As
many of these tests assess the influence on sympathetic
component, they do not provide information about early
stage CAN. In a recent study, it was shown that altered
cardiac autonomic balance can be detected through
exercise stress testing in diabetic subjects even with
minimal evidence of CAN[90].

THERAPEUTIC APPROACHES
Early determination of CAN is significant for the success
of therapeutic strategies as cardiovascular denervation
seems to be reversible at onset[97]. In less affected patients,
lifestyle changes including graded supervised exercise
associated with weight loss improve HRV[97].
Optimizing glycemic control
Blood glucose optimization is the essential treatment
for CAN. The Framingham Heart Study showed the
significant association between reduced HRV and
increased fasting plasma glucose level[98]. This finding is
present in diabetics as well as individuals with impaired
glucose tolerance[99]. Additionally, the DCCT reported
that intensive insulin therapy reduced the incidence of
CAN in comparison to conventional insulin therapy
after approximately 5 years (14% vs 7%; P < 0.004) in
type 1 diabetics [100]. The Epidemiology of Diabetes
Intervention and Complication Study (EDIC) is a
longitudinal cohort follow-up study for the DCCT[101].
Pop-Busui et al [102] demonstrated that during EDIC
follow-up, CAN progressed in both the conventional
and intensive insulin therapy groups, while its incidence
and prevalence remained lower in the intensive therapy
group despite similar glycemic control[102]. Accordingly,
the early initiation of intensive glucose control in type
1 diabetics can help to minimize the development of
CAN[102]. On the other hand, the benefit of glycemic
control in type 2 diabetics is less certain[1,2]. The Veterans
Affairs Cooperative Study reported a similar prevalence of
autonomic neuropathy in type 2 diabetics after 2 years of
intense glucose control in comparison with conventional
glycemic control[103]. Similarly, in the Anglo-Danish-Dutch
Study of Intensive Treatment in People With Screen
Detected Diabetes in Primary Care Danish arm, CAN
was frequently found 6 years following diagnosis of type 2
diabetes and this prevalence was not significantly affected
by intensive multifactorial treatment in comparison with
routine care[104]. Conversely, in the Steno-2 Trial patients
with type 2 diabetes were given intensive multifactorial
treatment (e.g., targeting hyperglycemia, hypertension and
dyslipidemia, including acetylsalicylic acid for secondary
prevention) and targeted strict glycemic control as well
as other cardiovascular risk factor modification, which
reduced the incidence of autonomic dysfunction by
approximately 60% [105]. Briefly, the intensive blood
glucose, HbA1c, blood pressure and lipid levels control
using pharmacological therapy with lifestyle changes are
recommended for all diabetic patients[1].

Criteria for diagnosis and staging
CART are the gold standard clinical tests for cardiovascular autonomic neuropathy [91]. Following the 8 th
international symposium on diabetic neuropathy in 2010,
criteria for diagnosis and staging of CAN are defined
in the CAN Subcommittee of the Toronto Consensus
Panel statement[92]. Accordingly, only 1 abnormal CART
result is sufficient to diagnose possible or early CAN;
among the 7 autonomic function analysis (5 CART,
time-domain and frequency-domain HRV tests), 2 or 3
abnormal tests indicate definite or confirmed CAN; and
severe/advanced CAN can be indicated by concurrent
orthostatic hypotension[91].

SCREENING FOR CAN
By the time clinical signs occur, CAN has often reached
to a late stage, making management more difficult.
Therefore, patients should be screened for CAN at the
time of diagnosis of type 2 diabetes and within 5 years
of diagnosis of type 1 diabetes (except presence of
symptoms suggesting autonomic neuropathy earlier)[1].
In addition, screening may be of benefit before undergoing an operation or beginning a new intense exercise
program[93,94]. Screening should include a clinical history
and an evaluation for evidence of autonomic dysfunction. Main HRV tests (E:I ratio, heart rate response
to Valsalva maneuver, and heart rate response to standing) should also be performed. As an alternative to
CART, easier screening methods has been attempted
to develop. For instance, sudomotor function tests that
assess the cholinergic innervation of sweat glands have
been found to be useful for early screening of CAN[95].
Ge et al[96] offered a new risk score system not requiring
specific tests for screening CAN, using clinical parameters
including age, body mass index, hypertension and resting
heart rate. The risk score can be between 0 and 15, and
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Functional disorders of the autonomic nervous system
can be treated with a variety of medications. In a trial
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including 73 type 2 diabetic subjects, a four-month period
of treatment with alpha-lipoic acid, which reduces oxygen
free radicals, improved HRV detected by standardized
CART[1,106]. While the use of aldose reductase inhibitors
(epalrestat, fidarestat and AS-3201), which reduce nerve
sorbitol, had a positive influence on HRV in patients with
mild abnormalities, they were ineffective in advanced
CAN patients[1,107]. Total HRV has been shown to be
increased and parasympathetic/sympathetic balance
improved by angiotensin-converting enzyme (ACE)
inhibition in patients with mild autonomic neuropathy
through increases in nerve blood flow[1]. Prostoglandin
analogs have been shown to be effective through the
same mechanism[1]. Cardioselective beta-blockers are
considered to have positive effects on autonomic
dysfunction. For example, the addition of metoprolol to
ramipril therapy in patients with type 1 diabetes resulted
in recovery of HRV parameters [108] . Furthermore,
bisoprolol improved HRV in heart failure[109]. In a study
including individuals with long-term diabetes and diabetic
neuropathy, the combination of ACE inhibition and
angiotensin-receptor blockade improved autonomic
neuropathy[110]. In addition, Ozdemir et al[111] showed that
losartan therapy significantly improved HRV in patients
with ischemic cardiomyopathy already receiving ACE
inhibitors and beta-blockers. Similarly, sympathovagal
imbalance in heart failure patients was improved
following the administration of spironolactone along
with enalapril, furosemide, and digoxin[112]. Such evidence
reveals that combination therapies appear to provide
better results than monotherapies.

silent myocardial ischemia, arrhythmias, diabetic
cardiomyopathy, and stroke, CAN is associated with
significant increases in morbidity and mortality. Patients
may have subclinical CAN for several years before it
becomes clinically apparent. Because the progression of
cardiovascular denervation is partly reversible or can be
slowed down in the early stages of the disease, recent
guidelines strongly recommend screening for CAN in
patients with diabetes. Assessment of CAN is possible
through a variety of methods, such as CART, HRV and
imaging modalities. Operator friendly devices and use
of Holter-based analysis has simplified CAN testing.
Treatment principles include early diagnosis, optimization
of glycemic control, life style changes and management
of cardiovascular risk factors. Medical therapy, including
aldose reductase inhibitors, ACE inhibitors, prostoglandin
analogs and alpha-lipoic acid, have been found to be
effective in randomized control trials for the treatment
of autonomic neuropathies. Orthostatic hypotension,
which may lead to life-threatening injuries, is an undesired
manifestation and indicates severe or advanced CAN.
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becoming more common. Ocular complications associated
with DM are progressive and rapidly becoming the
world’s most significant cause of morbidity and are
preventable with early detection and timely treatment.
This review provides an overview of five main ocular
complications associated with DM, diabetic retinopathy
and papillopathy, cataract, glaucoma, and ocular surface
diseases.
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Core tip: Ocular complications associated with diabetes
mellitus (DM) are progressive and rapidly becoming
the world’s most significant cause of morbidity and are
preventable with early detection and timely treatment.
This review provides an overview of five main ocular
complications associated with DM, diabetic retinopathy
and papillopathy, cataract, glaucoma, and ocular
surface diseases.
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URL: http://www.wjgnet.com/1948-9358/full/v6/i1/92.htm DOI:
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INTRODUCTION

Abstract

Complications of diabetes mellitus (DM) are progressive
and almost resulting by chronic exposure to high blood
levels of glucose caused by impairments in insulin
metabolism and biological macromolecules such as
carbohydrates, lipids, proteins and nucleic acids[1]. DM
and its complications are rapidly becoming the world’s
most significant cause of morbidity and mortality[2,3]. The
DM pandemic has expanded speedily in the developed

Diabetes mellitus (DM) is a important health problem
that induces ernestful complications and it causes
significant morbidity owing to specific microvascular
complications such as, retinopathy, nephropathy and
neuropathy, and macrovascular complications such as,
ischaemic heart disease, and peripheral vasculopathy.
It can affect children, young people and adults and is
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and developing countries. It is expected that DM will
reach epidemic proportions within the near future[4]. DM
affects more than 240 million people worldwide, and
this number is expected to reach roughly 370 million by
2030[5,6]. DM can lead to several ocular complications such
as diabetic retinopathy, diabetic papillopathy, glaucoma,
cataract, and ocular surface diseases[7]. Diabetes related
ocular complications are general public health problem,
so we purpose of putting emphasis on the frequencies,
pathogenesis, and management of these ocular complications.

The aldose reductase enzyme and nicotinamide adenine
dinucleotide phosphate are involved in this biochemical
reaction. Sorbitol is further metabolized to fructose
by sorbitol dehydrogenase. Since sorbitol movement
is severely restricted by cellular membrane, excessive
accumulation of sorbitol in the cell occurs[27,28]. The
increased sorbitol has potential osmotic damage in retinal
cells[29] (Figure 1).
Chronic hyperglycemia increases quantity of diacylglycerol (DAG), which is leading to activate protein
kinase C[30]. This activation leads to increase vascular
permeability and upregulation of VEGF in the retinal
structure. However, this abnormal pathway may lead to
increase the activation of leukostasis[31-33] and significant
changes in extracellular matrix (ECM) protein synthesis
(Figure 2). Eventually, DAG and PKC pathway adversely
affect inflammation, neovascularization, and retinal
haemodynamics, which redounds to progression of DR[26].
VEGF is a crucial mediator in microvascular complications of DM. Normally, numerous retinal cells such
as, retinal pigment epithelial (RPE) cells, Mueller cells, and
pericytes, produce VEGF[31-33]. When a hypoxia occurs
VEGF is secreted much more than normal production
by hypoxic retinal tissues[31]. Clinical studies have reported that there is a strong correlation between DR
and intraocular VEGF concentrations. Intravitreal and
intracameral VEGF levels were prominently increased in
patients with proliferative diabetic retinopathy (PDR)[34].
Additionally, VEGF has a crucial role in the pathogenesis
of diabetic macular edema (DME) by increasing vascular
permeability[35,36].
AGEs have been implicated in several diabetic
complications, such as DR, and DME. Under chronic
hyperglycemic circumstances, proteins are nonenzymatically
glycated and the excessive amount of AGEs alter structures
and functions of ECM, basement membranes, and vessel
wall.
Oxidative stress is also a serious condition that may
result in microvascular complications[37,38]. Severe production of reactive oxygen radicals may increase the oxidative
stress and reduce antioxidant capacity[39].
RAAS is the endocrine system that takes an essential
role to regulate vascular blood pressure, electrolyte, and
fluid balance and shows an aberration in patients with
DM[40], although the accurate process of RAAS leads to
DR is not well clarified.
Inflammation is a prominent part of the pathogenesis
of DR[41,42]. In response to hyperglycemic stress, AGE
formation, and hypertension, a sequence of inflammatory
mediators are increased in DM. Retinal subclinical
inflammation contributes to elevated intraocular perfusion
pressure by means of endothelial nitric oxide synthase
(eNOS), the development of neovascularization (NV)
due to hypoxia and VEGF. Although there are no
strong association between systemic inflammation and
development of DR [43,44], leukostasis is a likely to be
a significant local factor in DR pathogenesis, causing
capillary occlusion.

DIABETIC RETINOPATHY
Diabetic retinopathy (DR), a microangiopathy affecting
all of the small retinal vessels, such as arterioles, capillaries
and venules, is characterized by increased vascular
permeability, ocular haemorrhages, lipid exudate, by
vascular closure mediated by the development of new
vessels on the retina and the posterior vitreous surface[8].
DR, the most common microvascular complication
of DM, is predicted to be the principal reason of new
blindness among working population[9,10]. DR is the major
reason of blindness in adults 20-74 years of age in the
United States of America[11]. In patients with type 1 and
type 2 diabetics with disease duration of over twenty years,
the prevalences of DR are 95% and 60%, respectively[12].
Roughly 25% of type 1 diabetic patients have been
reported to be influenced with DR, with the frequency
increasing to about 80% after 15 years of anguish[13].
The type 2 DM is responsible for a higher percentage
of patients with visual loss[13]. The incidence of DR is
related primarily to duration and control of diabetes and
is related to hyperglycemia, hypertension, hyperlipidemia,
pregnancy, nephropathy, and anemia[14-16]. According to
reports published by Wisconsin epidemiologic study of
diabetic retinopathy (WESDR)[17], the general 10-year
incidence of DR was 74%. Moreover in 64% of people
with baseline DR developed more severe DR and 17% of
those advanced to occur proliferative DR[18].
Pathogenesis
There is a very strong relationship between chronic hyperglycemia and the development of DR[19,20]. Hyperglycemia
triggers a sequence of events causing vascular endothelial
dysfunction. Many interdependent metabolic pathways
have been put forward as important connections between
hyperglycemia and DR. These implicated metabolic
pathways include increased polyol[21] and protein kinase
C (PKC) pathway [22] activity, upregulation of growth
factors of which vascular endothelial growth factor
(VEGF)[22], generation of advanced glycation endproducts
(AGEs) [23,24], chronic oxidative damage [25], increased
activation of the renin angiotensin system (RAS) [26],
chronic inflammation and abnormal clumping of
leukocytes (leukostasis)[26].
When excessive amounts of glucose increase the
polyol way is activated to reduce glucose into sorbitol.
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Figure 1 The polyol pathway.

Figure 2 The protein kinase C pathway. DAG: Diacylglycerol; PKC; Protein
kinase C; VEGF: Vascular endothelial growth factor; ECM: Extracellular matrix.

The classification of DR
Previously, DR was classified into three forms, such as,
background, pre-proliferative, and proliferative DR. The
current classification is based on the location, extent,
and degree of various clinically significant features, such
as microaneurysms, intraretinal hemorrhages, venous
abnormaities such as beading, intraretinal microvascular
abnormalities (IRMA), and NV. Recently, DR is classified
as either nonproliferative or proliferative.

(ETDRS) described the clinically significant macular
edema (CSME) as the following conditions: (1) Retinal
thickening within 500 microns of the center of the fovea;
(2) Hard yellow exudate within 500 microns of the center
of the fovea with adjacent retinal thickening; and (3)
Retinal thickening 1 disc area or larger, any part of which
is within 1 disc diameter of the center of the fovea.
The ETDRS indicated that the presence of CMSE
guide ophthalmologyst for the focal laser treatment.

Nonproliferative diabetic retinopathy: (1) Mild nonproliferative diabetic retinopathy (NPDR): There are a
few microaneurysms; (2) Moderate NPDR: In this form,
there are less than 20 microaneurysms. Hard yellow
exudates, cotton wool spots, and venous beading are
present also in only one quadrant; (3) Severe NPDR:
It is identified as any of following clinic features;
Microaneurysms in all 4 quadrants; Venous beading in 2
or more quadrants; IRMA in 1 or more quadrant; and (4)
Very severe NPDR: This form includes 2 or more of the
criteria for severe NPDR.

DME classification based on optical coherence
tomography
Optical coherence tomography (OCT) shows four different types of DME: Sponge like retinal swelling, cystoid
macular edema (CME), macular edema with serous
retinal detachment (SRD) and tractional macular edema
(TDME)[46-48].
Sponge like retinal swelling: There is an increased diffuse
retinal thickness with reduced intraretinal reflectivity. This
type of retinal swelling has a better visual outcome than the
CME, SRD and TRD types after laser treatment[49].

PDR: As a response to ischemia, NV grows at the optic
nerve (NVD) and elsewhere in the retina except the optic
disc (NVE). In general, NV grows at the border zone of
perfused and non-perfused retina. These new vessels are
permeable, and the leakage of plasma contents probably
causes a structural change in the adjacent vitreous.
Also, NV may cause preretinal and subhyaloid vitreous
hemorrhages and can become membrane formations on
the posterior hyaloid surface.

CME: In this type, there is diffuse or focal retinal thickening with intraretinal cystic spaces.
SRD: There is an accumulation of subretinal fluid below
reflective elevation. It is possible to confirm the presence
of SRD only by OCT.
TDME: TDME is identified by a hyperreflective membrane on OCT with loss of foveal depression and macular
edema.

Diabetic macular edema
Macular edema is defined as retinal thickening or the
existence of hard exudates at 2 disk diameter of the
macula. Diabetic macular edema (DME) is the most
common cause of moderate or severe visual loss in diabetic
patients. DME occurs apart from the stage of DR, so it
should be evaluated independently. In diabetic eyes, central
macular thickness does not correlate directly with visual
acuity, but there is a vigorous link between the unity of the
photoreceptor inner/outer segment junction and visual
acuity[45].

First examination and follow-up
The WESDR study represented that, for type 1 diabetic
patients, the frequency of NPDR at less than 5 years
was 17% and the frequency of PDR was nearly 0%[50].
These frequencies were nearly 99%, and 50% after 20
years later, respectively. So, the first eye exam should be
performed almost 4 years after diagnosis with annual
follow-up exams.
The same study indicated that, for type 2 diabetic
patients, the frequency of NPDR at 5 years was nearly
30% and the frequency of PDR was nearly 2% [51].
These frequencies were nearly 80%, and 15% after 15

Clinically significant macular edema
The Early Treatment Diabetic Retinopathy Study
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years later, respectively. So, the first eye exam should be
examined at diagnosis with annual follow-up exams.
Mild NPDR can be followed with dilated fundus
exams every 12 mo. If DME that is not CSME is present,
follow-up every 3 mo is advised. If CSME is present,
treatment is advised promptly. Severe NPDR should be
followed up every 2 mo. If very severe NPDR is present,
patients should be followed more closely. After treatment
of PDR, they should be observed every 3 mo not to
overlook complications, such as TRD and CSME.

Randomized studies have demonstrated the efficacy
of laser photocoagulation to prevent vision loss from
DME [63,64] . In eyes obser ved with CSME, prompt
photocoagulation is highly recommended. Treatment is
performed at areas of focal leaking microaneurysms by
using focal laser photocoagulation or at areas of diffuse
leakage by using grid laser photocoagulation. Laser spot
size should not be greater than 100 μm for focal laser
treatment. Grid laser treatment is characterized by mild
RPE whitening spots as far as 2 optic disks diameters
from the center of the fovea[65]. Combination treatment
is applied in most patients, which involves focal and grid
laser treatment.
Patients are reevaluated for retreatment at 3 mo
intervals. For each retreatment, clinicians repeat the fluorescein angiogram to determine sites of persistent dye
leakage. If patients have focal leakage with a circinate
lipid ring, it may not be necessary to repeat angiogram
before the treatment because the leaking focal lesions
are in the lipid ring.
Panretinal laser photocoagulation (PRP) treatment
became a standard of care for DR when the results of the
Diabetic Retinopathy Study (DRS) were published[66,67].
DRS showed that PRP enormously reduced the risk of
severe vision loss from 16% to 6.4% in patient with PDR.
The goal of PRP is not to improve visual acuity. It is
applied to regress of the NVD or NVE and to prevent
the blinding complications of DRP. Generally, laser
treatment should be performed over a period of 4-6 wk
by applying 1.500-2.000 burns, with a size of 500 μm,
spacing spots 0.5 burn widths from each other with a
0.1-0.2 s duration[65].

Current therapy
The treatment of DR includes increased metabolic control,
laser treatment, intravitreal medication, and surgery.
Metabolic control
Poor metabolic control is a good marker for development
and progression of DR. So, related risk factor such
as, hyperglycemia, hypertension, and hyperlipidemia
should be controlled. It reduces the risk of retinopathy
occurrence and progression[52].
Glysemic control
The trial research group [53] showed that, for type 1
diabetic patients, a 10% reduction in the hemoglobin A1c
(HbA1c) was associated with a 43% and 45% diminution
in improvement of DR in the rigorous and traditional
treatment group, respectively[53]. The another trial group[54]
found that, for type 2 diabetic patients, tighter blood
glucose control had been found to correlate most closely
with a lower rate of DR[54]. However, very strict control of
blood glucose may lead to cause worsening of DR due to
up regulation of insulin-like growth factor-1 (IGF-1)[52,55,56].

Intravitreal medication
The results of several investigations showed that these
different intravitreal agents are effective not only in the
prevention of visual loss, but also allowed a regain of
visual acuity. The two main categories of intravitreal
drugs recently used in the management of DME and
PDR are steroids and anti-VEGF agents.
The use of intravitreal steroids are preferred to
manage the DME. They have antiinflammatory and
antiangiogenic effects that stabilize of the inner bloodretina barrier. Intraocular steroid injections have beneficial effects in PDR, by inhibiting production of the
VEGF[68,69]. Many various studies reported the benefits of
injections of triamcinolone acetonide (IVTA) to reduce
DME and increase visual acuity[70-74].
The effects of intravitreal steroids are temporary and
last for about 3 mo. In this cases, intravitreal steroids
may be repeated. But complications such as elevated
intraocular pressure and infection may occur. However,
IVTA is more likely to be associated with cataract
progression. Combination of IVTA and laser treatment
has more beneficial effects in pseudophakic eyes than
laser alone[74].
Recently, a novel, biodegradable, slow-release dexamethasone implant (DEX implant, Ozurdex) was

Control of blood pressure
Hypertension is more common in type 2 diabetic patients
rather than patients with type 1 DM. Approximately
40%-60% of patients with hypertension are over the age
range of 45 to 75[57]. Although the relationship between
hypertension and progression of retinopathy is not
certain, good blood pressure control pulls down the risk
of DR. An another study[58] reported that strict control
of blood pressure reduces the risk of diabetic ocular
complications[58].
Control of serum lipids
There is a positive correlations between the severity
of DR and plasma lipid levels, particularly LDL-HDL
cholesterol ratio[59]. Hard yellow exudates, which are lipid
rich, have been found to correlate with plasma protein
levels. Dietary and medicine therapy may reduce hard
exudates [60,61]. Systemic lipid-lowering drugs such as,
fenofibrate reduced the need for focal laser treatment of
CSME in type 2 diabetic patients[62].
Laser treatment
Laser treatment has been considered the evidencebased treatment for DME and PDR for a long time.

WJD|www.wjgnet.com

95

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus

developed to gradually release 0.7 mg of preservativefree dexamethasone in the vitreous cavity after a small
incision[75]. DEX implant have the advantage of a lower
incidence of cataract and glaucoma than IVTA[76]. The
maximum effects of the DEX implant occur at 3 mo and
gradually diminish from month 4 to 6[77].
Anti-VEGF agents (pegaptanib, bavacizumab,
ranibizumab, aflibercept) have been investigated as a
treatment for DME and for PDR. Also, anti-VEGF
injections might be useful adjuncts to facilitate effective
fibrovascular membrane dissection in eyes with active
vascularity components[78]. TRD occur or progress within
1-4 wk of anti-VEGF injection, so, in general, these
cases should be scheduled in a timely manner after the
injection[79].
Nowadays, clinicians have the option of four anti
VEGF agents: Pegaptanib (Macugen), Bevacizumab
(Avastin), Ranibizumab (Lucentis), Aflibercept (Eylea).
Pegaptanib is a selective VEGF antagonist that binds
to the VEGF165 isoform. Intravitreal pegaptanib is
currently an approved treatment in neovascular choroidal
membrane, but several trials addressed the efﬁcacy
and safety of intravitreal pegaptanib injections in the
treatment of PDR and DME[80-82].
Bevacizumab[83] is a full-size humanized antibody that
binds to all VEGF-A isoform. Intravitreal bevacizumab
is currently used beneﬁcially in the off-label treatment
of DR. There have been many studies with intravitreal
bevacizumab injections and DME. The results of
these retrospective or prospective trials showed an
improvement in visual acuity and OCT outcomes.
However, bevacizumab injections were also associated
with short-term efﬁcacy and a high recurrence rate[83-88].
Ranibizumab is a high affinity anti-VEGF Fab
specifically designed for ophthalmic use. It binds to all
isoforms of VEGF-A and related degradation products
and neutralizes their biological activity. Several studies
confirmed its efficacy in treating DME[89-94].
Aflibercept[95] is an intravitreally administered fusion
protein that is designed to bind both the VEGF-A
and the placental growth factor with higher afﬁnity in
comparison to other anti- VEGF agents[95]. Aflibercept
has a longer duration of action in the eye after intraocular
injection. This new agent has been recently investigated
in the treatment of DME[96,97].

proliferation[102]. The proper timing for PPV in PDR
was under discussion for a long time. The Diabetic
Retinopathy Vitrectomy Study (DRVS) considered the
early PPV effects compared to deferral PPV in patients
with severe vitreous hemorrhage (VH)[103]. The DRVS
showed that at 2-year follow up, early PPV for nonclearing
VH primarily increased the chance for retaining vision
≥ 20/40. Today, PPV can be performed as early as it is
needed by the patients. The aim of PPV in PDR includes
removal of opacity from the vitreous space, and the
removal of tractional membrane from the retinal surface.
Anti-VEGF injections might be useful adjuncts to ease
effective fibrovascular membrane dissection in eyes with
active vascularity components[78].
Finally, enzymatic vitrectomy performed by the
intravitreal injection of autologous plasmin enzyme might
be effective and could be considered as an alternative
for diabetic patients before performing other treatments,
such as intravitreal injections of anti-VEGF or steroids,
surgical vitrectomy or laser. Several investigations on
enzymatic vitreolysis, such as microplasmin, showed that
many agents might achieve vitreous dissolution, PVD, or
VH clearance[104,105].

Surgery
Pars plana vitrectomy (PPV) is considered an option for
patients not responding to combined anti-VEGF- laser
and/or steroid-laser theraphy in DME[98]. PPV, including
posterior hyaloid, internal limiting membrane (ILM)
and epiretinal membrane (ERM) removal, might achieve
DME resolution. However, the removal of the vitreous
gel might improve inner retina oxygenation and thus
promote the resolution of DME[98-101].
PPV was introduced in the early 1970 as a promising
treatment for the severe late complications of PDR,
including vitreous hemorrhage, TRD, and ﬁbrovascular

Pathogenesis
The pathophysiology is not fully understood and several
theories have been suggested. There are no links
between DP and either DRP or metabolic control. Some
researchers suggest that DP is a subtype of non-arteritic
anterior ischemic optic neuropathy (NAION), but there
are some differential features between NAION and DP,
for insance, DP is an asymptomatic optic disc edema,
whereas NAION is an acute optic disc infarction[110,111].
However, the most plausible mechanism responsible for
DP is a limited impairment to the peripapillary vascular
network, and superﬁcial capillary network endothelial
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Indications for PPV in PDR: Severe nonclearing
vitreous hemorrhage; Nonclearing vitreous hemorrhage;
Premacular subhyaloid hemorrhage; TRD involving the
fovea; Tractional and rhegmatogenous retinal detach-ment;
Macular edema due to vitreomacular traction; Nontractional
macular edema that is refractory to pharmacotherapy and
laser therapy.

DIABETIC PAPILLOPATHY
Definition and incidence
Diabetic papillopathy (DP) is an uncommon ocular
manifestation of DM identified by unilateral or bilateral
disk swelling associated with minimal or no optic nerve
dysfunction[106-108]. DP, which is self-limited disease, was
repoted in 1971 in T1DM patients for the first time[109].
So, it is very difficult to predict the exact incidence of
DP. The prevalence of DP in both types of DM is about
0.5%, regardless of glycemic control and seriousness
of DRP [106-108]. The percentage of patients with DP
presenting a NPDRP is higher than in the PDRP.
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cells[111,112].

factor for OAG, along with other risk factors such as
elevated IOP, older age, family history of glaucoma and
black race[121-123]. It was found that as the duration of type
2 DM increases, risk of having OAG also increases[123].
On the other hand, an association of having a history
of DM and risk of OAG was not found in several
studies[124,125]. It is possible that diabetic patients are more
likely to have an ocular examination than the general
population and are thus more likely to be diagnosed with
OAG[122]. Small vascular abnormalities including optic
nerve vessels and oxidative damage are some of the
possible mechanisms by which DM might increase risk
of OAG[122]. In the aspect of treatment, OAG patients
with DM undergoing trabeculectomy do not have the
same long-term IOP control and surgical survival rate
when compared with patients without DM[126]. Medical
treatment, laser trabeculoplasty, and surgery (filtering
surgery, aqueous drainage devices, etc.) are the treatment
options.

Clinical evaluation
The other causes of disk swelling, and PDRP with NV
on the disc have been ruled out to verify the diagnosis
of DP[113]. DP, which occurs generally in patients with
uncontrolled diabetes, has following features: painless
visual loss, macular edema, disk hyperfluorescence on
fluorescein angiography, and significant visual improvement
after the treatment[106].
However, several diseases can imitate DP, such as
infection, inflammation, metastatic infiltration, hypertension, and papilledema[106,108,114]. Pseudopapilloedema, that
is seen in patients with disc drusen[113], can be confused
with DP.
In order to reach differential diagnosis, investigations
are required, such as fluorescein angiography, orbital
magnetic resonance imaging, blood tests including serum
angiotensin-converting enzyme, anti nuclear antibody,
vitamin B12, folate, erythrocyte sedimentation rate, C
reactive protein, and fluorescent treponemal antibody
test.

ACG and DM
The association between DM and ACG is not very clear.
But several studies showed that DM might be considered
as a risk factor for ACG[127,128]. Saw and colleagues[127]
reported that diabetic patients have shallower anterior
chambers than individuals without DM, irrespective of
age, gender, and socioeconomic factors. Senthil et al[128]
found that DM is associated with ACG, possibly because
of the thicker lenses of diabetic patients. Weinreb et al[129]
reported that pseudophakic pupillary block with ACG
might occur in patients with DM. Also, treatment of DR
with argon laser panretinal photocoagulation could cause
ACG soon after the laser[130]. Medical treatment (topical,
oral, and intravenous agents) and laser iridotomy are the
treatment options.

Current therapy
So far, definitive treatment has not been found to change
its native progression, as in most cases the disc edema
resolves within a few months with no visual impairment.
Intravitreal anti-VEGF injection increased visual acuity
and decreased disk edema in patients with DP[114-117]. At
the same time, it is unknown that how anti-VEGF agents
affect to the patients with DP. Another study showed
that periocular corticosteroids stabilize the blood-ocular
barrier at the disc and the macula and causes resolution
of the disc and macular edema[118]. Some degree of optic
atrophy is seldom present after treatment. Tight control
of blood pressure optimises the visual outcome.

NVG and DM
NVG is a severe and intractable glaucoma type. DR is
one of the most common etiologic factors for NVG.
NVG might occur in cases with no retinal or optic disc
neovascularization, but it is more likely seen in PDR[131].
The association of iris and angle NV with DM mostly
increase with the duration of the disease and blood sugar
control[132]. Although iris and angle NVs are common
in DM, they do not always progress to NVG; but NVs
always develop prior to IOP increase[132]. This is due to
a fibrovascular membrane that occurs on the anterior
surface of the iris and iridocorneal angle. This membrane
then causes anterior synechiae, angle closure, and rise of
IOP[131,132].
NVG may develop in diabetic patients after cataract
surgery, laser posterior capsulotomy and pars plana
vitrectomy[132]. NVG following these operations probably
results from a combination of surgical inflammation
and disruption of a barrier preventing diffusion of
angiogenesis factors to the anterior segment[132]. Prompt
diagnosis and treatment are very important to prevent
blindness due to NVG. Panretinal photocoagulation is the

GLAUCOMA
Association of DM and glaucoma has been investigated
much in the literature. DM is the major etiologic factor
for neovascular glaucoma (NVG) [119]. However, the
association of DM with other types of glaucoma such as
open angle glaucoma (OAG) and angle closure glaucoma
(ACG) is controversial. Since glaucoma is a type of
optic neuropathy and DM alone could cause optic
neuropathy, a complex relation may occur between DM
and glaucomatous optic neuropathy. On the other hand,
central corneal thickness (CCT) is found to be thicker
in patients with DM that could cause higher intraocular
pressure (IOP) readings[120]. Since the mechanisms of
glaucoma subtypes are different from each other; it
would be more logical to investigate the association of
glaucoma subtypes individually with DM.
OAG and DM
OAG is one of the most common causes of vision loss
worldwide. In several studies, DM was reported as a risk
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key treatment method for prevention of NVG in DRP[131].
Panretinal photocoagulation laser therapy in the early
stages may be efficacious in inhibiting and even reversing
new vessel proliferation in the anterior segment of the eye.
Medical treatment, cyclophotocoagulation, cryotherapy,
and surgery (trabeculectomy with antimetabolites and
valve implantation) are the other therapeutic options.

worldwide, is the opacification of the crystalline lens[143,144].
Diabetic cataract is considered a complication of DM, which
can affect individuals at younger ages[145]. Cataract formation
in diabetics seems to be related to the hyperglicemia or
to hastened senile lens opacity. A snowflake like cataract
is occured commonly in patients with insulin-dependent
diabetes and more prones to progress than others.
Diabetic patients are 2-5 times more at risk for cataract
formation and and are more likely to get it at an earlier
age[146,147]. Although cataract frequency varies based on
ethnic populations and geographic locations (ranges from
35% to 48%), it is higher in diabetics when compared to
non-diabetics[148-152]. In a study by Raman et al[153], it has
been indicated that the mixed cataract was more common
than mono type cataract (42% vs 19%, respectively). A
combination of cortical, nuclear, and posterior subcapsular
cataract was the most common form of the mixed types
(20%), followed by the combined posterior subcapsular
cataract and cortical (16%). Among the monotype cataracts,
rate of cortical cataract was the highest (15%), followed
by nuclear cataract (5%) and posterior subcapsular cataract
(1%)[153]. On the other hand, cataract frequency varies from
1% to 27% in patients with type 1 diabetes[154].

Other glaucoma types and DM
Pseudoexfoliation (Psx) has been supposed to be a
generalized or systemic disorder of the extracellular
matrix[133]. Psx increases the risk of glaucoma development[133]. It was reported that there is not a significant
relationship between DM and psx [134]. Also, HbA1c
levels do not vary among patients with DM based on psx
status[134]. Ellis et al[135] found that DM is not associated
with ocular hypertension. On the other hand, it was
revealed that DM is significantly associated with bilateral
eye involvement in normotension glaucoma, maybe due to
several impaired neurovascular autoregulation processes
related to DM[136].
Glaucomatous optic neuropathy and DM
Retinal ganglion cell death is the major cause of blindness
in glaucoma. DM may increase susceptibility of retinal
ganglion cells to apoptosis when there is a co-morbidity
with elevated IOP in glaucoma[137]. DM disrupts vascular
tissues, compromises neuro-glial functions, and thus
may take a role in the pathogenesis of optic neuropathy
related with glaucoma[138]. In the literature, it was shown
that DM may accelerate apoptosis of retinal inner
neurons, alter metabolism of astrocytes and Müller cells,
and impair microglial function[138]. All of these factors
contribute to visual acuity, contrast sensitivity and color
vision loss in comorbidity of DM and glaucoma[138].

Pathogenesis
Several different pathogenetic mechanisms that may
precipitate formation of diabetic cataracts have been
proposed: increased osmotic stress caused by activation
of the polyol pathway[155], non-enzymatic glycation of
lens proteins[156-159], and increased oxidative stress[160-164].
The polyol pathway
In cases of high blood glucose levels in diabetic patients,
the crystalline lens is exposed to a hyperosmotic aqueous
humour and its glucose concentration progressively
increases. During hyperglycemic conditions excess
glucose to sorbitol. Sorbitol is further metabolized to
fructose. In diabetic patients, the excessive accumulation
of sorbitol in the crystalline lens produces a high osmotic
gradient that leads to a fluid infusion to equilibrate the
osmotic gradient. The accumulation of sorbitol in lens
cell causes a collapse and liquefaction of lens fibers,
which eventually results in the cataract formation[165,166].
Moreover, increased osmotic stress in the crystalline lens
produced by excess accumulation of sorbitol initiates
apoptotic process in epithelial cells which contributes to
the cataractogenesis[155,167,168].

Miscellaneous issues related to glaucoma and DM
DM is associated with increased corneal stiffness, and
corneal hysteresis which have been shown to have an
effect on glaucoma risk[125,139]. IOP may increase in patients
with DM due to aqueous outflow resistance in trabecular
meshwork, because of glycation and crosslinking of
meshwork glycoproteins[140].
Since DM is frequently found with other systemic
disorders, such as hypertension, this comorbid condition
may also affect glaucoma risk. Shoshani et al[141] reported
that DM may interfere with normal vascular regulation
and contribute to glaucoma progression. Moïse et al[142]
suggested that blindness due to glaucoma may be
prevented by using a regular Mediterranean diet and
maintaining regular intake of vegetables in patients with
DM.

Non-enzymatic glycation
Advanced glycation occurs during normal aging but to a
greater degree in diabetic patients in which it contributes
the formation of lens opacity[156]. Advanced glycation
produced by a nonenzymatically reaction between the
piece of the excess glucose and proteins, which may
leads to production of superoxide radicals and AGE
formation[169]. Excessive accumulation of AGEs in the
crystalline lens of diabetic patients plays an essential role
in cataractogenesis[157-161].

CATARACT
Definition and incidence
Cataract, the commonest cause of curable blindness
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Increased oxidative stress
It is well known that chronic hyperglycemia may increase
the oxidant load[162] and facilitate the onset of senile
cataract [163]. In diabetic eyes, antioxidant capacity is
reduced free radical load is increased, which increases the
susceptibility of crystalline lens to oxidative damage. The
decrease in antioxidant capacity is facilitated by advanced
glycation and defects of antioxidant enzyme activity [164].

surgery, DR and macular edema can become exacerbated
after surgery, hence patients should be followed closely
with fundus examinations and ancillary tests.

OCULAR SURFACE DISEASES
Ocular surface diseases, such as dry eye is frequently
present in diabetic patients. Ocular surface diseases
related with DM are developed in many mechanisms
including abnormal ocular surface sensitivity [178,179],
decreased tear production[179-181], and delayed corneal reepithelialization[181].

Clinical evaluation
DM can cause anterior segment changes as well as
posterior segment; therefore, a comprehensive ophthalmologic examination including visual acuity
measurement, evaluation of relative afferent pupil defect,
slit-lamb biomicroscopy, gonioscopy, intraocular pressure
measurement, and dilated fundus examination are
mandatory. In selected cases, ancillary tests such as fundus
angiography and OCT may also be useful.
The level of cataract should correspond to patient’s
visual complaints including decreased visual acuity,
decreased contrast sensitivity, and glare. If the biomicroscopic examination shows mild cataract but the patient
reports severe visual dysfunction, other ocular diabetic
complications such as DR should be investigated. Recently,
there has been a shift in emphasis towards early cataract
removal in diabetics to enable adequate identification for
examination of posterior segment, and facilitate panretinal
photocoagulation and treatment of underlying macular
edema[170]. Pre-existing PDR and macular edema may
exacerbate after cataract surgery[171] which contributes
to the poor visual outcomes[172]. Therefore if posterior
segment is visualized, diabetic patients with pre-existing
retinopathy should be preoperatively treated.

DRY EYE SYNDROME
Definition and incidence
Dry eye is a condition which is a complex disease
of tear film and anterior surface of the cornea. The
resulting changes in the ocular surface may lead to ocular
discomfort, and visual disturbance. Tear osmolarity,
and ocular surface inflammation[182] are also increased
in diabetic patients causing dry eye disease. Burning,
foreign body sensation, photophobia, blurred vision[183],
and blurred vision are present in patients with dry eye.
Both dry eye disease and DM increase the risk of corneal
infections and scarring, in advanced disease, corneal
perforation and irreversible tissue damages[184] may occur.
Patients with dry eye have serious corneal complications
such as, superficial punctuate keratitis, neurotrophic
keratopathy, and persistent epithelial defect[185]. Dry eye
syndrome (DES) is more like to occur in the industrial
country. Studies showed that approximately 1.68 million
men and 3.2 million women[186] aged 50 and older are
affected with DES in the United States[187]. DES, one of
the most common diagnosis for diabetic patients[188], is
a condition in which abnormal tear film and an changed
anterior surface of the cornea is present. Studies show
at least 50% of DM patients have either symptomatic
or asymptomatic DES. 92 patients with diabetes types
I and II have been evaluated by Seifart[189]. The patients
were aged from 7 to 69 years old as well as normal
healthy controls comparable in number, age and sex.
The study demonstrated that 52.8 of all diabetic patients
complained about eye dry symptoms, whereas 9.3% of
the healthy controls complained about dry eye symptoms.

Current therapy
First of all, good blood glucose control is main goal to
prevention of diabetic cataract. It has however been
suggested that cataractogenesis can be prevented through
nutrition and supplementation, including high content of
nutritional antioxidants[173], lower dietary carbohydrate[174]
and linolenic acid intake [175] , and aldose reductase
inhibitors[144,176].
Currently, the main treatment for the diabetic cataract
is surgery. Phacoemulsification results in better visual
results, less intraocular inflammation and less capsular
opacification as compared to extracapsular surgery[177].
Femtosecond assisted cataract surgery may be a better
option for diabetics; however, there has been no comparative study comparing the results of femtosecond
assisted to conventional cataract surgery in diabetics. It is
advisable to perform a large capsulorrhexis with a large
diameter IOLs, thus allowing better visualization of the
posterior segment for examination and further treatment
of DR.
After cataract surgery, using topical anti-inflammatory
drugs such as steroids and nonsteroidal anti-inflammatory
drops may be useful to control inflammation and macular
edema. Despite an uneventfully performed cataract
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Pathogenesis
DM can lead to DES through a variety of mechanisms[190-192], but the association between DM and DES
is unclear[193]. The most possible mechanism responsible
for dry eye in DM is extensive hyperglycemia bring about
corneal neuropathy. Corneal neuropathy leads to tear film
instability and lower tear break up time (TBUT) values
due to conjunctival goblet cell loss. Mucin, which covers
the villus surface of the corneal epithelium and reduce
evaporative tear loss[181] is produced by conjunctival goblet
cells.
The other suggested mechanisms for disruption of
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corneal integrity include AGE accumulation[194,195] and
polyol pathway[196,197] bi-product accumulation within
the corneal layers. It is believed that DM affects tear
production and quality by compromising the functional
integrity of the lacrimal gland. Corneal sensitivity is also
reduced in DM, which affects the stimulation of basal
tear production. Both lacrimal gland integrity[180] and
corneal sensitivity are shown to be affected by diabetic
neuropathy[180,198]. These proposed mechanisms imply that
DM affects both tear production and corneal integrity,
suggesting disruption to one or both may cause and lead
to the exacerbation of DES.

non-severe side effects. Topical cyclosporine A are used
to increase tear production[207] and the number of goblet
cells decreased by chronic inflammation due to dry eye
disease[207].

DIABETIC KERATOPATHY
Definition and incidence
DM can trigger acceleration of ocular surface abnormalities which have been termed diabetic keratopathy[208].
In contrast to healthy persons, patients with diabetes
have corneal epithelial erosions that may recur and
be associated with unresponsiveness to conventional
treatment regimens [209-211]. This clinical condition is
known as diabetic keratopathy[212-214]. Diabetic keratopathy
includes various symptomatic corneal conditions, such
as, punctate keratopathy and persistent corneal epithelial
defect[208].
Diabetic keratopathy is a common complication of
patients with evidence of DR. A study reported that
several symptomatic corneal epithelial lesions have been
occured in diabetic patients at the rate of 47% to 64%[208].
In another study, authors showed that the incidence of
diabetic keratopathy in diabetic patients with DR was 2
times greater than that of patients without DR[215]. Several
studies reported that the incidence of diabetic keratopathy
increased following pars plana vitrectomy[216,217], penetrating
keratoplasty[218], laser iridectomy[219], and refractive surgery[220]
in diabetic patients.

Clinical evaluation
During routine eye examination clinicians should be aware
of dry eye in diabetic patients[199]. Dry eye index scores can
be used for uncovering the presence of dry eye and for
evaluating the response to therapeutic treatment. Several
questionnaires are available, with the most common being
the Ocular Surface Disease Index (OSDI)[200]. However,
there is still no standardized dry eye disease questionnaire
that is universally accepted.
The most common test for determining tear film
quality in use today is the TBUT which shows the tear
film stability. The TBUT value is the time from the
last complete blink to the appearance of dry spot. The
Schirmer test is used for measuring the aqueous tear
manufacture. Normally, the Schirmer filter paper gets wet
10 mm for 5 min. A result yielding less than 5 mm shows
aqueous tear deficiency. Fluorescein is useful in assessing
dry eye where its application can detect the epithelial
defects due to dry eye disease.
Risk factors for DES include duration of DM and
higher HbA1c levels[188,201]. So, strict blood glucose control
and close follow-up reduce the risk of DES[188].

Pathogenesis
Several pathophysiological abnormalities have been
shown in diabetic keratopathy, including, an abnormally
thickened and discontinuous basement membrane, abnormal adhesion between the stroma and basement
membrane [219-223], increased epithelial fragility [206], decreased epithelial healing rates, increased sorbitol concentrations[224], decreased oxygen consumption and uptake[225], increase in the polyol metabolism[196], decreased or
alter epithelial hemidesmosomes, and increased glycosyltransferas activity[214,226].
Recently, studies have demonstrated [194,195,227] that
there is a relationship between AGE and development
of diabetic keratopathy. Increased AGE in the laminin
of the corneal epithelial basement membrane causes
abnormal weak attachment between the basal cells and
basement membrane of the cornea in diabetics[194]. Also,
the loss of the corneal sensation and neural stimulus
have been regarded as the reason of the development of
diabetic keratopathy[228]. Axonal degeneration of corneal
unmyelinated nerves occurs under chronic hyperglycemic
conditions.

Current therapy
DES may cause loss of vision, scarring, perforation, and
corneal infection. If patients with dry eye are treated in
time, there will be no complications of DES[185]. The
patients should be treated with tear supplements called
“artificial tears” which contains surfactans, different
viscosity agents, and electrolytes[202].
Dry eye disease is the outcome of many factors resulting
in inflammation of the cornea and conjunctiva. Artificial
tears can reduce blurred vision, and the symptoms of dry
eye, temporarily. These agents do not contain the cytokines
and growth factors which are comprised in normal tears
and do not have direct anti-inflammatory effect[203,204]. Antiinflammatory drugs are widely used for the treatment of
DES. The most widely used anti-inflammatory agents are
topical corticosteroids, NSAID, and cyclosporine A[203-205].
Corticosteroids can reduce the symptoms and signs of
dry eye[206] to control inflammatory process. On the other
hand, after long-term use, steroids produce severe side
effects such as bacterial, viral, and fungal infection, elevated
IOP, and cataract formation. NSAIDs are increasingly used
as dry eye treatment instead of steroids because of their
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Clinical evaluation
Diabetic keratopathy is a condition that can result in
blindness and should be closely monitored. Early diagnosis
and treatment of diabetic keratopathy, particularly,
before corneal complications occur, is very crucial. If
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the diagnosis is late, patients will become resistance to
the routine treatment of corneal defects. Nonhealing
corneal epithelial erosion may also occur after pars plana
vitrectomy for advanced PDR[208,211]. If corneal epithelium
is removed manually for clarity by surgeons, this conditions
may accelerate dramatically. So, when diabetic patients
are examined after vitrectomy their corneas should be
examined carefully.

5

6
7

Current therapy
Keratopathy is generally treated with artificial tears,
and antibiotics. Additionally, bandage contact lens, and
tarsorrhaphy can be used for re-epithelialization. In
selected cases new treatments modalities will be used such
as, topical administration of naltrexone, nicergoline[229],
aldose reductase inhibitor [194,214,230], and some growth
hormones[231] to accelerate re-epithelialization. All of
these drugs were associated with a high corneal epithelial
wound healing rate.
Recently, new topical drugs such as substance P and
IGF-1 were tested on diabetic animals to accelerate reepithelialization. Successful outcomes were obtained with
these new drugs[231]. Corneal epithelial barrier function
was improved by topical aldose reductase inhibitors, but
superficial punctate keratopathy could not be prevented
by these topical drugs. Aminoguanidine had beneficial
effects in corneal epithelial defects, by improving attachment between the epithelial cells and basement membrane
of the cornea[185,194]. The in vivo beneficial effect of aminoguanidine were unknown[194]. In additional to these new
drugs, amniotic membrane transplantation is used to treat
persistent corneal epithelial defects[232].

8
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CONCLUSION
15

DM and its ocular complications remain a major cause
of blindness despite increased understanding of these
ocular conditions and identification of successful
treatments. All of diabetic ocular complications can be
prevented by early diagnosis and theraphy. Therefore,
periodic eye examinations are required for the reduction
of diabetes-related vision loss. Good blood glucose control
and other systemic risk factors such as hypertension, and
hyperlipidemia are main goal to prevention of ocular
complications of DM.

16

17

18

REFERENCES
1
2

3

4

19

Kowluru RA, Chan PS. Oxidative stress and diabetic
retinopathy. Exp Diabetes Res 2007; 2007: 43603 [PMID:
17641741 DOI: 10.1155/2007/43603]
Forbes JM, Soldatos G, Thomas MC. Below the radar:
advanced glycation end products that detour “around the
side”. Is HbA1c not an accurate enough predictor of long
term progression and glycaemic control in diabetes? Clin
Biochem Rev 2005; 26: 123-134 [PMID: 16648883]
Jang C, Lim JH, Park CW, Cho YJ. Regulator of Calcineurin
1 Isoform 4 (RCAN1.4) Is Overexpressed in the Glomeruli
of Diabetic Mice. Korean J Physiol Pharmacol 2011; 15: 299-305
[PMID: 22128263 DOI: 10.4196/kjpp.2011.15.5.299]
Whiting DR, Guariguata L, Weil C, Shaw J. IDF diabetes

WJD|www.wjgnet.com

20

21

101

atlas: global estimates of the prevalence of diabetes for 2011
and 2030. Diabetes Res Clin Pract 2011; 94: 311-321 [PMID:
22079683 DOI: 10.1016/j.diabres.2011.10.029]
International Diabetes Federation. The Diabetes Atlas 2006.
3rd ed. [accessed 2013 May 17]. Available from: URL: http:
//www.idf.org/sites/default/files/Diabetes-Atlas-3rdedition.pdf
International Diabetes Federation. The Diabetes Atlas 2011.
5th ed. [accessed on 2013 May 17]. Available from: URL: http:
//www.drsharma.ca/world-diabetes-atlas-5th-edition.html
Threatt J, Williamson JF, Huynh K, Davis RM. Ocular
disease, knowledge and technology applications in patients
with diabetes. Am J Med Sci 2013; 345: 266-270 [PMID:
23531956 DOI: 10.1097/MAJ.0b013e31828aa6fb]
Singh PP, Mahadi F, Roy A, Sharma P. Reactive oxygen
species, reactive nitrogen species and antioxidants in
etiopathogenesis of diabetes mellitus type-2. Indian J Clin
Biochem 2009; 24: 324-342 [PMID: 23105858 DOI: 10.1007/
s12291-009-0062-6]
Moss SE, Klein R, Klein BE. The 14-year incidence of visual
loss in a diabetic population. Ophthalmology 1998; 105: 998-1003
[PMID: 9627648 DOI: 10.1016/S0161-6420(98)96025-0]
Aiello LM. Perspectives on diabetic retinopathy. Am J
Ophthalmol 2003; 136: 122-135 [PMID: 12834680 DOI: 10.1016/
S0002-9394(03)00219-8]
Klein R, Klein B. National Diabetes Data Group. Diabetes in
America. 2. National Institutes of Health, National Institute
of Diabetes and Digestive and Kidney Diseases. Vision
disorders in diabetes. USA: Bethesda, MD, 1995: 293-337
Garg S, Davis RM. Diabetic Retinopathy Screening
Update. Clinical Diabetes Fall 2009; 4: 140-145 [DOI: 10.2337/
diaclin.27.4.140]
Kumari S, Panda S, Mangaraj M, Mandal MK, Mahapatra
PC. Plasma MDA and antioxidant vitamins in diabetic
retinopathy. Indian J Clin Biochem 2008; 23: 158-162 [PMID:
23105743 DOI: 10.1007/s12291-008-0035-1]
Retinopathy and nephropathy in patients with type 1
diabetes four years after a trial of intensive therapy. The
Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications Research Group. N
Engl J Med 2000; 342: 381-389 [PMID: 10666428 DOI: 10.1056/
NEJM200002103420603]
Stratton IM, Kohner EM, Aldington SJ, Turner RC, Holman
RR, Manley SE, Matthews DR. UKPDS 50: risk factors for
incidence and progression of retinopathy in Type II diabetes
over 6 years from diagnosis. Diabetologia 2001; 44: 156-163
[PMID: 11270671 DOI: 10.1007/s001250051594]
Kaštelan S, Tomić M, Pavan J, Orešković S. Maternal immune
system adaptation to pregnancy--a potential influence on the
course of diabetic retinopathy. Reprod Biol Endocrinol 2010; 8:
124 [PMID: 20964838 DOI: 10.1186/1477-7827-8-124]
Varma R. From a population to patients: the Wisconsin
epidemiologic study of diabetic retinopathy. Ophthalmology
2008; 115: 1857-1858 [PMID: 19068373 DOI: 10.1016/
j.ophtha.2008.09.023]
Klein R. Epidemiology of Diabetic Retinopathy. In: Duh E,
ed. Diabetic Retinopathy. Totowa: Humana Press, 2008
Matthews DR, Stratton IM, Aldington SJ, Holman RR,
Kohner EM. Risks of progression of retinopathy and vision
loss related to tight blood pressure control in type 2 diabetes
mellitus: UKPDS 69. Arch Ophthalmol 2004; 122: 1631-1640
[PMID: 15534123 DOI: 10.1001/archopht]
White NH, Cleary PA, Dahms W, Goldstein D, Malone J,
Tamborlane WV. Beneficial effects of intensive therapy of
diabetes during adolescence: outcomes after the conclusion
of the Diabetes Control and Complications Trial (DCCT). J
Pediatr 2001; 139: 804-812 [PMID: 11743505 DOI: 10.1067/
mpd.2001.118887]
Naruse K, Nakamura J, Hamada Y, Nakayama M, Chaya
S, Komori T, Kato K, Kasuya Y, Miwa K, Hotta N. Aldose
reductase inhibition prevents glucose-induced apoptosis

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus

22
23
24
25

26
27
28
29
30
31

32

33

34

35

36

37
38

in cultured bovine retinal microvascular pericytes. Exp
Eye Res 2000; 71: 309-315 [PMID: 10973739 DOI: 10.1006/
exer.2000.0882]
Kowluru RA. Diabetic retinopathy: mitochondrial
dysfunction and retinal capillary cell death. Antioxid Redox
Signal 2005; 7: 1581-1587 [PMID: 16356121]
Stitt AW. The role of advanced glycation in the pathogenesis
of diabetic retinopathy. Exp Mol Pathol 2003; 75: 95-108 [PMID:
12834631 DOI: 10.1016/S0014-4800(03)00035-2]
Chu J, Ali Y. Diabetic Retinopathy: A Review. Drug Dev Res
2008; 69: 1-14 [DOI: 10.1002/ddr.20222]
Kowluru RA, Tang J, Kern TS. Abnormalities of retinal
metabolism in diabetes and experimental galactosemia. VII.
Effect of long-term administration of antioxidants on the
development of retinopathy. Diabetes 2001; 50: 1938-1942
[PMID: 11473058 DOI: 10.2337/diabetes.50.8.1938]
Tarr JM, Kaul K, Chopra M, Kohner EM, Chibber R.
Pathophysiology of diabetic retinopathy. ISRN Ophthalmol 2013;
2013: 343560 [PMID: 24563789 DOI: 10.1155/2013/343560]
Gabbay KH. Hyperglycemia, polyol metabolism, and
complications of diabetes mellitus. Annu Rev Med 1975; 26:
521-536 [PMID: 238458]
Kinoshita JH. A thirty year journey in the polyol pathway.
Exp Eye Res 1990; 50: 567-573 [PMID: 2115448]
Gabbay KH. The sorbitol pathway and the complications
of diabetes. N Engl J Med 1973; 288: 831-836 [PMID: 4266466
DOI: 10.1056/NEJM197304192881609]
Wang QJ. PKD at the crossroads of DAG and PKC signaling.
Trends Pharmacol Sci 2006; 27: 317-323 [PMID: 16678913 DOI:
10.1016/j.tips.2006.04.003]
Aiello LP, Northrup JM, Keyt BA, Takagi H, Iwamoto MA.
Hypoxic regulation of vascular endothelial growth factor
in retinal cells. Arch Ophthalmol 1995; 113: 1538-1544 [PMID:
7487623 DOI: 10.1001/archopht.1995.01100120068012]
Simorre-Pinatel V, Guerrin M, Chollet P, Penary M, Clamens
S, Malecaze F, Plouet J. Vasculotropin-VEGF stimulates
retinal capillary endothelial cells through an autocrine
pathway. Invest Ophthalmol Vis Sci 1994; 35: 3393-3400 [PMID:
8056513]
Adamis AP, Shima DT, Yeo KT, Yeo TK, Brown LF, Berse B,
D’Amore PA, Folkman J. Synthesis and secretion of vascular
permeability factor/vascular endothelial growth factor by
human retinal pigment epithelial cells. Biochem Biophys Res
Commun 1993; 193: 631-638 [PMID: 8512562 DOI: 10.1006/
bbrc.1993.1671]
Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah
ST, Pasquale LR, Thieme H, Iwamoto MA, Park JE. Vascular
endothelial growth factor in ocular fluid of patients with
diabetic retinopathy and other retinal disorders. N Engl J
Med 1994; 331: 1480-1487 [PMID: 7526212 DOI: 10.1056/
NEJM199412013312203]
Aiello LP, Bursell SE, Clermont A, Duh E, Ishii H, Takagi
C, Mori F, Ciulla TA, Ways K, Jirousek M, Smith LE, King
GL. Vascular endothelial growth factor-induced retinal
permeability is mediated by protein kinase C in vivo and
suppressed by an orally effective beta-isoform-selective
inhibitor. Diabetes 1997; 46: 1473-1480 [PMID: 9287049 DOI:
10.2337/diab.46.9.1473]
Murata T, Ishibashi T, Khalil A, Hata Y, Yoshikawa H,
Inomata H. Vascular endothelial growth factor plays a role in
hyperpermeability of diabetic retinal vessels. Ophthalmic Res
1995; 27: 48-52 [PMID: 7596559 DOI: 10.1159/000267567]
Zong H, Ward M, Stitt AW. AGEs, RAGE, and diabetic
retinopathy. Curr Diab Rep 2011; 11: 244-252 [PMID: 21590515
DOI: 10.1007/s11892-011-0198-7]
Cui Y, Xu X, Bi H, Zhu Q, Wu J, Xia X, Qiushi Ren PC.
Expression modification of uncoupling proteins and MnSOD
in retinal endothelial cells and pericytes induced by high
glucose: the role of reactive oxygen species in diabetic
retinopathy. Exp Eye Res 2006; 83: 807-816 [PMID: 16750827

WJD|www.wjgnet.com

39
40
41

42
43

44

45

46

47

48

49
50

51

52
53

54

102

DOI: 10.1016/j.Exer.2006.0]
Baynes JW. Role of oxidative stress in development of
complications in diabetes. Diabetes 1991; 40: 405-412 [PMID:
2010041 DOI: 10.2337/diab.40.4.405]
Wilkinson-Berka JL. Angiotensin and diabetic retinopathy.
Int J Biochem Cell Biol 2006; 38: 752-765 [PMID: 16165393 DOI:
10.1016/j.biocel.2005.08.002]
Antonetti DA, Barber AJ, Bronson SK, Freeman WM,
Gardner TW, Jefferson LS, Kester M, Kimball SR, Krady JK,
LaNoue KF, Norbury CC, Quinn PG, Sandirasegarane L,
Simpson IA. Diabetic retinopathy: seeing beyond glucoseinduced microvascular disease. Diabetes 2006; 55: 2401-2411
[PMID: 16936187 DOI: 10.2337/db05-1635]
Xu H, Chen M, Forrester JV. Para-inflammation in the aging
retina. Prog Retin Eye Res 2009; 28: 348-368 [PMID: 19560552
DOI: 10.1016/j.preteyeres.2009.06.001]
Klein BE, Knudtson MD, Tsai MY, Klein R. The relation
of markers of inflammation and endothelial dysfunction
to the prevalence and progression of diabetic retinopathy:
Wisconsin epidemiologic study of diabetic retinopathy. Arch
Ophthalmol 2009; 127: 1175-1182 [PMID: 19752427]
Nguyen TT, Alibrahim E, Islam FM, Klein R, Klein BE, Cotch
MF, Shea S, Wong TY. Inflammatory, hemostatic, and other
novel biomarkers for diabetic retinopathy: the multi-ethnic
study of atherosclerosis. Diabetes Care 2009; 32: 1704-1709
[PMID: 19549733 DOI: 10.2337/dc09-0102]
Maheshwary AS, Oster SF, Yuson RM, Cheng L, Mojana F,
Freeman WR. The association between percent disruption of
the photoreceptor inner segment-outer segment junction and
visual acuity in diabetic macular edema. Am J Ophthalmol 2010;
150: 63-67.e1 [PMID: 20451897 DOI: 10.1016/j.ajo.2010.01.039]
Otani T, Kishi S, Maruyama Y. Patterns of diabetic
macular edema with optical coherence tomography. Am J
Ophthalmol 1999; 127: 688-693 [PMID: 10372879 DOI: 10.1016/
S0002-9394(99)00033-1]
Kim NR, Kim YJ, Chin HS, Moon YS. Optical coherence
tomographic patterns in diabetic macular oedema: prediction
of visual outcome after focal laser photocoagulation. Br J
Ophthalmol 2009; 93: 901-905 [PMID: 19254904 DOI: 10.1136/
bjo.2008.152553]
Yamamoto S, Yamamoto T, Hayashi M, Takeuchi S.
Morphological and functional analyses of diabetic macular
edema by optical coherence tomography and multifocal
electroretinograms. Graefes Arch Clin Exp Ophthalmol 2001;
239: 96-101 [PMID: 11372551 DOI: 10.1007/s004170000238]
Otani T, Kishi S. Tomographic assessment of vitreous surgery
for diabetic macular edema. Am J Ophthalmol 2000; 129: 487-494
[PMID: 10764858 DOI: 10.1016/S0002-9394(99)00409-2]
Klein R, Klein BE, Moss SE, Davis MD, DeMets DL. The
Wisconsin epidemiologic study of diabetic retinopathy. II.
Prevalence and risk of diabetic retinopathy when age at
diagnosis is less than 30 years. Arch Ophthalmol 1984; 102: 520-526
[PMID: 6367724 DOI: 10.1001/archopht.1984.01040030398010]
Klein R, Klein BE, Moss SE, Davis MD, DeMets DL. The
Wisconsin epidemiologic study of diabetic retinopathy. III.
Prevalence and risk of diabetic retinopathy when age at
diagnosis is 30 or more years. Arch Ophthalmol 1984; 102: 527-532
[PMID: 6367725 DOI: 10.1001/archopht.1984.01040030405011]
Early worsening of diabetic retinopathy in the Diabetes
Control and Complications Trial. Arch Ophthalmol 1998; 116:
874-886 [PMID: 9682700 DOI: 10.1001/archopht.116.7.874]
The relationship of glycemic exposure (HbA1c) to the risk of
development and progression of retinopathy in the diabetes
control and complications trial. Diabetes 1995; 44: 968-983
[PMID: 7622004 DOI: 10.2337/diab.44.8.968]
Intensive blood-glucose control with sulphonylureas or
insulin compared with conventional treatment and risk
of complications in patients with type 2 diabetes (UKPDS
33). UK Prospective Diabetes Study (UKPDS) Group.
Lancet 1998; 352: 837-853 [PMID: 9742976 DOI: 10.1016/

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus

55

56

57
58

59

60

61
62

63

64
65

66
67
68

69

70

S0140-6736(98)07019-6]
Chantelau E. Evidence that upregulation of serum IGF-1
concentration can trigger acceleration of diabetic retinopathy.
Br J Ophthalmol 1998; 82: 725-730 [PMID: 9924360 DOI:
10.1136/bjo.82.7.725]
Chantelau E, Meyer-Schwickerath R. Reversion of ‘early
worsening’ of diabetic retinopathy by deliberate restoration
of poor metabolic control. Ophthalmologica 2003; 217: 373-377
[PMID: 12913330 DOI: 10.1159/000071355]
RR Associates. Blood pressure and diabetes: everyone’s
concern. London: British Diabetic Association, 1994
Prospective Diabetes Study Group. Tight blood pressure
control and risk of macrovascular and microvascular
complications in type 2 diabetes: UKPDS 38. UK Prospective
Diabetes Study Group. BMJ 1998; 317: 703-713 [PMID:
9732337 DOI: 10.1136/bmj.317.7160.703]
Kissebah AH, Kohner EM, Lewis B, Siddiq YK, Lowy C,
Fraser TR. Plasma-lipids and glucose/insulin relationship
in non-insulin-requiring diabetics with and without
retinopathy. Lancet 1975; 1: 1104-1108 [PMID: 49469 DOI:
10.1016/S0140-6736(75)92497-6]
Duncan LJ, Cullen JF, Ireland JT, Nolan J, Clarke BF, Oliver
MF. A three-year trial of atromid therapy in exudative
diabetic retinopathy. Diabetes 1968; 17: 458-467 [PMID:
4875170 DOI: 10.2337/diab.17.7.458]
Houtsmuller AJ, Zahn KJ, Henkes HE. Unsaturated fats and
progression of diabetic retinopathy. Doc Ophthalmol 1980; 48:
363-371 [PMID: 6995054]
Keech AC, Mitchell P, Summanen PA, O’Day J, Davis TM,
Moffitt MS, Taskinen MR, Simes RJ, Tse D, Williamson E,
Merrifield A, Laatikainen LT, d’Emden MC, Crimet DC, O’
Connell RL, Colman PG. Effect of fenofibrate on the need
for laser treatment for diabetic retinopathy (FIELD study):
a randomised controlled trial. Lancet 2007; 370: 1687-1697
[PMID: 17988728 DOI: 10.1016/S0140-6736(07)61607-9]
Photocoagulation for diabetic macular edema. Early
Treatment Diabetic Retinopathy Study report number 1.
Early Treatment Diabetic Retinopathy Study research group.
Arch Ophthalmol 1985; 103: 1796-1806 [PMID: 2866759 DOI:
10.1001/archopht.1985.01050120030015]
Olk RJ. Modified grid argon (blue-green) laser photocoagulation
for diffuse diabetic macular edema. Ophthalmology 1986; 93:
938-950 [PMID: 3763140]
Treatment techniques and clinical guidelines for photocoagulation of diabetic macular edema. Early Treatment Diabetic
Retinopathy Study Report Number 2. Early Treatment Diabetic
Retinopathy Study Research Group. Ophthalmology 1987; 94:
761-774 [PMID: 3658348]
Preliminary report on effects of photocoagulation therapy.
The Diabetic Retinopathy Study Research Group. Am J
Ophthalmol 1976; 81: 383-396 [PMID: 944535]
Photocoagulation treatment of proliferative diabetic retinopathy:
the second report of diabetic retinopathy study findings.
Ophthalmology 1978; 85: 82-106 [PMID: 345173]
Edelman JL, Lutz D, Castro MR. Corticosteroids inhibit VEGFinduced vascular leakage in a rabbit model of blood-retinal
and blood-aqueous barrier breakdown. Exp Eye Res 2005; 80:
249-258 [PMID: 15670803 DOI: 10.1016/j.exer.2004.09.013]
Brooks HL, Caballero S, Newell CK, Steinmetz RL, Watson
D, Segal MS, Harrison JK, Scott EW, Grant MB. Vitreous
levels of vascular endothelial growth factor and stromalderived factor 1 in patients with diabetic retinopathy and
cystoid macular edema before and after intraocular injection
of triamcinolone. Arch Ophthalmol 2004; 122: 1801-1807 [PMID:
15596583 DOI: 10.1001/archopht.122.12.1801]
Audren F, Erginay A, Haouchine B, Benosman R, Conrath J,
Bergmann JF, Gaudric A, Massin P. Intravitreal triamcinolone
acetonide for diffuse diabetic macular oedema: 6-month
results of a prospective controlled trial. Acta Ophthalmol
Scand 2006; 84: 624-630 [PMID: 16965492 DOI: 10.1111/

WJD|www.wjgnet.com

71

72

73

74

75

76

77

78

79

80

81

82

83

103

j.1600-0420.2006.00700.x]
Gillies MC, Sutter FK, Simpson JM, Larsson J, Ali H, Zhu
M. Intravitreal triamcinolone for refractory diabetic macular
edema: two-year results of a double-masked, placebocontrolled, randomized clinical trial. Ophthalmology 2006; 113:
1533-1538 [PMID: 16828501 DOI: 10.1016/j.ophtha.2006.02.065]
Massin P, Audren F, Haouchine B, Erginay A, Bergmann JF,
Benosman R, Caulin C, Gaudric A. Intravitreal triamcinolone
acetonide for diabetic diffuse macular edema: preliminary
results of a prospective controlled trial. Ophthalmology 2004;
111: 218-224; discussion 224-225 [PMID: 15019365 DOI:
10.1016/j.ophtha.2003.05.037]
Martidis A, Duker JS, Greenberg PB, Rogers AH, Puliafito CA,
Reichel E, Baumal C. Intravitreal triamcinolone for refractory
diabetic macular edema. Ophthalmology 2002; 109: 920-927
[PMID: 11986098 DOI: 10.1016/S0161-6420(02)00975-2]
Elman MJ, Aiello LP, Beck RW, Bressler NM, Bressler SB,
Edwards AR, Ferris FL, Friedman SM, Glassman AR, Miller
KM, Scott IU, Stockdale CR, Sun JK. Randomized trial
evaluating ranibizumab plus prompt or deferred laser or
triamcinolone plus prompt laser for diabetic macular edema.
Ophthalmology 2010; 117: 1064-1077.e35 [PMID: 20427088 DOI:
10.1016/j.Ophtha.2010.02.031]
Haller JA, Dugel P, Weinberg DV, Chou C, Whitcup SM.
Evaluation of the safety and performance of an applicator for
a novel intravitreal dexamethasone drug delivery system for
the treatment of macular edema. Retina 2009; 29: 46-51 [PMID:
18827732 DOI: 10.1097/IAE.0b013e318188c814]
Haller JA, Kuppermann BD, Blumenkranz MS, Williams
GA, Weinberg DV, Chou C, Whitcup SM. Randomized
controlled trial of an intravitreous dexamethasone drug
delivery system in patients with diabetic macular edema.
Arch Ophthalmol 2010; 128: 289-296 [PMID: 20212197 DOI:
10.1001/archophthalmol.2010.21]
Zucchiatti I, Lattanzio R, Querques G, Querques L, Del Turco
C, Cascavilla ML, Bandello F. Intravitreal dexamethasone
implant in patients with persistent diabetic macular edema.
Ophthalmologica 2012; 228: 117-122 [PMID: 22310491 DOI:
10.1159/000336225]
Avery RL, Pearlman J, Pieramici DJ, Rabena MD, Castellarin
AA, Nasir MA, Giust MJ, Wendel R, Patel A. Intravitreal
bevacizumab (Avastin) in the treatment of proliferative
diabetic retinopathy. Ophthalmology 2006; 113: 1695.e1-1695.15
[PMID: 17011951 DOI: 10.1016/j.Ophtha.2006.05.064]
Arevalo JF, Maia M, Flynn HW, Saravia M, Avery RL, Wu L,
Eid Farah M, Pieramici DJ, Berrocal MH, Sanchez JG. Tractional
retinal detachment following intravitreal bevacizumab (Avastin)
in patients with severe proliferative diabetic retinopathy. Br J
Ophthalmol 2008; 92: 213-216 [PMID: 17965108]
Gragoudas ES, Adamis AP, Cunningham ET, Feinsod M,
Guyer DR. Pegaptanib for neovascular age-related macular
degeneration. N Engl J Med 2004; 351: 2805-2816 [PMID:
15625332 DOI: 10.1056/NEJMoa042760]
Cunningham ET, Adamis AP, Altaweel M, Aiello LP,
Bressler NM, D’Amico DJ, Goldbaum M, Guyer DR, Katz B,
Patel M, Schwartz SD. A phase II randomized double-masked
trial of pegaptanib, an anti-vascular endothelial growth factor
aptamer, for diabetic macular edema. Ophthalmology 2005;
112: 1747-1757 [PMID: 16154196]
Loftus JV, Sultan MB, Pleil AM. Changes in vision- and
health-related quality of life in patients with diabetic macular
edema treated with pegaptanib sodium or sham. Invest
Ophthalmol Vis Sci 2011; 52: 7498-7505 [PMID: 21896838 DOI:
10.1167/iovs.11-7613]
Scott IU, Edwards AR, Beck RW, Bressler NM, Chan CK,
Elman MJ, Friedman SM, Greven CM, Maturi RK, Pieramici
DJ, Shami M, Singerman LJ, Stockdale CR. A phase II
randomized clinical trial of intravitreal bevacizumab for
diabetic macular edema. Ophthalmology 2007; 114: 1860-1867
[PMID: 17698196 DOI: 10.1016/j.ophtha.2007.05.062]

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus
84

85

86

87

88

89

90

91

92

93

94

95

Lam DS, Lai TY, Lee VY, Chan CK, Liu DT, Mohamed
S, Li CL. Efficacy of 1.25 MG versus 2.5 MG intravitreal
bevacizumab for diabetic macular edema: six-month results
of a randomized controlled trial. Retina 2009; 29: 292-299
[PMID: 19287286 DOI: 10.1097/IAE.0b013e31819a2d61]
Arevalo JF, Sanchez JG, Wu L, Maia M, Alezzandrini AA,
Brito M, Bonafonte S, Lujan S, Diaz-Llopis M, Restrepo
N, Rodríguez FJ, Udaondo-Mirete P. Primary intravitreal
bevacizumab for diffuse diabetic macular edema: the PanAmerican Collaborative Retina Study Group at 24 months.
Ophthalmology 2009; 116: 1488-1497, 1497.e1 [PMID: 19545900
DOI: 10.1016/j.ophtha.2009.03.016]
Kook D, Wolf A, Kreutzer T, Neubauer A, Strauss R, Ulbig
M, Kampik A, Haritoglou C. Long-term effect of intravitreal
bevacizumab (avastin) in patients with chronic diffuse
diabetic macular edema. Retina 2008; 28: 1053-1060 [PMID:
18779710 DOI: 10.1097/IAE.0b013e318176de48]
Michaelides M, Kaines A, Hamilton RD, Fraser-Bell S,
Rajendram R, Quhill F, Boos CJ, Xing W, Egan C, Peto T,
Bunce C, Leslie RD, Hykin PG. A prospective randomized
trial of intravitreal bevacizumab or laser therapy in the
management of diabetic macular edema (BOLT study)
12-month data: report 2. Ophthalmology 2010; 117: 1078-1086.
e2 [PMID: 20416952 DOI: 10.1016/j.ophtha.2010.03.045]
Rajendram R, Fraser-Bell S, Kaines A, Michaelides M,
Hamilton RD, Esposti SD, Peto T, Egan C, Bunce C, Leslie
RD, Hykin PG. A 2-year prospective randomized controlled
trial of intravitreal bevacizumab or laser therapy (BOLT) in
the management of diabetic macular edema: 24-month data:
report 3. Arch Ophthalmol 2012; 130: 972-979 [PMID: 22491395
DOI: 10.1001/archophthalmol.2012.393]
Massin P, Bandello F, Garweg JG, Hansen LL, Harding
SP, Larsen M, Mitchell P, Sharp D, Wolf-Schnurrbusch UE,
Gekkieva M, Weichselberger A, Wolf S. Safety and efficacy
of ranibizumab in diabetic macular edema (RESOLVE
Study): a 12-month, randomized, controlled, double-masked,
multicenter phase II study. Diabetes Care 2010; 33: 2399-2405
[PMID: 20980427 DOI: 10.2337/dc10-0493]
Nguyen QD, Brown DM, Marcus DM, Boyer DS, Patel S,
Feiner L, Gibson A, Sy J, Rundle AC, Hopkins JJ, Rubio
RG, Ehrlich JS. Ranibizumab for diabetic macular edema:
results from 2 phase III randomized trials: RISE and RIDE.
Ophthalmology 2012; 119: 789-801 [PMID: 22330964 DOI:
10.1016/j.ophtha.2011.12.039]
Nguyen QD, Shah SM, Heier JS, Do DV, Lim J, Boyer D,
Abraham P, Campochiaro PA. Primary End Point (Six Months)
Results of the Ranibizumab for Edema of the mAcula in
diabetes (READ-2) study. Ophthalmology 2009; 116: 2175-2181.
e1 [PMID: 19700194 DOI: 10.1016/j.ophtha.2009.04.023]
Nguyen QD, Shah SM, Khwaja AA, Channa R, Hatef E, Do
DV, Boyer D, Heier JS, Abraham P, Thach AB, Lit ES, Foster
BS, Kruger E, Dugel P, Chang T, Das A, Ciulla TA, Pollack JS,
Lim JI, Eliott D, Campochiaro PA. Two-year outcomes of the
ranibizumab for edema of the mAcula in diabetes (READ-2)
study. Ophthalmology 2010; 117: 2146-2151 [PMID: 20855114
DOI: 10.1016/j.ophtha.2010.08.016]
Mitchell P, Bandello F, Schmidt-Erfurth U, Lang GE, Massin
P, Schlingemann RO, Sutter F, Simader C, Burian G, Gerstner
O, Weichselberger A. The RESTORE study: ranibizumab
monotherapy or combined with laser versus laser monotherapy
for diabetic macular edema. Ophthalmology 2011; 118: 615-625
[PMID: 21459215 DOI: 10.1016/j.ophtha.2011.01.031]
Filho JA, Messias A, Almeida FP, Ribeiro JA, Costa RA,
Scott IU, Jorge R. Panretinal photocoagulation (PRP) versus
PRP plus intravitreal ranibizumab for high-risk proliferative
diabetic retinopathy. Acta Ophthalmol 2011; 89: e567-e572
[PMID: 21726427 DOI: 10.1111/j.1755-3768.2011.02184.x]
Economides AN, Carpenter LR, Rudge JS, Wong V, KoehlerStec EM, Hartnett C, Pyles EA, Xu X, Daly TJ, Young MR,
Fandl JP, Lee F, Carver S, McNay J, Bailey K, Ramakanth S,

WJD|www.wjgnet.com

96

97

98
99

100

101

102
103

104
105

106

107

108
109
110

111
112

104

Hutabarat R, Huang TT, Radziejewski C, Yancopoulos GD,
Stahl N. Cytokine traps: multi-component, high-affinity
blockers of cytokine action. Nat Med 2003; 9: 47-52 [PMID:
12483208 DOI: 10.1038/nm811]
Do DV, Schmidt-Erfurth U, Gonzalez VH, Gordon CM,
Tolentino M, Berliner AJ, Vitti R, Rückert R, Sandbrink R, Stein
D, Yang K, Beckmann K, Heier JS. The DA VINCI Study:
phase 2 primary results of VEGF Trap-Eye in patients with
diabetic macular edema. Ophthalmology 2011; 118: 1819-1826
[PMID: 21546089 DOI: 10.1016/j.ophtha.2011.02.018]
Do DV, Nguyen QD, Boyer D, Schmidt-Erfurth U, Brown
DM, Vitti R, Berliner AJ, Gao B, Zeitz O, Ruckert R, Schmelter
T, Sandbrink R, Heier JS. One-year outcomes of the da Vinci
Study of VEGF Trap-Eye in eyes with diabetic macular
edema. Ophthalmology 2012; 119: 1658-1665 [PMID: 22537617
DOI: 10.1016/j.ophtha.2012.02.010]
Stefánsson E. Ocular oxygenation and the treatment of
diabetic retinopathy. Surv Ophthalmol 2006; 51: 364-380 [PMID:
16818083 DOI: 10.1016/j.survophthal.2006.04.005]
Stefánsson E, Hatchell DL, Fisher BL, Sutherland FS,
Machemer R. Panretinal photocoagulation and retinal
oxygenation in normal and diabetic cats. Am J Ophthalmol
1986; 101: 657-664 [PMID: 3717248]
Stefansson E, Landers MB, Wolbarsht ML. Increased retinal
oxygen supply following pan-retinal photocoagulation and
vitrectomy and lensectomy. Trans Am Ophthalmol Soc 1981;
79: 307-334 [PMID: 7200671]
Yamamoto T, Akabane N, Takeuchi S. Vitrectomy for diabetic
macular edema: the role of posterior vitreous detachment and
epimacular membrane. Am J Ophthalmol 2001; 132: 369-377
[PMID: 11530050 DOI: 10.1016/S0002-9394(01)01050-9]
Machemer R, Buettner H, Norton EW, Parel JM. Vitrectomy:
a pars plana approach. Trans Am Acad Ophthalmol Otolaryngol
1971; 75: 813-820 [PMID: 5566980]
Diabetic Retinopathy Vitrectomy Study Group. Early
vitrectomy for severe vitreous hemorrhage in diabetic
retinopathy. Four-year results of a randomized trial: Diabetic
Retinopathy Vitrectomy Study Report 5. Arch Ophthalmol 1990;
108: 958-964 [PMID: 2196036]
Lopez-Lopez F, Rodriguez-Blanco M, Gómez-Ulla F,
Marticorena J. Enzymatic vitreolysis. Curr Diabetes Rev 2009; 5:
57-62 [PMID: 19199900]
Benz MS, Packo KH, Gonzalez V, Pakola S, Bezner D, Haller
JA, Schwartz SD. A placebo-controlled trial of microplasmin
intravitreous injection to facilitate posterior vitreous
detachment before vitrectomy. Ophthalmology 2010; 117:
791-797 [PMID: 20138368 DOI: 10.1016/j.ophtha.2009.11.005]
Regillo CD, Brown GC, Savino PJ, Byrnes GA, Benson WE,
Tasman WS, Sergott RC. Diabetic papillopathy. Patient
characteristics and fundus findings. Arch Ophthalmol 1995;
113: 889-895 [PMID: 7605280]
Friedrich Y, Feiner M, Gawi H, Friedman Z. Diabetic
papillopathy with macular star mimicking clinically
significant diabetic macular edema. Retina 2001; 21: 80-82
[PMID: 11217941]
Bayraktar Z, Alacali N, Bayraktar S. Diabetic papillopathy
in type II diabetic patients. Retina 2002; 22: 752-758 [PMID:
12476102]
Lubow M, Makley TA. Pseudopapilledema of juvenile
diabetes mellitus. Arch Ophthalmol 1971; 85: 417-422 [PMID:
5554869 DOI: 10.1001/archopht.1971.009900]
Hayreh SS, Zimmerman MB. Nonarteritic anterior ischemic
optic neuropathy: clinical characteristics in diabetic patients
versus nondiabetic patients. Ophthalmology 2008; 115:
1818-1825 [PMID: 18502511]
Slagle WS, Musick AN, Eckermann DR. Diabetic papillopathy
and its relation to optic nerve ischemia. Optom Vis Sci 2009; 86:
e395-e403 [PMID: 19225435 DOI: 10.1097/OPX.0b013e318198927c]
Wise GN, Dollery CT, Henkind P. The Retinal Circulation.
New York: Harper & Row, 1971

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus
113 Zachariah S, Sharfi O, Burton B, Nussey SS, Bano G.
Diabetic papillopathy diagnosed on retinal screening in an
asymptomatic patient. BJDVD 2007; 7: 140 [DOI: 10.1177/147
46514070070030701]
114 Kim M, Lee JH, Lee SJ. Diabetic papillopathy with macular
edema treated with intravitreal ranibizumab. Clin Ophthalmol
2013; 7: 2257-2260 [PMID: 24348012 DOI: 10.2147/OPTH.
S55076]
115 Al-Hinai AS, Al-Abri MS, Al-Hajri RH. Diabetic papillopathy
with macular edema treated with intravitreal bevacizumab.
Oman J Ophthalmol 2011; 4: 135-138 [PMID: 22279402 DOI:
10.4103/0974-620X.91270]
116 Al-Dhibi H, Khan AO. Response of diabetic papillopathy to
intravitreal bevacizumab. Middle East Afr J Ophthalmol 2011;
18: 243-245 [PMID: 21887082 DOI: 10.4103/0974-9233.84056]
117 Willerslev A, Munch IC, Larsen M. Resolution of diabetic
papillopathy after a single intravitreal injection of ranibizumab.
Acta Ophthalmol 2012; 90: e407-e409 [PMID: 22268957 DOI:
10.1111/j.1755-3768.2011.02282.x]
118 Mansour AM, El-Dairi MA, Shehab MA, Shahin HK, Shaaban
JA, Antonios SR. Periocular corticosteroids in diabetic
papillopathy. Eye (Lond) 2005; 19: 45-51 [PMID: 15094720 DOI:
10.1038/sj.eye.6701418]
119 Al-Shamsi HN, Dueker DK, Nowilaty SR, Al-Shahwan SA.
Neovascular glaucoma at king khaled eye specialist hospital etiologic considerations. Middle East Afr J Ophthalmol 2009; 16:
15-19 [PMID: 20142954 DOI: 10.4103/0974-9233.48860]
120 Ozdamar Y, Cankaya B, Ozalp S, Acaroglu G, Karakaya J,
Ozkan SS. Is there a correlation between diabetes mellitus
and central corneal thickness? J Glaucoma 2010; 19: 613-616
[PMID: 20051882 DOI: 10.1097/IJG.0b013e3181ca7c62]
121 Bonovas S, Peponis V, Filioussi K. Diabetes mellitus as a risk
factor for primary open-angle glaucoma: a meta-analysis.
Diabet Med 2004; 21: 609-614 [PMID: 15154948 DOI: 10.1111/
j.1464-5491.2004.01173.x]
122 Newman-Casey PA, Talwar N, Nan B, Musch DC, Stein JD.
The relationship between components of metabolic syndrome
and open-angle glaucoma. Ophthalmology 2011; 118: 1318-1326
[PMID: 21481477 DOI: 10.1016j.Ophhtha]
123 Chopra V, Varma R, Francis BA, Wu J, Torres M, Azen SP.
Type 2 diabetes mellitus and the risk of open-angle glaucoma
the Los Angeles Latino Eye Study. Ophthalmology 2008; 115:
227-232.e1 [PMID: 17716734]
124 de Voogd S, Ikram MK, Wolfs RC, Jansonius NM, Witteman
JC, Hofman A, de Jong PT. Is diabetes mellitus a risk
factor for open-angle glaucoma? The Rotterdam Study.
Ophthalmology 2006; 113: 1827-1831 [PMID: 16884777]
125 Tan GS, Wong TY, Fong CW, Aung T. Diabetes, metabolic abnormalities, and glaucoma. Arch Ophthalmol 2009;
127: 1354-1361 [PMID: 19822853 DOI: 10.1001/archophthalmol.2009.268]
126 Law SK, Hosseini H, Saidi E, Nassiri N, Neelakanta G,
Giaconi JA, Caprioli J. Long-term outcomes of primary
trabeculectomy in diabetic patients with primary open angle
glaucoma. Br J Ophthalmol 2013; 97: 561-566 [PMID: 23355527
DOI: 10.1136/bjophthalmol-2012-302227]
127 Saw SM, Wong TY, Ting S, Foong AW, Foster PJ. The
relationship between anterior chamber depth and the presence
of diabetes in the Tanjong Pagar Survey. Am J Ophthalmol 2007;
144: 325-326 [PMID: 17659975 DOI: 10.1016/j.ajo.2007.03.038]
128 Senthil S, Garudadri C, Khanna RC, Sannapaneni K.
Angle closure in the Andhra Pradesh Eye Disease Study.
Ophthalmology 2010; 117: 1729-1735 [PMID: 20466426 DOI:
10.1016/j.ophtha.2010.01.021]
129 Weinreb RN, Wasserstrom JP, Forman JS, Ritch R. Pseudophakic pupillary block with angle-closure glaucoma in
diabetic patients. Am J Ophthalmol 1986; 102: 325-328 [PMID:
3752197 DOI: 10.1016/0002-9394(86)90006-1]
130 Blondeau P, Pavan PR, Phelps CD. Acute pressure elevation
following panretinal photocoagulation. Arch Ophthalmol

WJD|www.wjgnet.com

131
132
133

134

135

136

137

138
139

140
141

142

143

144

145
146
147

105

1981; 99: 1239-1241 [PMID: 7196215 DOI: 10.1001/archopht.1981.03930020113011]
Hayreh SS. Neovascular glaucoma. Prog Retin Eye Res 2007;
26: 470-485 [PMID: 17690002 DOI: 10.1016/j.preteyeres.2007.0
6.001]
Morrison JC, Pollack IP. Neovascular glaucoma (Chapter 21).
Glaucoma Science and Practice, 1st ed. New York: Thieme
Medical Publishers, 2003: 226-236
Miyazaki M, Kubota T, Kubo M, Kiyohara Y, Iida M, Nose Y,
Ishibashi T. The prevalence of pseudoexfoliation syndrome in
a Japanese population: the Hisayama study. J Glaucoma 2005;
14: 482-484 [PMID: 16276281 DOI: 10.109701.ijg.0000185436.1]
Wood SD, Asefzadeh B, Fisch B, Jiwani A, Lee RK, Conlin
PR, Pasquale LR. The relationship between diabetes mellitus
and exfoliation syndrome in a United States Veterans Affairs
population: a case-control study. J Glaucoma 2011; 20: 278-281
[PMID: 20577098 DOI: 10.1097/IJG.0b013e3181e3d483]
Ellis JD, Evans JM, Ruta DA, Baines PS, Leese G, MacDonald
TM, Morris AD. Glaucoma incidence in an unselected cohort
of diabetic patients: is diabetes mellitus a risk factor for
glaucoma? DARTS/MEMO collaboration. Diabetes Audit
and Research in Tayside Study. Medicines Monitoring Unit.
Br J Ophthalmol 2000; 84: 1218-1224 [PMID: 11049943 DOI:
10.1136/bjo.84.11.1218]
Kim C, Kim TW. Comparison of risk factors for bilateral
and unilateral eye involvement in normal-tension glaucoma.
Invest Ophthalmol Vis Sci 2009; 50: 1215-1220 [PMID: 18836170
DOI: 10.1167/iovs.08-1886]
Kanamori A, Nakamura M, Mukuno H, Maeda H, Negi
A. Diabetes has an additive effect on neural apoptosis in
rat retina with chronically elevated intraocular pressure.
Curr Eye Res 2004; 28: 47-54 [PMID: 14704913 DOI: 10.1076/
ceyr.28.1.47.23487]
Nakamura M, Kanamori A, Negi A. Diabetes mellitus as a
risk factor for glaucomatous optic neuropathy. Ophthalmologica
2005; 219: 1-10 [PMID: 15627820 DOI: 10.1159/000081775]
Congdon NG, Broman AT, Bandeen-Roche K, Grover D,
Quigley HA. Central corneal thickness and corneal hysteresis
associated with glaucoma damage. Am J Ophthalmol 2006;
141: 868-875 [PMID: 16527231 DOI: 10.1016/j.ajo.2005.12.007]
Chihara E. Myopia and diabetes mellitus as modificatory factors
of glaucomatous optic neuropathy. Jpn J Ophthalmol 2014; 58:
16-25 [PMID: 23942995 DOI: 10.1007/s10384-013-0267-3]
Shoshani Y, Harris A, Shoja MM, Arieli Y, Ehrlich R, Primus
S, Ciulla T, Cantor A, Wirostko B, Siesky BA. Impaired ocular
blood flow regulation in patients with open-angle glaucoma
and diabetes. Clin Experiment Ophthalmol 2012; 40: 697-705
[PMID: 22394354 DOI: 10.1111/j.1442-9071.2012.02778.x]
Moïse MM, Benjamin LM, Doris TM, Dalida KN, Augustin
NO. Role of Mediterranean diet, tropical vegetables rich in
antioxidants, and sunlight exposure in blindness, cataract and
glaucoma among African type 2 diabetics. Int J Ophthalmol
2012; 5: 231-237 [PMID: 22762057 DOI: 10.3980/j.issn.2222-39
59.2012.02.23]
Kothadia AD, Shenoy AM, Shabaraya AR, Rajan MS, Viradia
UM, Patel NH. Evaluation of cataract preventive action of
phycocyanin. Int J Pharm Sci Drug Res 2011; 3: 42-44 [DOI:
10.2337/diaclin.27.4.140]
Kato A, Yasuko H, Goto H, Hollinshead J, Nash RJ, Adachi I.
Inhibitory effect of rhetsinine isolated from Evodia rutaecarpa
on aldose reductase activity. Phytomedicine 2009; 16: 258-261
[PMID: 17498942 DOI: 10.1016/j.phymed.2007.04.008]
Falck A, Laatikainen L. Diabetic cataract in children. Acta
Ophthalmol Scand 1998; 76: 238-240 [PMID: 9591961 DOI:
10.1034/j.1600-0420.1998.760223.x]
Klein BE, Klein R, Moss SE. Incidence of cataract surgery in
the Wisconsin Epidemiologic Study of Diabetic Retinopathy.
Am J Ophthalmol 1995; 119: 295-300 [PMID: 7872389]
Klein BE, Klein R, Wang Q, Moss SE. Older-onset diabetes
and lens opacities. The Beaver Dam Eye Study. Ophthalmic

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus
Epidemiol 1995; 2: 49-55 [PMID: 7585233]
148 Foster PJ, Wong TY, Machin D, Johnson GJ, Seah SK. Risk
factors for nuclear, cortical and posterior subcapsular
cataracts in the Chinese population of Singapore: the Tanjong
Pagar Survey. Br J Ophthalmol 2003; 87: 1112-1120 [PMID:
12928278 DOI: 10.1136/bjo.87.9.1112]
149 Nirmalan PK, Robin AL, Katz J, Tielsch JM, Thulasiraj RD,
Krishnadas R, Ramakrishnan R. Risk factors for age related
cataract in a rural population of southern India: the Aravind
Comprehensive Eye Study. Br J Ophthalmol 2004; 88: 989-994
[PMID: 15258010 DOI: 10.1136/bjo.2003.038380]
150 Husain R, Tong L, Fong A, Cheng JF, How A, Chua WH, Lee
L, Gazzard G, Tan DT, Koh D, Saw SM. Prevalence of cataract
in rural Indonesia. Ophthalmology 2005; 112: 1255-1262 [PMID:
15993241 DOI: 10.1016/j.ophtha.2005.02.015]
151 Dandona L, Dandona R, Naduvilath TJ, McCarty CA, Mandal
P, Srinivas M, Nanda A, Rao GN. Population-based assessment
of the outcome of cataract surgery in an urban population in
southern India. Am J Ophthalmol 1999; 127: 650-658 [PMID:
10372874 DOI: 10.1016/S0002-9394(99)00044-6]
152 Chen SJ, Liu JH, Shih HC, Chou P, Tsai CY, Tung TH.
Prevalence and associated factors of lens opacities among
Chinese type 2 diabetics in Kinmen, Taiwan. Acta Diabetol
2008; 45: 7-13 [PMID: 17828461]
153 Raman R, Pal SS, Adams JS, Rani PK, Vaitheeswaran K,
Sharma T. Prevalence and risk factors for cataract in diabetes:
Sankara Nethralaya Diabetic Retinopathy Epidemiology and
Molecular Genetics Study, report no. 17. Invest Ophthalmol
Vis Sci 2010; 51: 6253-6261 [PMID: 20610838 DOI: 10.1167/
iovs.10-5414]
154 Bron AJ, Cheng H. Cataract and retinopathy: screening for
treatable retinopathy. Clin Endocrinol Metab 1986; 15: 971-999
[PMID: 3096617]
155 Srivastava SK, Ramana KV, Bhatnagar A. Role of aldose
reductase and oxidative damage in diabetes and the
consequent potential for therapeutic options. Endocr Rev 2005;
26: 380-392 [PMID: 15814847 DOI: 10.1210/er.2004-0028]
156 Ahmed N. Advanced glycation endproducts--role in pathology
of diabetic complications. Diabetes Res Clin Pract 2005; 67: 3-21
[PMID: 15620429 DOI: 10.1016/j.diabres.2004.09.004]
157 Araki N, Ueno N, Chakrabarti B, Morino Y, Horiuchi S.
Immunochemical evidence for the presence of advanced
glycation end products in human lens proteins and its positive
correlation with aging. J Biol Chem 1992; 267: 10211-10214
[PMID: 1587810]
158 Duhaiman AS. Glycation of human lens proteins from
diabetic and (nondiabetic) senile cataract patients. Glycoconj J
1995; 12: 618-621 [PMID: 8595250]
159 Lyons TJ, Silvestri G, Dunn JA, Dyer DG, Baynes JW. Role
of glycation in modification of lens crystallins in diabetic
and nondiabetic senile cataracts. Diabetes 1991; 40: 1010-1015
[PMID: 1907246 DOI: 10.2337/diab.40.8.1010]
160 Nagaraj RH, Sell DR, Prabhakaram M, Ortwerth BJ, Monnier
VM. High correlation between pentosidine protein crosslinks
and pigmentation implicates ascorbate oxidation in human
lens senescence and cataractogenesis. Proc Natl Acad Sci USA
1991; 88: 10257-10261 [PMID: 1946446]
161 Shamsi FA, Sharkey E, Creighton D, Nagaraj RH. Maillard
reactions in lens proteins: methylglyoxal-mediated
modifications in the rat lens. Exp Eye Res 2000; 70: 369-380
[PMID: 10712823 DOI: 10.1006/exer.1999.0800]
162 Agte VV, Tarwadi KV. Combination of diabetes and cataract
worsens the oxidative stress and micronutrient status in
Indians. Nutrition 2008; 24: 617-624 [PMID: 18472398 DOI:
10.1016/j.nut.2008.03.005]
163 Jeganathan VS, Wang JJ, Wong TY. Ocular associations of
diabetes other than diabetic retinopathy. Diabetes Care 2008;
31: 1905-1912 [PMID: 18753669 DOI: 10.2337/dc08-0342]
164 Ookawara T, Kawamura N, Kitagawa Y, Taniguchi N. Sitespecific and random fragmentation of Cu,Zn-superoxide

WJD|www.wjgnet.com

165
166
167

168

169
170

171
172

173
174

175

176

177

178

179

180

106

dismutase by glycation reaction. Implication of reactive
oxygen species. J Biol Chem 1992; 267: 18505-18510 [PMID:
1326527]
Kinoshita JH. Mechanisms initiating cataract formation.
Proctor Lecture. Invest Ophthalmol 1974; 13: 713-724 [PMID:
4278188]
Kinoshita JH. Cataracts in galactosemia. The Jonas S.
Friedenwald Memorial Lecture. Invest Ophthalmol 1965; 4:
786-799 [PMID: 5831988]
Takamura Y, Sugimoto Y, Kubo E, Takahashi Y, Akagi Y.
Immunohistochemical study of apoptosis of lens epithelial
cells in human and diabetic rat cataracts. Jpn J Ophthalmol
2001; 45: 559-563 [PMID: 11754895 DOI: 10.1016/S00215155(01)00418-X]
Li WC, Kuszak JR, Dunn K, Wang RR, Ma W, Wang GM,
Spector A, Leib M, Cotliar AM, Weiss M. Lens epithelial cell
apoptosis appears to be a common cellular basis for noncongenital cataract development in humans and animals. J
Cell Biol 1995; 130: 169-181 [PMID: 7790371]
Stitt AW. The maillard reaction in eye diseases. Ann N Y
Acad Sci 2005; 1043: 582-597 [PMID: 16037281 DOI: 10.1196/
annals.1338.066]
Chew EY, Benson WE, Remaley NA, Lindley AA, Burton TC,
Csaky K, Williams GA, Ferris FL. Results after lens extraction
in patients with diabetic retinopathy: early treatment diabetic
retinopathy study report number 25. Arch Ophthalmol
1999; 117: 1600-1606 [PMID: 10604663 DOI: 10.1001/
archopht.117.12.1600]
Pollack A, Dotan S, Oliver M. Course of diabetic retinopathy
following cataract surgery. Br J Ophthalmol 1991; 75: 2-8
[PMID: 1991081]
Squirrell D, Bhola R, Bush J, Winder S, Talbot JF. A
prospective, case controlled study of the natural history of
diabetic retinopathy and maculopathy after uncomplicated
phacoemulsification cataract surgery in patients with type 2
diabetes. Br J Ophthalmol 2002; 86: 565-571 [PMID: 11973256
DOI: 10.1136/bjo.86.5.565]
Pollreisz A, Schmidt-Erfurth U. Diabetic cataractpathogenesis, epidemiology and treatment. J Ophthalmol 2010;
2010: 608751 [PMID: 20634936 DOI: 10.1155/2010/608751]
Chiu CJ, Morris MS, Rogers G, Jacques PF, Chylack LT, Tung
W, Hankinson SE, Willett WC, Taylor A. Carbohydrate intake
and glycemic index in relation to the odds of early cortical
and nuclear lens opacities. Am J Clin Nutr 2005; 81: 1411-1416
[PMID: 15941895]
Lu M, Taylor A, Chylack LT, Rogers G, Hankinson SE, Willett
WC, Jacques PF. Dietary linolenic acid intake is positively
associated with five-year change in eye lens nuclear density. J
Am Coll Nutr 2007; 26: 133-140 [PMID: 17536124]
Drel VR, Pacher P, Ali TK, Shin J, Julius U, El-Remessy
AB, Obrosova IG. Aldose reductase inhibitor fidarestat
counteracts diabetes-associated cataract formation, retinal
oxidative-nitrosative stress, glial activation, and apoptosis. Int
J Mol Med 2008; 21: 667-676 [PMID: 18506358 DOI: 10.3892/
ijmm.21.6.667]
Dowler JG, Hykin PG, Hamilton AM. Phacoemulsification
versus extracapsular cataract extraction in patients with
diabetes. Ophthalmology 2000; 107: 457-462 [PMID: 10711881
DOI: 10.1016/S0161-6420(99)00136-0]
Arthur SN, Peng Q, Apple DJ, Escobar-Gomez M, Bianchi R,
Pandey SK, Werner L. Effect of heparin surface modification
in reducing silicone oil adherence to various intraocular
lenses. J Cataract Refract Surg 2001; 27: 1662-1669 [PMID:
11687368 DOI: 10.1016/S0886-3350(01)00891-4]
Rosenberg ME, Tervo TM, Immonen IJ, Müller LJ,
Grönhagen-Riska C, Vesaluoma MH. Corneal structure and
sensitivity in type 1 diabetes mellitus. Invest Ophthalmol Vis
Sci 2000; 41: 2915-2921 [PMID: 10967045]
Cousen P, Cackett P, Bennett H, Swa K, Dhillon B. Tear
production and corneal sensitivity in diabetes. J Diabetes

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus

181

182

183
184

185
186

187

188
189
190
191
192

193
194

195

196
197
198
199
200

Complications 2007; 21: 371-373 [PMID: 17967709 DOI:
10.1016/j.jdiacomp.2006.05.008]
Dogru M, Katakami C, Inoue M. Tear function and ocular
surface changes in noninsulin-dependent diabetes mellitus.
Ophthalmology 2001; 108: 586-592 [PMID: 11237914 DOI:
10.1016/S0161-6420(00)00599-6]
The definition and classification of dry eye disease: report
of the Definition and Classification Subcommittee of the
International Dry Eye WorkShop (2007). Ocul Surf 2007; 5:
75-92 [PMID: 17508116]
Lemp MA. Report of the National Eye Institute/Industry
workshop on Clinical Trials in Dry Eyes. CLAO J 1995; 21:
221-232 [PMID: 8565190]
Lubniewski AJ, Houchin KW, Holland EJ, Weeks DA,
Wessels IF, McNeill JI, Cameron JD. Posterior infectious
crystalline keratopathy with Staphylococcus epidermidis.
Ophthalmology 1990; 97: 1454-1459 [PMID: 2255518]
Riordan-Eva, Asbury T, Whitcher JP. Vaughan and Asbury’
s General Ophthalmology. USA: McGraw-Hill Medical, 2003:
308-310
Schaumberg DA, Sullivan DA, Buring JE, Dana MR.
Prevalence of dry eye syndrome among US women. Am J
Ophthalmol 2003; 136: 318-326 [PMID: 12888056 DOI: 10.1016/
S0002-9394(03)00218-6]
Schaumberg DA, Dana R, Buring JE, Sullivan DA. Prevalence
of dry eye disease among US men: estimates from the
Physicians’ Health Studies. Arch Ophthalmol 2009; 127: 763-768
[PMID: 19506195 DOI: 10.1001/archophthalmol.2009.103]
Seifart U, Strempel I. [The dry eye and diabetes mellitus].
Ophthalmologe 1994; 91: 235-239 [PMID: 8012143]
Kaiserman I, Kaiserman N, Nakar S, Vinker S. Dry eye in
diabetic patients. Am J Ophthalmol 2005; 139: 498-503 [PMID:
15767060 DOI: 10.1016/j.ajo.2004.10.022]
Alves Mde C, Carvalheira JB, Módulo CM, Rocha EM. Tear
film and ocular surface changes in diabetes mellitus. Arq Bras
Oftalmol 2005; 71: 96-103 [PMID: 19274419]
Goebbels M. Tear secretion and tear film function in insulin
dependent diabetics. Br J Ophthalmol 2000; 84: 19-21 [PMID:
10611093 DOI: 10.1136/bjo.84.1.19]
Figueroa-Ortiz LC, Jiménez Rodríguez E, García-Ben A,
García-Campos J. [Study of tear function and the conjunctival
surface in diabetic patients]. Arch Soc Esp Oftalmol 2011; 86:
107-112 [PMID: 21569919 DOI: 10.1016/j.oftal.2010.12.010]
Hom M, De Land P. Self-reported dry eyes and diabetic
history. Optometry 2006; 77: 554-558 [PMID: 17145567 DOI:
10.1016/j.optm.2006.08.002]
Kaji Y, Usui T, Oshika T, Matsubara M, Yamashita H, Araie
M, Murata T, Ishibashi T, Nagai R, Horiuchi S, Amano S.
Advanced glycation end products in diabetic corneas. Invest
Ophthalmol Vis Sci 2000; 41: 362-368 [PMID: 10670463]
Sato E, Mori F, Igarashi S, Abiko T, Takeda M, Ishiko S,
Yoshida A. Corneal advanced glycation end products
increase in patients with proliferative diabetic retinopathy.
Diabetes Care 2001; 24: 479-482 [PMID: 11289471 DOI:
10.2337/diacare.24.3.479]
Kinoshita JH, Fukushi S, Kador P, Merola LO. Aldose
reductase in diabetic complications of the eye. Metabolism
1979; 28: 462-469 [PMID: 45423]
Kador PF, Kinoshita JH. Role of aldose reductase in the
development of diabetes-associated complications. Am J Med
1985; 79: 8-12 [PMID: 3934965]
Inoue K, Kato S, Ohara C, Numaga J, Amano S, Oshika
T. Ocular and systemic factors relevant to diabetic
keratoepitheliopathy. Cornea 2001; 20: 798-801 [PMID: 11685054]
Jin J, Chen LH, Liu XL, Jin GS, Lou SX, Fang FN. [Tear film
function in non-insulin dependent diabetics]. Zhonghua YanKe
ZaZhi 2003; 39: 10-13 [PMID: 12760806]
Schiffman RM, Christianson MD, Jacobsen G, Hirsch JD,
Reis BL. Reliability and validity of the Ocular Surface Disease
Index. Arch Ophthalmol 2000; 118: 615-621 [PMID: 10815152

WJD|www.wjgnet.com

DOI: 10.1001/archopht.118.5.615]
201 Akinci A, Cetinkaya E, Aycan Z. Dry eye syndrome in
diabetic children. Eur J Ophthalmol 2007; 17: 873-878 [PMID:
18050110]
202 Albietz JM, Bruce AS. The conjunctival epithelium in dry
eye subtypes: effect of preserved and non-preserved topical
treatments. Curr Eye Res 2001; 22: 8-18 [PMID: 11402374 DOI:
10.1076/ceyr.22.1.8.6977]
203 Management and therapy of dry eye disease: report of the
Management and Therapy Subcommittee of the International
Dry Eye WorkShop (2007). Ocul Surf 2007; 5: 163-178 [PMID:
17508120]
204 Jackson WB. Management of dysfunctional tear syndrome:
a Canadian consensus. Can J Ophthalmol 2009; 44: 385-394
[PMID: 19606158 DOI: 10.3129/i09-015]
205 Pflugfelder SC. Anti-inflammatory therapy of dry eye.
Ocul Surf 2003; 1: 31-36 [PMID: 17075627 DOI: 10.1016/
S1542-0124(12)70005-8]
206 Yang CQ, Sun W, Gu YS. A clinical study of the efficacy of
topical corticosteroids on dry eye. J Zhejiang Univ Sci B 2006; 7:
675-678 [PMID: 16845723 DOI: 10.1631/jzus.2006.B0675]
207 Zhou XQ, Wei RL. Topical cyclosporine A in the treatment of
dry eye: a systematic review and meta-analysis. Cornea 2014;
33: 760-767 [PMID: 24815112]
208 Schultz RO, Van Horn DL, Peters MA, Klewin KM, Schutten
WH. Diabetic keratopathy. Trans Am Ophthalmol Soc 1981; 79:
180-199 [PMID: 7342400]
209 Friend J, Thoft RA. The diabetic cornea. Int Ophthalmol Clin
1984; 24: 111-123 [PMID: 6500867]
210 Datiles MB, Kador PF, Fukui HN, Hu TS, Kinoshita JH.
Corneal re-epithelialization in galactosemic rats. Invest
Ophthalmol Vis Sci 1983; 24: 563-569 [PMID: 6841002]
211 Perry HD, Foulks GN, Thoft RA, Tolentino FI. Corneal
complications after closed vitrectomy through the pars plana.
Arch Ophthalmol 1978; 96: 1401-1403 [PMID: 678179 DOI:
10.1001/archopht.1978.03910060155011]
212 Cisarik-Fredenburg P. Discoveries in research on diabetic
keratopathy. Optometry 2001; 72: 691-704 [PMID: 12363257]
213 Kaji Y. Prevention of diabetic keratopathy. Br J Ophthalmol 2005;
89: 254-255 [PMID: 15722297 DOI: 10.1136/bjo.2004.055541]
214 Sánchez-Thorin JC. The cornea in diabetes mellitus. Int
Ophthalmol Clin 1998; 38: 19-36 [PMID: 9604736]
215 Saini JS, Khandalavla B. Corneal epithelial fragility in
diabetes mellitus. Can J Ophthalmol 1995; 30: 142-146 [PMID:
7627899]
216 Chung H, Tolentino FI, Cajita VN, Acosta J, Refojo MF.
Reevaluation of corneal complications after closed vitrectomy.
Arch Ophthalmol 1988; 106: 916-919 [PMID: 3390054 DOI:
10.1001/archopht.1988.01060140062025]
217 Foulks GN, Thoft RA, Perry HD, Tolentino FI. Factors related
to corneal epithelial complications after closed vitrectomy in
diabetics. Arch Ophthalmol 1979; 97: 1076-1078 [PMID: 444136
DOI: 10.1001/archopht.1979.01020010530002]
218 Chou L, Cohen EJ, Laibson PR, Rapuano CJ. Factors associated
with epithelial defects after penetrating keratoplasty.
Ophthalmic Surg 1994; 25: 700-703 [PMID: 7898864]
219 Jeng S, Lee JS, Huang SC. Corneal decompensation after
argon laser iridectomy--a delayed complication. Ophthalmic
Surg 1991; 22: 565-569 [PMID: 1961612]
220 Simpson RG, Moshirfar M, Edmonds JN, Christiansen SM.
Laser in-situ keratomileusis in patients with diabetes mellitus:
a review of the literature. Clin Ophthalmol 2012; 6: 1665-1674
[PMID: 23109803 DOI: 10.2147/OPTH.S36382/OPTH]
221 Gipson IK, Grill SM, Spurr SJ, Brennan SJ. Hemidesmosome
formation in vitro. J Cell Biol 1983; 97: 849-857 [PMID:
6885921]
222 Gipson IK, Spurr-Michaud SJ, Tisdale AS. Anchoring fibrils
form a complex network in human and rabbit cornea. Invest
Ophthalmol Vis Sci 1987; 28: 212-220 [PMID: 8591898]
223 McDermott AM, Xiao TL, Kern TS, Murphy CJ. Non-

107

February 15, 2015|Volume 6|Issue 1|

Sayin N et al . Ocular complications of diabetes mellitus

224

225
226

227

enzymatic glycation in corneas from normal and diabetic
donors and its effects on epithelial cell attachment in vitro.
Optometry 2003; 74: 443-452 [PMID: 12877277]
Yue DK, Hanwell MA, Satchell PM, Turtle JR. The effect
of aldose reductase inhibition on motor nerve conduction
velocity in diabetic rats. Diabetes 1982; 31: 789-794 [PMID:
6819173 DOI: 10.2337/diab.31.9.789]
Graham CR, Richard RD, Varma SD. Oxygen consumption
by normal and diabetic rat and human corneas. Ophthalmol
Res 1981; 13: 65–71 [DOI: 10.1159/000265134]
Akimoto Y, Kawakami H, Yamamoto K, Munetomo E, Hida
T, Hirano H. Elevated expression of O-GlcNAc-modified
proteins and O-GlcNAc transferase in corneas of diabetic
Goto-Kakizaki rats. Invest Ophthalmol Vis Sci 2003; 44:
3802-3809 [PMID: 12939295 DOI: 10.1167/iovs.03-0227]
Kaji Y, Amano S, Usui T, Oshika T, Yamashiro K, Ishida
S, Suzuki K, Tanaka S, Adamis AP, Nagai R, Horiuchi S.
Expression and function of receptors for advanced glycation
end products in bovine corneal endothelial cells. Invest
Ophthalmol Vis Sci 2003; 44: 521-528 [PMID: 12556378 DOI:
10.1167/iovs.02-0268]

228 Saito J, Enoki M, Hara M, Morishige N, Chikama T, Nishida T.
Correlation of corneal sensation, but not of basal or reflex tear
secretion, with the stage of diabetic retinopathy. Cornea 2003;
22: 15-18 [PMID: 12502941]
229 Awata T, Sogo S, Yamagami Y, Yamamoto Y. Effect of an
aldose reductase inhibitor, CT-112, on healing of the corneal
epithelium in galactose-fed rats. J Ocul Pharmacol 1988; 4:
195-201 [PMID: 3143793]
230 Nakamura M, Kawahara M, Morishige N, Chikama T,
Nakata K, Nishida T. Promotion of corneal epithelial wound
healing in diabetic rats by the combination of a substance
P-derived peptide (FGLM-NH2) and insulin-like growth
factor-1. Diabetologia 2003; 46: 839-842 [PMID: 12764579]
231 Abdelkader H, Patel DV, McGhee CNj, Alany RG. New
therapeutic approaches in the treatment of diabetic keratopathy:
a review. Clin Experiment Ophthalmol 2011; 39: 259-270 [PMID:
20973888 DOI: 10.1111/j.1442-9071.2010.02435.x]
232 Kheirkhah A, Casas V, Raju VK, Tseng SC. Sutureless
amniotic membrane transplantation for partial limbal stem
cell deficiency. Am J Ophthalmol 2008; 145: 787-794 [PMID:
18329626 DOI: 10.1016/j.ajo.2008.01.009]
P- Reviewer: Hong YJ, Irons BK

WJD|www.wjgnet.com

108

S- Editor: Ji FF L- Editor: A
E- Editor: Lu YJ

February 15, 2015|Volume 6|Issue 1|

World J Diabetes 2015 February 15; 6(1): 109-124
ISSN 1948-9358 (online)

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4239/wjd.v6.i1.109

© 2015 Baishideng Publishing Group Inc. All rights reserved.

REVIEW

β-cell dysfunction: Its critical role in prevention and
management of type 2 diabetes
Yoshifumi Saisho
of glycemic control and treatment failure; thus, it is
important to preserve or recover β-cell functional mass
in the management of T2DM. Since β-cell regenerative
capacity appears somewhat limited in humans, reducing
β-cell workload appears to be the most effective way to
preserve β-cell functional mass to date, underpinning
the importance of lifestyle modification and weight loss
for the treatment and prevention of T2DM. This review
summarizes the current knowledge on β-cell functional
mass in T2DM and discusses the treatment strategy for
T2DM.
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Core tip: Recent studies have revealed that a deficit
of β-cell functional mass is an essential component of
the pathophysiology of type 2 diabetes (T2DM). β-cell
dysfunction is present at the diagnosis of T2DM and
progressively worsens with disease duration. β-cell
dysfunction is associated with worsening of glycemic
control and treatment failure; thus, it is important
to preserve or recover β-cell functional mass in the
management of T2DM. This review summarizes the
current knowledge on β-cell functional mass in T2DM and
discusses the treatment strategy for T2DM.

Abstract
Type 2 diabetes (T2DM) is characterized by insulin
resistance and β-cell dysfunction. Although, in contrast
to type 1 diabetes, insulin resistance is assumed to be
a major pathophysiological feature of T2DM, T2DM
never develops unless β-cells fail to compensate insulin
resistance. Recent studies have revealed that a deficit
of β-cell functional mass is an essential component
of the pathophysiology of T2DM, implying that β-cell
deficit is a common feature of both type 1 and type 2
diabetes. β-cell dysfunction is present at the diagnosis
of T2DM and progressively worsens with disease
duration. β-cell dysfunction is associated with worsening
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INTRODUCTION
The number of patients with diabetes is countinuously
increasing all over the world. Worldwide, there were
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sensitivity decreases, insulin secretion increases to maintain
normoglycemia. Thus, insulin secretion should always
be assessed in relation to insulin sensitivity. Bergman
and Cobelli have found that this relationship between
insulin secretion and insulin sensitivity is expressed as a
hyperbolic curve, and as a result the product of insulin
sensitivity and insulin secretion is constant as long as
normoglycemia is maintained[6,7] (Figure 1). The product
of insulin sensitivity and insulin secretion, called the
disposition index, refers to insulin secretion adjusted by
insulin sensitivity and reflects true β-cell function in vivo.
Once insulin secretion is not able to sufficiently
increase to compensate the decrease in insulin sensitivity,
the insulin sensitivity-insulin secretion relationship
is shifted to the left and abnormal glucose tolerance
develops (Figure 1). In this case, the disposition index
is decreased, indicating that abnormal glucose tolerance
develops only when β -cells are no longer able to
compensate decreased insulin sensitivity.

2
3

1

Normal glucose tolerance

Impaired glucose tolerance

Insulin sensitivity

Figure 1 Insulin secretion-insulin sensitivity relationship. In a physiological
condition, when insulin sensitivity decreases, insulin secretion increases to
maintain normoglycemia (1→2), showing a hyperbolic curve. When insulin
secretion fails to compensate, the hyperbolic curve shifts to the left and
abnormal glucose tolerance develops (1→3).

382 million patients with diabetes in 2013, which will
rise to 592 million in 2035[1]. Diabetes is associated not
only with diabetic microangiopathy such as retinopathy,
nephropathy and neuropathy, but also with a 2- to 4-fold
increase in risk of cardiovascular disease[2,3]. Among the
people with diabetes, more than 90% have type 2 diabetes
(T2DM). Therefore, optimal treatment and prevention
strategies for T2DM are urgently needed.
T2DM is characterized by insulin resistance and β-cell
dysfunction. Recent evidence suggests an important role
of β-cell function in the development and management
of T2DM. In this review, the current knowledge regarding
β -cell dysfunction in T2DM is summarized and its
critical role in the prevention and treatment of T2DM is
discussed.

β -cell function in T2DM

When β-cell function is assessed using the disposition
index, a number of studies have consistently shown that
[4,8,9]
β-cell function is diminished in people with T2DM .
[9]
Using the disposition index, DeFronzo et al have shown
that β-cell function is decreased by -80% in patients
with impaired glucose tolerance (IGT) and is even less
in patients with T2DM (Figure 2). Importantly, β-cell
function starts to decline with higher plasma glucose
levels, even within the range of normal plasma glucose
levels[9], which suggests that β-cell function is already
impaired prior to the development of IGT.

β -cell mass in T2DM

If β-cell function is impaired in patients with T2DM,
what about the β-cell mass? β-cells are located in the islets
of Langerhans, which are scattered within the exocrine
pancreas. Each islet contains -1000 β -cells together
with other endocrine cells such as alpha cells, delta cells,
pancreatic polypeptide (PP) cells and epsilon cells, and a
total of -1 million islets exist in the pancreas. β-cell mass
refers to the total mass of β-cells and is approximately 1 g
in humans.
Due to the anatomical characteristics of β -cells
scattered throughout the whole pancreas, it is difficult to
visualize β-cells in vivo, and direct measurement of β-cell
mass in vivo in humans remains to be established[10,11].
Thus, to date, the measurement of β-cell mass inevitably
relies on histological analysis of the pancreas obtained
surgically or at autopsy.
Since insulin resistance and hyperinsulinemia are
often emphasized in people with T2DM, β-cell mass in
people with T2DM is also often assumed to be increased
or at least not decreased. However, based on histological
analysis, Butler et al[12] have reported that β-cell mass is
decreased by -40% and -65% in lean and obese people
with T2DM, respectively, compared with non-diabetic
controls matched for age and BMI. Other groups have

DEFICITS OF β-CELL FUNCTION AND
β-CELL MASS IN T2DM
Disposition index: A true assessment of β -cell function
T2DM is characterized by insulin resistance and β-cell
dysfunction [4,5]. However, since the development of
an insulin radioimmunoassay, it was found that in
people with T2DM, plasma insulin concentration is
rather higher than that in those with normal glucose
tolerance (NGT), indicating that insulin resistance rather
than insulin deficiency is central in the pathogenesis
of T2DM. Therefore, in contrast to type 1 diabetes,
obesity, hyperinsulinemia and insulin resistance are often
emphasized as characteristics of T2DM, and β -cell
function in T2DM is often less emphasized or even
ignored.
However, the higher plasma insulin concentration
in patients with T2DM is often confounded by a higher
plasma glucose level, which itself stimulates insulin
secretion. Moreover, insulin sensitivity also affects
insulin secretion. In normal physiological conditions,
normoglycemia is maintained under a balance between
insulin sensitivity and insulin secretion, and when insulin
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Figure 2 Insulin secretion/insulin resistance
(disposition) index (I/G ÷ IR) during 75g-oral
glucose tolerance test in individuals with normal
glucose tolerance, impaired glucose tolerance,
and type 2 diabetes as a function of the 2 h
plasma glucose concentration in lean and obese
subjects. I/G: Insulinogenic index (Insulin 0-30
min/Glucose 0-30 min); IR: Homeostasis model
assessment of insulin resistance [HOMA-IR; fasting
insulin (mU/L) x glucose (mmol/L)/22.5]. Adapted
from ref.[9]. NGT: Normal glucose tolerance; IGT:
Impaired glucose tolerance; T2DM: Type 2 diabetes;
PG: Plasma glucose.
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Recently, transdifferentiation of β-cells to alpha cells
has been suggested as a mechanism of β-cell loss in
a rodent model of diabetes[32]. This mechanism could
explain β-cell loss and the reciprocal increase in alpha
cell mass observed in humans with T2DM[15,31], although
whether an increase in alpha cell mass occurs in humans
with T2DM remains controversial[33,34].

Beta cell mass (%)

100

50

0

NGT

IFG

Association between β -cell mass and glucose
metabolism
The deficit of β-cell mass in patients with T2DM raises
the next question of whether the change in β-cell mass
is associated with the severity of glucose intolerance. It
has been reported that there is a reciprocal relationship
between β-cell mass and fasting plasma glucose level[35],
suggesting that glucose intolerance develops when the
β-cell mass decreases by -50% of the normal level. A
similar relationship has been observed in rodents[36], pigs[37]
and monkeys[38]. An increased risk of the development
of IGT or diabetes after hemipancreatectomy has been
reported in dogs and humans [39-43]. It has also been
reported that β-cell mass was decreased by -20%-40% in
patients with IGT and impaired fasting glycemia (IFG)[12,44].
We have also reported that there was a significant negative
correlation between β-cell mass and glycated hemoglobin
(HbA1c) level in non-diabetic individuals[45], suggesting
that β-cell mass is related to glucose intolerance even prior
to the development of T2DM. A significant correlation
between β-cell mass and HbA1c was also observed in
patients with T2DM[31].

T2DM

Figure 3 β-cell mass in patients with normal glucose tolerance, impaired
fasting glycemia and type 2 diabetes. Adapted and modified from the
study by Butler et al[12]. NGT: Normal glucose tolerance; IFG: Impaired fasting
glycemia; T2DM: Type 2 diabetes.

also reported a significant (-30%-40%) decrease in β-cell
mass in patients with T2DM[13-15]. These findings suggest
that deficit of β-cell mass is a common pathophysiological
feature of type 1 and T2DM (Figure 3), while the cause
and degree of the deficit are different between type 1 and
T2DM.
Mechanisms of β -cell deficit in T2DM
β-cell mass is regulated by the balance of newly formed
[16-18]
. Butler et al[12] have shown that
β-cells and β-cell loss
β-cell apoptosis is increased in patients with T2DM,
whereas neither β -cell replication nor neogenesis is
decreased, suggesting that increased β-cell loss is the
main cause of reduced β-cell mass in T2DM. Various
mechanisms that induce β -cell apoptosis have been
proposed such as hyperglycemia (glucotoxicity)[19], fatty
acids (lipotoxicity)[20], amyloid or islet amyloid polypeptide
(IAPP, also called amylin) [21-24] , oxidative stress [25] ,
inflammatory cytokines[26], mitochondrial dysfunction[27],
endoplasmic reticulum (ER) stress[28,29] and dysfunction
of autophagy[30]. A recent study suggested that several
mechanisms are simultaneously associated with β-cell
failure in humans with T2DM[31].
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Association between β -cell mass and β -cell function
The relationship between β-cell mass and β-cell function
is more complicated. Whether β -cell dysfunction in
T2DM is mainly due to a functional defect of each β-cell
or due to a defect of β-cell mass has been extensively
argued[46]. A close correlation between β-cell function
assessed by maximum acute insulin response (AIRmax)
induced by arginine infusion under a hyperglycemic state
and β-cell mass of transplanted islets has been reported[47].
On the other hand, β-cell dysfunction was markedly
improved after an overnight β-cell rest by somatostatin
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Figure 5 Change in β-cell mass with obesity. In mice, β-cell mass increases
3-fold with obesity. In humans, a 50% increase in β-cell mass has been
reported in Caucasians, while no increase was reported in Japanese. Adopted
and modified from ref.[54,59,85].

Figure 4 Relationship between postprandial C-peptide to glucose ratio
(postprandial C-peptide index) and time after diagnosis in patients with
Type 2 diabetes. Reproduced with permission from ref.[51]. PCPRI: Postprandial
C-peptide index.

recognized as hallmarks of T2DM as well as type 1
diabetes, β -cell regeneration is considered to be an
important therapeutic strategy for both types of diabetes.
Rodent studies show an adaptive change in β-cell
mass in response to obesity or pregnancy[53-58], suggesting
the presence of endogenous β-cell regenerative capacity
in the postnatal period. However, recent observation
of the human pancreas suggests that endogenous β-cell
regenerative capacity is limited in humans.
We have reported that β-cell mass in obese nondiabetic individuals is -1.2 g compared with -0.8 g in lean
non-diabetic individuals, an -50% increase[59], whereas
β-cell mass increases 3- to 10-fold in response to obesity
or insulin resistance in rodents [53,54] (Figure 5). This
striking difference in β-cell regenerative capacity between
humans and rodents suggests that the results of rodent
studies are not necessarily applicable to humans[60,61].
In humans, β-cell mass increases from -37 mg to -1
g in the first five years of life, and during this period
replicating β-cells are often observed[62,63]. However, after
that, replicating β-cells are rarely seen and β-cell mass
reaches a plateau. The β-cell mass then remains constant
during adulthood[13,59,64], suggesting that β-cell turnover
is limited in humans after the first five years of life.
Estimation of β-cell life using either 14C measurement
or cellular lipofuscin body content also suggests very
slow turnover of β-cells in adult humans[65,66]. Recent
studies have suggested that there is an increase in β-cell
neogenesis in humans with obesity, pregnancy and
IGT[67-70]; however, the extent of its contribution to β-cell
mass remains unclear. Limited β-cell regenerative capacity
has also been observed in monkeys[71,72]. Even in rodents,
β-cell regenerative capacity significantly decreases with
aging[54,73,74].
A hypothetical schema of the change in β-cell functional mass during the development of T2DM is shown
in Figure 6. The magnitude of the increased demand for
insulin due to insulin resistance caused by excess caloric
intake and physical inactivity exceeds the magnitude of
β-cell mass expansion, resulting in an increase in β-cell

infusion[48]. Thus, it remains uncertain whether β-cell
function in vivo sufficiently reflects β-cell mass in patients
with T2DM.
Meier et al [49] assessed the relationship between
β -cell mass and β -cell function in patients who had
undergone pancreatic surgery and found that there was
a significant positive correlation between β-cell mass
and β-cell function, especially postprandial C-peptide
level, suggesting that C-peptide measurement in clinical
settings reflects β-cell mass.
Taken together, these results indicate that β -cell
function and β-cell mass seem to be correlated with
each other, although on some occasions they can be
dissociated, and both β-cell function and mass seem to
decrease during the development of glucose intolerance.
Since β-cell function and mass are difficult to separate,
currently they are referred to as “β-cell functional mass”,
and it is now certain that β-cell functional mass decreases
during the development of T2DM.
Progressive decline in β -cell functional mass in T2DM
A deficit of β-cell functional mass is not only present
in patients with T2DM, but it also progressively
declines with disease duration. In the UK Prospective
Diabetes Study (UKPDS), β-cell function assessed by
homeostasis model assessment (HOMA) in patients with
T2DM was already decreased by -50% at the time of
diagnosis and progressively declined by -5% annually[50].
This also indicates that in patients with T2DM, β-cell
function starts to decline -10 years prior to the onset of
the disease. A gradual but significant decline in β-cell
function assessed by C-peptide level has been confirmed
in cross-sectional cohort studies of Japanese patients
with T2DM[51,52] (Figure 4). Intriguingly, a significant
negative correlation between β-cell mass and duration of
T2DM has also been reported[13].
Limited β -cell regenerative capacity in humans
Since deficits of β -cell function and mass are now
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(%)
200

Figure 6 Hypothesis for change in β-cell function and mass during
development of abnormal glucose tolerance. The magnitude of the
increased demand for insulin due to insulin resistance caused by excess
caloric intake and physical inactivity exceeds the magnitude of β-cell
mass expansion, resulting in an increase in β-cell workload. In individuals
who are susceptible to type 2 diabetes (T2DM), increased β-cell workload
may lead to β-cell failure and the development of T2DM. Adopted and
modified from ref.[109].
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β -cell functional mass in Asian population

T2DM is characterized by obesity, but the degree of
obesity differs between ethnic groups[79,80]. In Caucasians,
most patients with T2DM are obese, and the mean BMI
of patients with T2DM is -30 kg/m2. In contrast, the
mean BMI of Asian patients with T2DM is -23 kg/m2,
suggesting that about half of patients with T2DM are
not even overweight (i.e., BMI ≥ 25 kg/m2, the definition
of obesity in Asian countries).
The difference in adiposity between Caucasians
and Asians has been postulated to explain this ethnic
difference. Visceral adiposity is more apparent in Asians
compared to Caucasians with the same BMI[81,82], indicating
that Asians have a lower capacity for subcutaneous
fat deposition and are more vulnerable to visceral fat
accumulation compared with Caucasians. Nonetheless, a
meta-analysis of studies examining the insulin sensitivityinsulin secretion relationship in individuals with NGT
clearly showed that Asians have less insulin secretion with
higher insulin sensitivity compared with Caucasians[83].
Direct comparison of insulin sensitivity and insulin
secretion between Japanese and Caucasians showed that
most of the difference in insulin secretion between the
two ethnicities can be explained by the difference in
BMI between the two[84]. Since the incidence of T2DM
is comparable between the two ethnicities despite the
different degree of obesity[1], it is plausible that the lower
degree of obesity in Asians could be attributable to the
lower β-cell functional capacity in this population.
We have recently examined the change in β-cell mass
in Japanese obese nondiabetic individuals (mean BMI
20.4 kg/m2) compared to age- and sex-matched lean
individuals (mean BMI 28.5 kg/m2)[85]. As a result, in
contrast to the studies in Caucasians showing a significant
increase in β-cell mass with obesity[13,59], there was no
significant increase in β-cell mass in Japanese obese
individuals (Figure 5). Another Japanese study also
confirmed our findings[86]. These studies suggest that
Asians have less β-cell regenerative capacity compared
with Caucasians, which is probably derived from both
genetic and environmental factors, and the lower β-cell

3
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18-
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Figure 7 Postprandial C-peptide to glucose ratio (postprandial C-peptide
index; PCPRI) in subjects according to obesity and time after diagnosis
(0-4, 5-10, 11-17 and ≥ 18 years). There were significant differences in
PCPRI between lean (open bars) and obese subjects (solid bars) in the first
and second quartiles of time after diagnosis, but no significant difference was
observed in the third and fourth quartiles. aP < 0.05 vs obese subjects ≤ 4 yr
after diagnosis, cP < 0.05 vs lean subjects ≤ 4 yr after diagnosis, eP < 0.05 vs
lean subjects. Reproduced with permission from ref.[51].

workload. In individuals who are susceptible to T2DM,
increased β -cell workload may lead to β -cell failure
and the development of T2DM. In addition, once
hyperglycemia develops, it also causes β-cell dysfunction
and apoptosis, which further exacerbate β-cell failure.
Importantly, because insulin resistance persists, the β-cell
workload continues to increase, with a reduction in β-cell
mass. As a result, glucose metabolism progressively
deteriorates in patients with T2DM. In our retrospective
cohort, the progressive decline in β-cell function seemed
to be exaggerated in the presence of obesity in Japanese
patients with T2DM[51] (Figure 7). Another Japanese
cohort showed a decreasing trend in fasting insulin
level despite an increasing trend in BMI at the first
clinic/hospital visit of patients with T2DM during the
past ten years[75]. Recent studies have shown that even
metabolically healthy obese individuals are at increased
risk of future development of diabetes, cardiovascular
events and all-cause mortality[76-78]. Thus, weight loss itself
may be important to preserve β-cell function and improve
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Figure 8 Correlation between baseline postprandial C-peptide index and HbA1c (A) and glycated albumin (B) after 2 years. Reproduced with permission from
ref.[93]. PCPRI: Postprandial C-peptide index; GA: Glycated albumin.

greater glycemic variability[94-96].
We and others have reported that serum and urinary
C-peptide levels are negatively correlated with glycated
albumin (GA) to HbA1c ratio in patients with T2DM[97-99]
(Figure 9). Since albumin is more susceptable to glycation
than is hemoglobin[100,101], GA more sensitively reflects
glycemic variability than does HbA1c[97,102,103]. Thus, the
inverse association between C-peptide level and GA to
HbA1c ratio in patients with T2DM indicates that β-cell
dysfunction is associated with greater glycemic variability
in not only patients with type 1 diabetes but also those
with T2DM.
Notably, we found that the relationship between
postprandial C-peptide index and GA to HbA1c ratio
in patients with T2DM was comparable to that in those
with type 1 diabetes[97] (Figure 9B). This suggests that
the impact of β-cell dysfunction on glycemic variability
is irrespective of the type of diabetes, again indicating
the central role of β-cell function in the pathogenesis of
diabetes.
Recently, it has been reported that greater glycemic
variability as well as poorer glycemic control is associated with the development of micro- and macroangiopathy[104-107]. Thus, it should be stressed that greater
glycemic variability and poorer glycemic control due to
β-cell dysfunction may result in increased risk of diabetic
complications.

functional capacity in Asians may contribute the different
phenotype of T2DM between the two ethnicities. Because
of the limited capacity of β-cell regeneration in Asians,
excess β-cell workload could be induced in individuals
with less obesity compared with Caucasians, which may
lead to β-cell failure and the development of T2DM.

IMPLICATIONS FOR TREATMENT AND
PREVENTION OF T2DM
β -cell function and glycemic control

If a deficit of β-cell functional mass is a hallmark of
T2DM, what is the clinical consequence? In UKPDS
and A Diabetes Outcome Progression Trial (ADOPT),
treatment failure was associated with a progressive decline
in β-cell function[50,87,88]. In the Treatment Options for
T2DM Adolescents and Youth (TODAY) study, similar
results were observed in adolescents with T2DM, and
in this study baseline β-cell function was associated with
treatment efficacy[89]. In our retrospective cohort analysis,
we found that a lower baseline C-peptide level was
associated with poorer glycemic control and the need for
insulin therapy thereafter[90-93] (Figure 8). In these studies,
postprandial C-peptide index [i.e., postprandial serum
C-peptide (ng/mL)/plasma glucose (mg/dL) × 100]
was the best predictor of future insulin therapy among
other C-peptide indices such as fasting C-peptide index
and urinary C-peptide level. Since it was also significantly
correlated with β-cell mass[49], postprandial C-peptide
index may be a useful marker of β-cell function in clinical
settings.
Thus, poorer β-cell function is associated with poorer
glycemic control and treatment failure, indicating the
important role of β-cell function in the treatment of
T2DM.

Treatment strategy for T2DM
Since β-cell dysfunction is associated with poor glycemic
control in patients with T2DM, preservation and recovery
of β-cell functional mass is an important therapeutic
strategy for T2DM. Moreover, the current issues in the
treatment of T2DM summarized in Table 1 are, to put it
simply, all associated with either excess or insufficiency
of insulin supplementation[108]. Thus, the recovery of
physiological insulin secretion in patients with T2DM is
also a key to resolving these issues.
To preserve or recover β-cell function, a reduction in
excess β-cell workload appears to be the most effective
strategy to date. In ADOPT, better glycemic control was

β -cell function and glycemic variability

Furthermore, β-cell function is associated with glycemic
variability. In patients with T1DM, it has been reported
that lower β-cell functional capacity is associated with
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Its efficacy in reducing HbA1c (by -1.5%), low risk of
hypoglycemia, favorable effect on body weight and low
cost also support metformin as a first-line drug.
Thiazolidinediones (TZDs) have also been shown to
reduce β-cell workload and maintain glycemic control
in the long term[87,88]. Rosiglitazone has been shown to
increase low-density lipoprotein (LDL) cholesterol and the
risk of coronary heart disease in patients with T2DM[122],
and its use has been suspended or strictly restricted in
Europe and United States[123,124], although recently the
US Food and Drug Administration has lifted most of its
restrictions[125]. On the other hand, pioglitazone has been
shown to suppress the progression of atherosclerosis and
reduce the risk of cardiovascular disease[126-129]. However,
TZDs often induce weight gain and edema due to fluid
retention, and are contraindicated in patients with heart
failure[118]. Recent studies have also shown an increase in
risk of bone fracture in women[130] and risk of bladder
cancer[131-133] in patients treated with pioglitazone. The risk
of bladder cancer may be dose dependent. In addition,
since low-dose pioglitazone also reduces the risk of weight
gain and edema, it may be preferable to use pioglitazone
at lower doses, especially in women. Pioglitazone should
also be used with caution in postmenopausal women with
osteoporosis because of the increased fracture risk.
α-glucosidase inhibitors (AGIs) delay the absorption
of carbohydrate from the small intestine, and thereby
reduce postprandial hyperglycemia, resulting in reduced
β -cell workload in a postprandial state. AGIs have
also been reported to reduce the progression to T2DM
in patients with IGT [134,135]. Improving postprandial
hyperglycemia by AGIs may also improve the cardiovascular outcome[136-138]. Therefore, although the reduction in HbA1c by AGIs is relatively small (-0.5%), their
use is also considered in patients with T2DM, especially
those with postprandial hyperglycemia. The major side
effect of AGIs is gastrointestinal disturbance such as
flatulence, diarrhea and abdominal pain. In Japan, AGIs
are the only medication indicated for patients with IGT.

Table 1 Current issues in treatment of type 2 diabetes
Issue

Cause

Hypoglycemia
Weight gain
Concern of increased risk
of malignancy and/or
atherosclerosis
Postprandial hyperglycemia

Excess insulin
Excess insulin
Excess insulin, especially peripheral
hyperinsulinemia
Insufficient insulin in postprandial
state, especially in portal vein

obtained with metfomin or rosiglitazone monotherapy
compared with glyburide in patients with T2DM [87].
Thus, therapy should be focused on improving insulin
sensitivity to reduce β-cell workload.
A proposed treatment strategy for T2DM is shown
in Figure 10, as also described previously [108,109]. It is
emphasized that, to reduce β-cell workload, lifestyle
modification and weight reduction remain the most
important therapy at any stage of T2DM. Although
lifestyle modification failed to reduce the incidence
of cardiovascular disease in the Action for Health in
Diabetes (Look AHEAD) trial[110], it has been reported
that lifestyle modification improved cardiovascular risk
factors, reduced the need for and cost of medication,
reduced the rate of sleep apnea and urinary incontinence,
improved well-being and depression symptoms, and
increased the rate of diabetes remission[111-116]. In a cohort
analysis of the ADDITION-Cambridge study, it has
been reported that healthy behavioral changes after the
diagnosis of T2DM were associated with a significant
reduction in risk of cardiovascular events[117], suggesting
that early lifestyle intervention may be important to
improve cardiovascular outcome.
Metformin is currently positioned as first-line therapy
in most guidelines for the treatment of T2DM[118,119].
Since metformin is effective in lean patients as well as
obese patients with T2DM[120,121], it should be used in
both lean and obese individuals unless contraindicated.
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Functional beta cell mass (%)
Individualized combination therapy
50

IGT

T2DM

0

Time
Lifestyle modification
Biguanide (metformin)
Thiazolidinedione (pioglitazone, lower dose?)
a-Glucosidase inhibitor
DPP-4 inhibitor
GLP-1 receptor agonist

Sulfonylurea (minimal dose)
Glinide
Insulin
SGLT2 inhibitor

Figure 10 Proposed concept of treatment strategy for type 2 diabetes in relation to functional β-cell mass. α-glucosidase inhibitor is partly approved for use
in patients with impaired glucose tolerance in Japan. Medications not approved in Japan are not included in the figure. Since currently no single therapy or agent
can cure and even manage type 2 diabetes (T2DM), an effective combination of current medications in addition to lifestyle modification aiming at reduction in β-cell
workload is important to preserve or recover β-cell function. Adopted and modified from ref.[108,109]. IGT: Impaired glucose tolerance.

therapy[140-142]. Whether this physiological enhancement
of insulin secretion results in long-term maintenance of
glycemic control remains to be elucidated. Although an
increase in β-cell mass with incretin therapy has been
reported in rodent studies[143,144], this effect has not been
confirmed in humans[145-147]. Since incretin therapy is
usually well tolerated without serious adverse effects, the
use of incretin drugs is rapidly increasing[148].
Glinides, short-acting insulin secretagogues, enhance
early-phase insulin secretion, thereby reducing postprandial hyperglycemia[149]. Since a defect in early-phase
insulin secretion is a hallmark of glucose intolerance[150],
the enhancement of early-phase insulin secretion without prolonged hyperinsulinemia by glinides is more
physiological, unlike the action of SUs, and is assumed
to increase β-cell workload as well as the risk of hypoglycemia to a lesser degree compared with SUs.
Thus, the use of insulin secretagogues may be limited
because of an increase in β-cell workload as well as
increased risk of hypoglycemia. Since incretin enhances
insulin secretion in a more physiological manner and is
also expected to improve β-cell function and/or mass,
incretin drugs could be used at any stage of T2DM.

Thus, AGIs are also considered for the treatment of
T2DM at the early stage of the disease, if tolerated.
On the other hand, the use of insulin secretagogues,
which increase β -cell workload, may be somewhat
limited. Sulfonylureas (SUs), while remaining among
the most highly prescribed drugs for the treatment of
T2DM, increase the risk of hypoglycemia and weight
gain, resulting in a high rate of treatment failure [87].
These issues of SUs may be derived from their nonphysiological augmentation of insulin secretion from
β-cells.
Incretin drugs include dipeptidyl peptidase-4 (DPP-4)
inhibitors and glucagon-like peptide-1 receptor agonists
(GLP-1RAs). Both drug types reduce HbA1c mainly
through an increase in insulin secretion, but also through
suppression of glucagon secretion[139]. GLP-1RAs also
slow gastric emptying and reduce appetite, resulting in
weight loss. The most important characteristic of incretin
drugs is probably that the enhancement of insulin
secretion occurs in a glucose-dependent manner. Thus,
the action of incretin drugs as insulin secretagogues is
more physiological than that of SUs, thereby resulting in
a low risk of hypoglycemia and weight gain with incretin
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On the other hand, SUs may be used rather to enhance
incretin action at only a minimal dose. To recover
physiological insulin secretion, a combination of an
incretin drug and a glinide may also be useful.
Insulin has been shown to improve β-cell function
in patients with IGT and T2DM [151-153]. Since initial
intensive insulin therapy has been shown to preserve
[152]
β-cell function thereafter , insulin therapy should be
considered as early as possible in patients with T2DM.
Insulin therapy is also the most effective medication
to reduce HbA1c[118]. However, the increased risk of
hypoglycemia, weight gain and non-physiological insulin
delivery (i.e., systemic vs portal), in addition to the fear
of injections, limit its use. Insulin therapy to overpower
insulin resistance without eliminating excess calories may
worsen ectopic lipid overload[154].
A sodium-glucose cotransporter 2 (SGLT2) inhibitor
has recently been approved in several countries including
United States, EU and Japan. SGLT2 inhibitors suppress
reabsorption of glucose by SGLT2 in the proximal renal
tubule and increase glucose excretion in urine (-60-80
g glucose/d)[155]. As a result, SGLT2 inhibitors not only
decrease HbA1c, but also reduce body weight and blood
pressure and improve the lipid profile. The action of
SGLT2 inhibitors is independent of insulin. Thus, the
efficacy of SGLT2 inhibitors seems to be regardless of
β-cell function. SGLT2 inhibitors show a low risk of
hypoglycemia but increase the incidence of bacterial
urinary tract infections and fungal genital infections
especially in women. A higher risk of hypotension has
also been reported[156]. SGLT2 inhibitors may be suitable
for obese patients with T2DM and metabolic syndrome;
however, their longer term safety including cardiovascular
and cancer risk and efficacy remain unknown[156,157].
Nonetheless, since currently no single therapy or agent
can cure or even manage T2DM, an effective combination
of current medications in addition to lifestyle modification
aiming at reduction of β-cell workload is important to
preserve or recover β-cell function.
Finally, marked weight reduction by bariatric surgery
such as gastric bypass or sleeve gastrectomy has been
reported to markedly improve glycemic control and even
achieve remission of T2DM in severely obese T2DM
patients [158,159]. This also suggests the importance of
reducing β-cell workload, although change in incretin
secretion has also been proposed as another mechanism
by which glucose metabolism is improved after gastric
bypass. On the other hand, it has been reported that
gastric bypass markedly improved incretin’s effect on
insulin secretion, but not insulin secretion induced by
intravenous glucose infusion [160], suggesting limited
recovery of β-cell function even with marked weight loss.
Also, the remission of T2DM after bariatric surgery is
associated with residual β-cell function[161,162], indicating
the importance of residual β-cell function to manage
and/or cure T2DM.

during the development of glucose intolerance also
implies the important role of preservation or recovery of
β-cell function to prevent T2DM.
Similarly to the treatment of T2DM, prevention
strategies should focus on reducing β-cell workload or
inducing β-cell rest. These include lifestyle modification
and/or weight reduction, and use of metformin or
TZD. Lifestyle modification, i.e., nutritional therapy and
increase in physical activity, and weight reduction improve
insulin sensitivity and thereby reduce β-cell workload. A
number of studies have shown the efficacy of lifestyle
intervention to prevent the development of T2DM in
patients with IGT [163-166]. In the Diabetes Prevention
Program (DPP), intensive lifestyle modification with
more than 7% weight loss suppressed the progression
to T2DM by -58% in patients with IGT[165]. In the same
study, metformin therapy also reduced the progression
to T2DM by -31% [165]. TZDs have also been shown
to effectively suppress the progression from IGT to
T2DM[167-169]. A significant reduction in the development
of diabetes was also observed in patients with IGT
treated with AGIs[134,135]. In the Outcome Reduction with
Initial Glargine Intervention (ORIGIN) trial, adding
basal insulin was also shown to suppress progression
from IGT to T2DM [151], probably through inducing
β-cell rest. On the other hand, in the Nateglinide And
Valsartan in Impaired Glucose Tolerance Outcomes
Research (NAVIGATOR) trial, nateglinide, a shortacting insulin secretagogue, failed to show a reduction in
progression to T2DM in patients with IGT[170], suggesting
that therapeutic strategies to increase β-cell workload
may not be effective to prevent deterioration of glucose
metabolism.
Importance of empowerment of patients
Although several anti-diabetic agents have been shown to
effectively prevent the onset of T2DM, the importance
of lifestyle modification remains unchanged, since
the rapid increase in incidence of T2DM is certainly
associated with the change in diet (i.e., westernization)
and physical inactivity, resulting in increased incidence
of obesity. In the NAVIGATOR trial, it has been
reported that both baseline level and change in daily
ambulatory activity were associated with a reduced risk
of cardiovascular events in patients with IGT[171]. A sixyear lifestyle intervention program for Chinese people
with IGT showed a significant reduction in the incidence
of cardiovascular and all-cause mortality as well as
diabetes during 23 years of follow-up[172]. A combination
of diet and exercise appears more beneficial than either
alone in obese older adults[173]. Lifestyle modification may
improve cardiovascular outcomes even after the onset of
T2DM[117].
Nonetheless, it is difficult to continue lifestyle modification in most patients. Patients’ motivation is one of
the most important factors in successful patient-centered
management of T2DM[118]. Therefore, it is important
to motivate and encourage them to improve their
adherence to daily lifestyle modification. In this context,

Implications for prevention
The progressive decline in β-cell functional capacity

WJD|www.wjgnet.com

117

February 15, 2015|Volume 6|Issue 1|

Saisho Y. β-cell in T2DM

understanding the natural history of the development of
T2DM and the importance of reducing β-cell workload
to prevent or manage the disease may help to motivate or
encourage patients to adhere to daily lifestyle changes.
Furthermore, as a whole society, not only patients with
IGT or T2DM, but the healthy, general population should
also be educated to motivate or encourage them to pursue
a healthy lifestyle to prevent diseases associated with
obesity and physical inactivity, resulting in improvement
of quality of life (QOL). Changing our understanding
of T2DM and a “modern” lifestyle may be needed to
overcome this pandemic burden of T2DM all over the
world.

2

3

4
5

CONCLUSION
This review summarizes the current knowledge of β-cell
function and β-cell mass in T2DM. Recent evidence
has emerged that a deficit of β-cell function along with
β-cell mass is a hallmark of T2DM. Therefore, it is now
acknowledged that a deficit of β-cell functional mass is a
common characteristic of both type 1 and type 2 diabetes,
indicating a core pathogenesis of diabetes. Genome-wide
association studies have currently detected over 60 genetic
loci associated with T2DM, most of which are assumed
to relate to the β-cell, also indicating the imporance
of β -cells in the pathogenesis of T2DM [174-178]. It is
important to stress that diabetes never develops unless
β-cells fail to compensate insulin resistance. In addition,
β-cell function is related to treatment failure and glycemic
control, suggesting its critical role in the management of
T2DM. These findings suggest that recovery of β-cell
functional mass is an important therapeutic strategy to
manage or even cure T2DM. Although, unfortunately,
currently no treatment strategy or medication to recover
β -cell functional mass has been established, current
evidence suggests that reducing β-cell workload is most
effective to preserve β-cell functional mass. Thus, therapy
or prevention of T2DM should focus on this point, and,
therefore, lifestyle modification and weight loss remain the
most important therapeutic strategy. Use of medication
without lifestyle modification may even result in adverse
outcomes. From the point of view of prevention, we
need to tackle this pandemic burden of T2DM as a whole
society, and correct understanding of the pathogenesis of
T2DM may help motivate people to maintain a healthy
lifestyle.
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factors regulating various cell function such as enzyme
activity and protein-protein interaction via modification
of its binding affinity. Therefore, to keep cell function
normal, the pH of body fluids is maintained constant by
various systems. Insulin resistance is one of the most
important, serious factors making the body condition
worse in diabetes mellitus. I have recently found that
the pH of body (interstitial) fluids is lower in diabetes
mellitus than that in non-diabetic control, and that
the lowered pH is one of the causes producing insulin
resistance. In this review article, I introduce importance
of body (interstitial) fluid pH in regulation of body
function, evidence on abnormal regulation of body
fluid pH in diabetes mellitus, and relationship between
the body fluid pH and insulin resistance. Further, this
review proposes perspective therapies on the basis of
regulation of body fluid pH including propolis (honeybee
product) diet.

Abstract

INTRODUCTION

The pH of body fluids is one the most important key

Metabolic syndrome increases the risk developing type

WJD|www.wjgnet.com

Key words: pH; Interstitial fluid; Insulin; Binding affinity
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Core tip: This review article provides new findings on
changes of body (interstitial) fluid pH in type 2 diabetes
mellitus, the role of body (interstitial) fluid pH in
occurrence of insulin resistance, and future possibility of
treatment for type 2 diabetes mellitus from a viewpoint
of improvement of body (interstitial) fluid pH.
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Interstitial space

Receptor

Insulin

stroke, blindness, renal dysfunction, and peripheral
neuropathy. International Diabetes Federation (IDF)
reports that in 2012, 370 million people are recognized
as diabetes mellitus in the worldwide, and the number of
people with diabetes mellitus is considered to increase up
to 550 million by 2030[12]. Various types of drugs have
been developed for treatment of type 2 diabetes mellitus,
however a tremendous number of people still suffer from
type 2 diabetes mellitus. This means that although some
newly developed drugs for treatment of type 2 diabetes
mellitus are very efficient, the drugs are sill not effective to
fully treat patients suffering from type 2 diabetes mellitus.
Interstitial fluids provide circumstances where extracellular signaling molecules such as hormones and
neurotransmitters regulate cell function. This means that
alteration of interstitial fluid composition affects efficiency
of signal transduction of extracellular signaling molecules
in intracellular signal transduction. Specially, it is notable
that pH of interstitial fluids is very variable, since interstitial
fluids contain little pH buffering molecules (Figures
1 and 2). On the other hand, blood has powerful pH
buffering such as hemoglobin, albumin, etc., (Figures 1
and 2), keeping strictly pH of blood at a range between
7.35-7.45. These facts mean that even if pH of blood
stays at normal levels, 7.35-7.45, pH of interstitial fluids
would deviate from the normal range under metabolically
pathophysiological conditions. As described above,
hormones and neurotransmitters act on their receptors in
the interstitial (extracellular) fluids (spaces) but not inside
blood vessels (Figures 1 and 2). Further, it is notable
that pH regulates activity of various types of enzymes
and binding affinity of hormones and neurotransmitters
to their receptors (Figure 1). This means that pH of
interstitial fluids plays one of the most important key roles
in regulation of cell function keeping homeostasis of the
body function and condition, nevertheless unfortunately
little information on pH of interstitial fluids is available.
As mentioned above, activity of most enzymes and
binding affinity of hormones and neurotransmitters
to their receptors directly depend on pH of interstitial
fluids. Therefore, keeping normal body/cell function
requires maintenance of interstitial fluid pH within a
normal range. Energy has to be also supplied to keep
normal cell/body function. This process produces
organic acids via glycolysis and CO2 via TCA cycle (Figure
2). Under physiological conditions, these acids including
CO2 (H+ produced from CO2 and H2O) and organic
acids are extruded via the lung and the kidney to keep
pH of interstitial fluids within a normal range. However,
under metabolically pathophysiological conditions such as
diabetes mellitus, pH of interstitial fluids would become
lower; i.e., interstitial fluids become acidic. For example,
severe diabetes mellitus causes ketoacidosis detected as
lowered pH (< 7.35) of “arterial” blood even containing
strong pH buffers such as hemoglobin and albumin. This
suggests that the interstitial fluid pH with little pH buffer
in severe diabetes mellitus would be much lower than
that in normal persons. The lowered pH of interstitial

Blood

pH
7.35-7.45

Cell
H

pH buffer

+

H

+

Cell
H

+

Hb
Albumin

pH
pH
6.60-7.60

H

+

Figure 1 pH of interstitial fluid and blood, and binding affinity of insulin to
its receptor. Interstitial fluids have little pH-buffering molecules, while blood has
very strong, powerful pH buffering molecules such as hemoglobin and albumin.
Thus, even under mild but not severe metabolic disorder conditions, blood pH
is kept constant within a normal range (7.35-7.45), but interstitial fluid pH would
be lower than a normal level.

2 diabetes mellitus, cardiovascular disease and cancer,
etc., meaning that it would be a pre-stage for diseases.
Therefore, to prevent progression of metabolic syndrome
is one of the most effective strategies for prevention of
occurrence of type 2 diabetes mellitus. Insulin resistance
is one of the most important, serious factors developing
symptoms of type 2 diabetes mellitus. Patients with insulin
resistance show hypertension, one of typical clinical
symptoms for diagnosis of cardiovascular disorders[1-4].
Further, patients with hyperinsulinemia, which is generally
caused by insulin resistance, show hypertension mediated
through various types of disorders such as renal failure,
vascular dysfunction, and hyper-activation of sympathetic
nerve[5-10]. These findings suggest that preventing development of insulin resistance would be one of the most
important key subjects keeping the healthy body function.
Pathogenesis of insulin resistance means insufficiency
of insulin action on glucose uptake in skeletal muscle[11],
sustaining blood glucose at high levels after meals; this
is known as one of typical symptoms of type 2 diabetes
mellitus. The number of patients suffering from type
2 diabetes mellitus still continuously increases, and this
becomes one of the most serious worldwide social
problems[12]. Thus, clarification of mechanisms causing
insulin resistance is one of the most important key
subjects on prevention and treatment for diabetes mellitus.
Unfortunately, the mechanisms of occurrence of insulin
resistance have not yet been fully clarified.
As described above, one of the most major symptoms
of type 2 diabetes mellitus is insulin resistance causing
hyperglycemia, which leads to progression of pancreatic
β-cell dysfunction due to hyper-secretion of insulin.
Continuous hyperglycemia due to poor uptake of glucose
into cells such as skeletal muscles, adipocytes, hepatocytes,
etc., in general, irreversibly leads to macro- and microvascular complications, resulting in myocardial infarction,
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acids generated as metabolites via glycolysis such as lactic acid. H+ is directly extruded via Na+/H+ exchanger (NHE), H+-ATPase and H+-coupled monocarboxylate (MC)
transporter (MCT) from intracellular to extracellular (interstitial) spaces, and moves into blood, and binds to albumin. Further, a part of H+ produced from metabolites is
converted to CO2 and H2O consuming HCO3- via carbonic anhydrase (CA)-mediated facilitation process. To supply HCO3- consumed for conversion of H+ to CO2 and
H2O in cells, Na+-driven Cl-/HCO3- exchanger (NDCBE) and Na+-HCO3- cotransporter (NBC) participate in uptake of HCO3- into intracellular from extracellular (interstitial)
spaces. CO2 moves into red blood cell (RBC, erythrocyte) in blood via permeation across the plasma membrane of RBC due to high CO2 permeability of the plasma
membrane, and is converted to H+ and HCO3- consuming H2O via CA-mediated facilitation process. H+ produced from CO2 and H2O via CA-mediated facilitation
process in RBC binds to hemoglobin. HCO3- produced from CO2 and H2O via CA-mediated facilitation process in RBC is extruded from intracellular to extracellular
(interstitial) spaces via exchange of Cl- existing in the extracellular space by anion exchanger (AE): this exchanging step of HCO3- extrusion and Cl- uptake is so called
as Cl- shift; B: In the lung, the reversible process occurs due to low CO2 circumstances.

fluids under metabolically pathophysiological conditions
leads patients to being further worse conditions of the
disease[13,14]. Interestingly, even in pre-disease stages pH
is drastically lowered in interstitial fluids around various
tissues including the brain[15-17], developing diseases.
In this review article, I provide a new concept regarding
insulin resistance and its improvement; particularly I
discuss the role of interstitial fluid pH in cell function in
diabetes mellitus.

unlike blood containing hemoglobin and albumin, very
strong pH buffers, is as follows. If interstitial fluids have
pH-buffering proteins such as albumin, colloid osmotic
pressure of interstitial fluids becomes larger than that
without pH buffering proteins such as albumin. High
colloid osmotic pressure of interstitial fluids leads to
disturbance of transport and circulation of nutrition and
metabolites between blood and interstitial fluids across
walls of blood vessels. Namely, metabolites produced in
peripheral tissues are collected into capillaries near veins
by the larger colloid osmotic pressure in the capillary
than that in the interstitial fluid. This driving force of
metabolite collection into capillary becomes low if the
colloid osmotic pressure becomes large. Therefore, the
fact that interstitial fluids have little pH buffering proteins
is a weak point for keeping activity of hormones and
enzymes at normal levels, but is essentially required for
collection of metabolites produced in peripheral tissues

interstitial fluidS
Interstitial fluid pH kept within a normal range plays a
role as one of the most important key factors in keeping
normal cell/body functions and adaptation of body
condition as mentioned above. However, unfortunately
interstitial fluids have little pH buffers unlike blood.
The reason why interstitial fluids have little pH buffers
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Based on this suggestion[11,18-20], the total amount of H+
produced in patients with diabetes mellitus is much larger
than that in healthy persons with normal mitochondrial
function. Even in cases that blood pH in patients with
diabetes mellitus except severe cases is within a normal
range (7.35-7.45), pH of interstitial fluids would be less
than 7.35.
Other sources of H+ are ketone bodies; i.e., metabolism of fatty acids in liver generates beta-hydroxybutyrate,
which provides H+ via dissociation into beta-hydroxybutyrate anion and H+ (beta-hydroxybutyrate- + H+)[21].
Beta-hydroxybutyrate is the major ketone body (approximately 70% of total ketone bodies) produced by TCA
cycle in liver mitochondria via oxidation of free fatty acids
released from adipocytes[22]. Another major ketone body is
acetoacetate, which is converted to beta-hydroxybutyrate.
The synthesis of these ketone bodies in liver mitochondria
is, in general, occurs in response to an unavailability of
blood glucose, contributing to overall energy metabolism.
The ketone bodies produced in liver mitochondria are
transported via blood to extra-hepatic tissues such as
skeletal muscles and heart muscles. Under conditions with
an unavailability or low availability of blood glucose, the
transported ketone bodies such as beta-hydroxybutyrate
and acetoacetate to muscles are used as sources of acetyl
CoA, which is utilized in TCA cycle in mitochondria of
muscles for generation of ATP[23]. Further, fatty acids
can be converted to acetyl CoA without formation of
ketone bodies, meaning that fatty acids are sources of
ATP in mitochondria. However, when amounts of fatty
acids is very large, abundant ketone bodies are produced
in liver mitochondria and the amount of ketone bodies
are exceeds the metabolizing capacity in mitochondria of
muscles[23]. In this case, the body produces a large amount
of ketone bodies, leading to elevation of H+ concentration
(lowered pH) as mentioned above. This means that when
low utilization of glucose or low mitochondria function
occurs, high levels of ketone bodies appear in periphery
tissues, providing a large amount of H+ (low pH).

into capillaries. In general, the pH-buffering capacity in
blood is large enough to keep the interstitial fluid pH
constant under physiological conditions. Unfortunately,
under metabolically pathophysiological conditions, the
pH-buffering capacity in blood is not large enough to
maintain activity of hormones and enzymes in interstitial
fluids, resulting in disorders such as insulin resistance.

REGULATION AND ABNORMALITIES IN
pH OF INTERSTITIAL FLUIDS
The pH of mammalian “arterial” blood is accurately
maintained at 7.40 ± 0.05 under normal physiological
conditions. Severe metabolic disorders cause deviation of
“arterial” blood pH more than 0.05 unit from a normal
range of 7.35-7.45; i.e., pH < 7.35 is defined as acidosis or
pH > 7.45 is defined as alkalosis. Alkalosis, pH > 7.45, is
caused by vomiting of gastric juices or diarrhea (metabolic
alkalosis), or hyperventilation (respiratory alkalosis), etc.
However, long-term alkalosis rarely occurs. On the other
hand, acidosis (specially long-term acidosis) occurs in
various metabolic disorders including diabetes mellitus.
Acidosis and alkalosis are well recognized as severe
disorders of body conditions, however little information
is available on the interstitial fluid pH. Even under the
condition with normal pH (7.35-7.45) of “arterial” blood,
pH of interstitial fluids would deviate from the normal
range. Our previous reports indicate that the pH of
interstitial fluids is deviated form the normal range[15-17]
even under conditions maintained at normal “arterial”
blood pH. The pH of interstitial fluids is determined by
the content of H+ (proton) provided from organic acids
as metabolites produced at ATP synthesis in living cells.
One of typical H+ sources is lactate, CH3-CH(OH)COOH [CH3-CH(OH)-COO- + H+], which is converted
from pyruvate, CH 3-CO-COOH (CH 3-CO-COO - +
H+), a product from glycolysis. In tissues requiring much
energy (ATP) such as skeletal muscles, the anaerobically
glycolytic metabolism mediates the conversion of glucose
and glycogen into lactic acid via production of pyruvate.
Under an aerobic condition, pyruvate is used for TCA
cycle conducted in mitochondria. Therefore, under
physiological conditions little amounts of lactate are
generated, and most of the final product of glycolysis
followed by TCA cycle is CO2, which is facilitated to be
converted into H+ and HCO3- by carbonic anhydrase. Of
course, CO2 is one of major sources for H+. However,
to obtain a fixed amount of ATP, the amount of H+
generated by organic acids and CO2 produced in the
process for generation of ATP mediated via both
glycolysis and TCA cycle is much smaller than that
produced only by glycolysis. Namely, under conditions
with ATP synthesis predominantly mediated via glycolysis
but not followed by function of TCA cycle, the total
amount of produced H+ is much larger than that under
conditions with ATP synthesis via glycolysis associated with
functional TCA cycle. Patients with diabetes mellitus are
suggested to have reduced mitochondria function[11,18-20].
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Metabolites influencing pH
of interstitial fluids and pHbuffering systems
Lactate is dissociated into CH3-CH(OH)-COO- + H+
under physiological conditions of pH (approximately
7.40) much higher than pKa of lactate (3.86), leading to
production of H+. In addition to lactate, as mentioned
above H + is also provided from materials such as
ketone bodies; for example, metabolism of fatty acids
in liver generates beta-hydroxybutyrate, one of typical
ketone bodies, provides H+ via dissociation into betahydroxybutyrate anion and H+ (beta-hydroxybutyrate- +
H+). The H+ produced in cells via metabolism is extruded
as a form of H+ itself or CO2 via various types of H+
transporter such as Na +/H + exchanger (NHE), H +ATPase, H+-coupled monocarboxylate transporter (MCT),
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Na+-driven Cl-/HCO3- exchanger (NDCBE), and Na+HCO3- cotransporter (NBC), etc., (Figure 2A)[24-29]. Namely,
extrusion of H+ as a form of H+ itself is mediated by
NHE, H+-ATPase and/or MCT, etc., that directly transport
H+ to the extracellular (interstitial) space. On the other
hand, NDCBE or NBC doesn’t directly transport H+,
but uptake HCO3- into the intracellular space, resulting
in production of CO2 + H2O from H+ and HCO3- via
carbonic anhydrase (CA). CO2 produced by H + and
HCO3- via a CA-facilitated process easily moves to the
extracellular space by permeating the plasma membrane,
since the plasma membrane of cells has high permeability
to CO2 (Figure 2A). Thus, H+ produced in the intracellular
space is extruded to the extracellular (interstitial) space as
a form of CO2 via consumption of HCO3- transported
from the extracellular (interstitial) space. Because, HCO3originally generated from CO2 produced via TCA cycle
in cells associated with H+ could not be a net source
for conversion to CO2 due to its origin, CO2. Thus, H+
produced from lactate, etc., in the intracellular space is
extruded to the extracellular (interstitial) space via directly
NHE/H + -ATPase/MCT, and indirectly NDCBE/
NBC. Anyway, H+ produced from metabolites such as
lactate, etc., consumes HCO3-, reducing the intracellular
concentration of HCO3- associated with a compensatory
increase in HCO3- uptake via NDCBE and NBC. The
source of HCO3- under anaerobic conditions associated
with dysfunction of mitochondria in cells such as muscles
is HCO3- in blood, which is produced from CO2 + H2O
via facilitated conversion by carbonic anhydrase in other
tissues. H+ is finally extruded from the body via the kidney
into urine. Therefore, severe overproduction of H+
spends HCO3-, being converted into CO2 an H2O (Figure
2). This CO2 produced from H+ and HCO3- moves into
red blood cells (RBC, erythrocytes), and is again converted
into H+ and HCO3- via a CA-facilitated process (Figure
2A). In red blood cells, H+ binds to hemoglobin, and
HCO3- is extruded to the extracellular space in blood via
anion exchanger (AE) (Figure 2A). Namely, even though
HCO3- is consumed in cells, HCO3- is again produced in
red blood cells, suggesting that HCO3- is not consumed
in peripheral tissues. However, HCO3- is transported
into red blood cells via AE in blood at the lung due to
low CO 2 pressure compared with peripheral tissues,
and HCO3- is converted to CO2 with H+ released from
hemoglobin (Figure 2B). CO2 produced in this process is
extruded to atmosphere (Figure 2B). Thus, via this overall
process the concentration of HCO3- in blood is reduced
under these metabolically pathophysiological conditions.
Severe overproduction of H+ causes metabolic acidosis
consuming HCO3-, pH of “arterial” blood being less
than 7.35. This acidosis has been previously recognized
to occur as results from general metabolic disorders,
however diabetes mellitus is recently indicated to be
associated with mitochondrial dysfunction[11,18-20]. This
mitochondrial dysfunction is one of main causes leading
to acidosis. Further, as mentioned above, lowered pH
is also caused by H+ dissociated from ketone bodies
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generated in liver provide, which are mainly produced via
oxidation of free fatty acids released from adipocytes[22];
representative ketone bodies are beta-hydroxybutyrate,
and acetoacetate. As described above, the synthesis of
these ketone bodies in the liver mitochondria are generally
produced in response to an unavailability of blood glucose
in muscles. Therefore, these ketone bodies are utilized as
sources of acetyl CoA for generation of ATP via TCA
cycle in mitochondria of muscles[23]. Under conditions
with mitochondrial dysfunction in muscles, these ketone
bodies generated in the liver are not utilized as sources
of acetyl CoA for generation of ATP via TCA cycle in
mitochondria of muscles[23]. Thus, under these conditions,
the ketone bodies provide a lot of H+, leading to much
lower pH (acidosis) than that under conditions with
normal mitochondrial function.
Lactate in intracellular spaces is a useful energy
source via oxidation as a respiratory fuel[30,31]. Thus, the
cytosolic lactate produced in fast muscles contracting
relatively fast at heavy exercise under physiological
conditions is extruded to the extracellular (interstitial)
space via MCTs[32,33], being delivered to oxidative tissues
via extracellular lactate shuttle through the blood[34].
Specially, in diabetes mellitus patients, lactate is generated
due to mitochondrial dysfunction even in cases of regular
exercise without heavy contraction of fast muscles[20,35]. In
most mammalian cells, MCTs participate in the transport
of lactate and other monocarboxylic acids such pyruvate,
beta-hydroxybutyrate and acetoacetate across the cellular
membrane [36-38]. It has been indicated that patients
suffering from diabetes mellitus show alteration of MCTs
expression [39,40]. Since MCTs carry monocarboxylate
with H+, MCTs function as H+ extrusion coupled with
monocarboxylate extrusion (Figure 2A), meaning that
MCTs plays important, essential roles in pH and energy
balance in patients suffering from diabetes mellitus.

ABNORMAL INTERSTITIAL FLUID pH
AND PROGRESSION OF DIABETES
MELLITUSS
As well known, insulin decreases blood glucose levels
by stimulating glucose uptake into skeletal muscle cells
via glucose transporter 4 (GLUT4), maintaining wholebody glucose homeostasis[41]. GLUT4 translocation to the
plasma membrane from intracellular store sites is the main
mechanism of insulin showing its stimulatory action on
glucose uptake into skeletal muscle cells and adipocytes.
Insulin regulates a dynamic process of GLUT4 trafficking
between the plasma membrane and its intracellular store
sites[42]. Insulin binds to its receptor located on the plasma
membrane, immediately auto-phosphorylating tyrosine
residues of the receptor. This auto-phosphorylation of
insulin receptor subsequently induces phosphorylation of
tyrosine residues of insulin receptor substrate-1 (IRS-1)
phosphorylating (activating) PI3K, which catalyzes 3’
phosphorylation of phosphatidylinositol 4,5-diphosphate,
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Figure 3 Insulin binding to insulin receptor under various pH conditions.
After serum starved for 4 h, L6 myotubes were treated with 100 nmol/L insulin
for 15 min in the HEPES buffer with different values of pH. Proteins expressed
on the plasma membrane were biotinylated and precipitated. Differentiated L6
myotubes were treated with [125I]-labeled insulin for 15 min in the indicated pH
buffers, and the radioactivities were measured after cells were washed and
suspended. The values of radioactivity from at least 6 experiments are shown.
The values are shown as the mean ± SEM. aP < 0.05, bP < 0.01 vs pH 7.4.
Modified from ref.[46] with allowance of non-profit use of figures.
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leading to activation of Akt. This PI3K/Akt-mediated
signaling pathway in the insulin-induced down-stream
pathway stimulates the intracellular translocation of
GLUT4 to the plasma membrane, elevating glucose
uptake in skeletal muscles. Dysfunction of this insulin
signal transduction leads to reduced levels of insulinstimulated glucose uptake into skeletal muscles in type
2 diabetic patients, and this dysfunction is so-called
insulin resistance[43]. Our recent study has shown that
pH of interstitial fluids is lower in Otsuka Long-Evans
Tokushima Fatty (OLETF) rats, a model in type 2 diabetes
mellitus, than normal one [15]. Many epidemiological
studies have recently reported the relationship between
metabolic acidosis and insulin resistance[44]. Organic acidsinduced acidosis would contribute to early stages in the
development of insulin resistance[15,44-46]. The relationship
between production of organic acids and development
of insulin sensitivity is an important subject in patients
suffering from type 2 diabetes mellitus [47-49]. Insulin
sensitivity and urine pH have negative correlation with
body weight and waist size[34]. Persons with metabolic
syndrome are reported to have a significantly lower value
of 24-h urine pH than that in normal persons without
metabolic syndrome[48]. Persons with higher amounts of
anion gap in metabolic acidosis associated with lower
serum HCO 3- show lower insulin sensitivity [50]. Our
recently studies[15,17] indicate that the interstitial fluid pH
in ascites, brain hippocampus and metabolic tissues in
Otsuka Long-Evans Tokushima Fatty (OLETF) rats in
early developing stages of diabetic mellitus is lower than
the normal pH (7.40). Although our studies have not
yet clarified the molecular mechanism causing lowered
pH of interstitial fluids, these phenomena would be due
to dysfunction or hypo-function of mitochondria in
diabetes mellitus[11,19,20]. As mentioned above, the pH-
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Figure 4 Phosphorylation levels of insulin receptor. After serum starvation
for 4 h, L6 myotubes were treated with 100 nmol/L insulin for 15 min in the
buffer with different pH. Total cell lysates were isolated and analyzed by
Western blotting with indicated antibodies. A: Representative blots are shown; B:
The quantative values of expression of insulin receptor using densitometry from
6 independent experiments using anti-phosphorylated-insulin receptor-β (Tyr
1146) antibody normalized to the level of total insulin receptor compared with
that in pH 7.4 buffer. The values are shown as the mean ± SEM (n = 6). aP < 0.05,
b
P < 0.01 vs pH 7.4. Modified from ref.[46] with allowance of non-profit use of
figures.

buffering capacity in the interstitial fluid is much lower
than that in the cytosol and in the blood, meaning that
pH of interstitial fluids in metabolic tissues has valuable
values depending on metabolic conditions. Therefore, we
have studied if the lowered extracellular (interstitial fluid)
pH reduces insulin action on its signaling pathways in
rat skeletal model cells[46,51]. As mentioned above, insulin
shows its stimulatory action on glucose uptake in skeletal
muscle in a phosphatidylinositol 3-kinase (PI3K)-mediated
pathway after binding to its receptor located on the plasma
membrane via phosphorylation of its receptor. Therefore,
we first studied if the insulin binding to its receptor is
affected by lowering extracellular (interstitial fluid) pH.
We have found that lowered extracellular (interstitial) fluid
pH diminishes binding affinity of insulin to its receptor
(Figure 3) associated with diminution of insulin receptor
phosphorylation (activation) (Figure 4) without any
change in expression of insulin receptor on the plasma
membrane of skeletal muscle (Figure 5) [46]. Further,
levels of phosphorylated (activated) Akt, a down-stream
molecule of insulin signaling pathway, are decreased under
conditions with lowered extracellular (interstitial fluid) pH
(Figure 6)[46]. Glucose uptake is also diminished under the
condition[46]. These observations indicate the importance
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of interstitial fluid pH in occurrence of insulin resistance.
Our report also indicates an interesting observation
regarding effects of propolis on various factors in type
2 diabetes mellitus model rats[15,16]. Propolis, a natural
compound derived from plant resins collected by
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honeybees, contains various factors such as amino acids,
steroids, phenolic aldehydes, polyphenols, sequiterpene
quinines, and coumarins, etc.[52]. Propolis has been shown
to possess anti-oxidant, anti-inflammation, and antitumor activities[53-56]. In addition to these actions, we
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have found that propolis improves insulin sensitivity[15,16].
Propolis improves (elevates) pH of interstitial fluids that
is lower in type 2 diabetes mellitus than normal one[15,16].
Lowered pH of interstitial fluids diminishes binding
affinity of insulin to its receptor (Figure 3), causing
insulin resistance[46]. Although we have no information on
molecular mechanisms how propolis improves lowered
pH of interstitial fluids in type 2 diabetes mellitus at
the present stage, these observations indicate us a very
interesting point that propolis improves insulin sensitivity
by elevating pH of interstitial fluids via recovery from
diminished insulin binding affinity to insulin receptor in
type 2 diabetes mellitus.
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Figure 8 The pH-dependent mechanism of neural cell function in diabetes
mellitus with dysfunction of mitochondria. Neural cells with dysfunction of
mitochondria synthesize ATP required for maintenance of neural cell function
only or mainly via glycolysis. Thus, neural cells with dysfunction of mitochondria
produces much larger amounts of H+ than neural cells with normal function
of mitochondria. H+ produced by glycolysis in neural cells with dysfunction
of mitochondria [11,18-20] is released to the extracellular space, lowering pH
of interstitial fluids [15-17] including the fluids in synaptic clefts. Lowered pH
of synaptic cleft fluid diminishes the binding affinity of neurotransmitters to
their receptors[67]. Thus, activity of neural cells is diminished at lowered pH of
synaptic cleft fluid. Namely, the amount of neurotransmitters released into the
synaptic cleft is large enough for generation of action potential under conditions
with normal function of mitochondria. However, the amount of neurotransmitters
released into the synaptic cleft is insufficient for generation of action potential
under conditions with dysfunction of mitochondria, since lowered pH of synaptic
cleft diminishes the binding affinity of neurotransmitters to receptors. Modified
from ref.[17] with allowance of free use of figures.

FLUIDS SECRETED INTO
GASTROINTESTINAL LUMINAL SPACE
AND FROM SEWEAT GLAND IN
DIABETES MELLITUS
As mentioned above, the interstitial fluid has lower pH
in type 2 diabetes mellitus than non-diabetic control. In
addition to the interstitial fluid, I discuss about pH of
fluids secreted from glands and gastrointestinal fluids.
Before discussing about pH of those fluids, I should
mention that these fluids are not secreted for maintenance
of intracellular ionic conditions unlike the interstitial
fluids. As mentioned above, pH of the interstitial fluids
is lowered as a result from high production of H+ due to
mitochondrial dysfunction and/or disability of glucose
in muscles, neurons and, etc. On the other hands, pH of
fluids secreted from glands and gastrointestinal fluids is,
in general, not directly influenced by high production of
H+ due to mitochondrial dysfunction and/or disability of
glucose in muscles, neurons and etc. When mitochondrial
dysfunction and/or disability of glucose occur in gland
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+

or gastrointestinal cells, H+ produced in these cells is, in
general, extruded to the extracellular space across the
basolateral membrane (so called interstitial fluid) but not
to the luminal space across the apical membrane by H+
transporter such as NHE, H+-ATPase and etc. However, a
study[57] indicates that the amounts of acid secreted from
gastric gland under the basal condition and in response
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to cholecystokinin are larger in diabetes than that in nondiabetic control. This suggests that the intra-gastric pH
in diabetes is lower than that in control. On the other
hand, HCO3- secretion from pancreas in response to
secretin shows no difference between diabetes and nondiabetic control[57]. Further, observations on sweating in
diabetes are reported[58,59]. Most studies on sweating in
diabetes are focused on blood flow around sweat glands
and blood-flow-dependent amounts of sweat secretion
without studies on ionic composition[58,59], although a
study indicates that Cl- concentration is not changed in
diabetes[60].

2
3

4
5
6

ALZHEIMER’S DISEASE in DIabetes
mellitus and pH of interstitial
fluid

7
8

Patients with type 2 diabetes mellitus have been suggested
to have a high risk of developing dementia and Alzheimer’s
disease with defective memory functions[61]. Insulin is
suggested to be necessary for neuronal survival within the
central nervous system[62,63]. Fluctuating levels of blood
glucose resulting from dysfunction of insulin (insulin
resistance) leads neurons including central nervous system
to apoptosis, formation of neuritic plaques, neurofibrillary
tangles, energy starvation, and altered acetylcholine levels
in the hippocampus, which are observed in Alzheimer’s
disease[64,65]. Hippocampus is an important region participating in memory function[66]. We have found that pH
of interstitial fluid around hippocampus is lower in type 2
diabetes mellitus model OLETF rats than that in normal
ones (Figure 7), suggesting diminution of neuronal
activity around hippocampus (Figure 8)[17,67].
Therefore, we suggest that maintenance of the interstitial fluid pH at the normal level or the recovery of the
“interstitial” pH to normal from lowered levels would be a
key factor in developing molecular and cellular therapies for
metabolic brain disorders including Alzheimer’s disease.
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CONCLUSION

16

Interstitial fluids have little pH buffering capacity.
Therefore, over production of acid metabolites lower
pH of interstitial fluids even when the intracellular and
“arterial” blood pH remains normal (Figures 1 and
2). The lowered pH of interstitial fluids causes insulin
resistance via reduced binding affinity of insulin to its
receptor (Figures 1 and 3). Acidic environments due to
dysfunction of mitochondria occurring in type 2 diabetes
mellitus lead to insulin resistance. Further, the acidic
environment occurring in the brain would be related to
diminution of neuronal function and onset of Alzheimer’s
disease (Figure 8).
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Ipragliflozin: A novel sodium-glucose cotransporter 2
inhibitor developed in Japan
Tsuyoshi Ohkura
glucose excretion increased to 90 g/24 h after 28 d of
treatment with ipragliflozin 300 mg/d. Twelve weeks
of ipragliflozin 50 mg/d vs placebo reduced glycated
hemoglobin and body weight by 0.65% and 0.66
kg, respectively, in Western T2DM patients, and by
1.3% and 1.89 kg, respectively, in Japanese patients.
Ipragliflozin (highly selective SGLT2 inhibitor) improves
glycemic control and reduces body weight and
lowers hypoglycemic risk and abdominal symptoms.
Ipragliflozin can be a novel anti-diabetic and antiobesity agent.
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Core tip: Ipragliflozin is highly selective for sodiumglucose cotransporter 2 (SGLT2) inhibitor. Twelve weeks
of ipragliflozin 50 mg/d vs placebo decreased HbA1c
and body weight by 0.65% and 0.66 kg, respectively,
in Western patients, and by 1.3% and 1.89 kg,
respectively, in Japanese patients. The highly selective
SGLT2 inhibitor ipragliflozin improves glycemic control
and reduces body weight, and lowers hypoglycemic risk
and abdominal symptoms. Ipragliflozin has potential as
a novel anti-diabetic and anti-obesity agent.
Ohkura T. Ipragliflozin: A novel sodium-glucose cotransporter 2
inhibitor developed in Japan. World J Diabetes 2015; 6(1): 136-144
Available from: URL: http://www.wjgnet.com/1948-9358/full/v6/
i1/136.htm DOI: http://dx.doi.org/10.4239/wjd.v6.i1.136

Abstract
Sodium-glucose cotransporter 2 (SGLT2) inhibition
induces glucosuria and decreases blood glucose levels
in diabetic patients and lowers hypoglycemic risk.
SGLT1 is expressed in the kidney and intestine; SGLT1
inhibition causes abdominal symptoms such as diarrhea
and reduces incretin secretion. Therefore, SGLT2
selectivity is important. Ipragliflozin is highly selective
for SGLT2. In type 2 diabetes mellitus (T2DM), urinary
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INTRODUCTION
Type 2 diabetes mellitus (T2DM) is characterized by insulin
resistance and defective insulin secretion[1]. Hyperglycemia
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is caused by glucose influx exceeding glucose outflow
from the plasma compartment[2]. In the fasting state,
hyperglycemia is related to increased hepatic glucose
production[2]. In the postprandial state, further glucose
excursions result from insufficient glucose output
suppression and defective insulin stimulation of glucose
disposal in target tissues [2]. Once the renal tubular
transport maximum for glucose exceeds, glycosuria curbs,
but does not prevent further hyperglycemia[2].
Oral hypoglycemic agents include insulin secretagogues [sulfonylureas, meglitinides, and dipeptidyl
peptidase-4 (DPP-4) inhibitors] and insulin sensitizers
[metformin and thiazolidinediones (TZDs)][3]. α-glucosidase inhibitors decrease glucose absorption. The
American Diabetes Association (ADA) and the European
Association for the Study of Diabetes recom-mend
metformin as the first-line oral therapy[2,3]. If the glycated
hemoglobin (HbA1c) target is not achieved by 3 mo,
either sulfonylurea, TZD, DPP-4 inhibitor, GLP-1
receptor agonist, or basal insulin should be combined with
metformin[2].
The ADA recommends lowering HbA1c to < 7.0% to
reduce microvascular disease incidence[4]. However, only
approximately half of T2DM patients achieve this[3,5].
Oral hypoglycemic agents have side effects: hypoglycemia
and weight gain (sulphonylureas)[6]; peripheral edema,
weight gain, and fractures (TZDs)[7]; a possible increased
risk of bladder cancer (pioglitazone)[8]; and abdominal
symptoms (metformin and α-glucosidase inhibitors).
Metformin can also cause lactate acidosis.
Few insulin sensitizers and anti-obesity agents exist.
Mazindol maintains body weight after obesity therapy and
treats obesity-related diseases such as diabetes, hypertension,
and hyperlipidemia[9], but has side effects including tremor,
nausea, vomiting, and diarrhea. Therefore, novel antidiabetic and anti-obesity agents are required.

It is pivotal for intestinal mass absorption of d-glucose
and triggers glucose-induced secretion of gastric
inhibitory polypeptide (GIP) and glucagon-like peptide-1
(GLP-1)[11]. Therefore, SGLT1 inhibition reduces incretin
secretion. Miglitol (α-glucosidase inhibitor) suppresses
GIP and increases GLP-1, reducing body weight and
improving glycemic control[12], but suppression of GLP-1
reduces insulin secretion[13]. Therefore, SGLT2 selectivity
is important. The selectivity of currently available SGLT2
inhibitors is presented in Table 1[3,14-19].
Urinary glucose excretion
Healthy Japanese subjects receiving ipragliflozin excreted
approximately 70 and 50 g of glucose/24 h after a single
300 mg dose or after multiple 50 or 100 mg doses,
respectively[20]. In healthy European subjects, ipragliflozin
dose-dependently increased urinary glucose excretion
(UGE) to a maximum of approximately 59 g/24 h
(327 mmol/24 h) (dose: 5-600 mg/d) without affecting
plasma glucose levels[21]. In T2DM, ipragliflozin increased
UGE to a maximum of approximately 90 g/24 h after
28 d of treatment with 300 mg/d[22]. Therefore, SGLT2
inhibitors increased UGE more in T2DM patients
compared with healthy subjects [3]. Human exfoliated
proximal tubular epithelial cells (HEPTECs) from T2DM
patients expressed significantly more SGLT2 and the
facilitative glucose transporter GLUT2 than cells from
healthy individuals[23]. Renal glucose uptake in HEPTECs
isolated from T2DM patients was markedly increased
compared with that in healthy controls[23]. Therefore, renal
glucose transporter expression and activity is increased
in T2DM[23]. In T2DM patients, ipragliflozin increases
glycosuria directly proportional to the glomerular filtration
rate (GFR) and degree of hyperglycemia, so it can be
reliably predicted for individuals[24]. Although absolute
glycosuria decreases with declining GFR, ipragliflozin
efficiency is maintained in patients with severe renal
impairment[24].

SODIUM-GLUCOSE COTRANSPORTER
TYPE 2

Effect of ipragliflozin on the pharmacokinetics of other
medications
AUCinf or Cmax of single doses of sitagliptin, pioglitazone, or glimepiride[25] were unaffected by multiple
doses of ipragliflozin; the combination was well tolerated
in healthy subjects [25]. Ipragliflozin (300 mg qd) and
metformin together were well tolerated in T2DM patients;
the addition of ipragliflozin did not result in a clinically
relevant change in the pharmacokinetic properties of
metformin[26]. Dose adjustments may not be required
when ipragliflozin is administered with other glucoselowering drugs[25].

The kidney is important in glucose metabolism; it is a
target for therapeutic intervention[10]. Sodium-glucose
cotransporter 2 (SGLT2) mediates glucose reabsorption
from the proximal renal tubule[10]. SGLT2 inhibition
induces glucosuria and lowers blood glucose in diabetes,
and a lowers hypoglycemic risk[10].
Ipragliflozin is an SGLT2 inhibitor first released in
Japan (Figure 1)[3]. Here studies on ipragliflozin and other
SGLT2 inhibitors are reviewed.

PHARMACOLOGY, MODE OF ACTION,
AND PHARMACOKINETICS

Effect of moderate hepatic impairment on the
pharmacokinetics of ipragliflozin
Moderate hepatic impairment had no clinically relevant
effects on the single-dose pharmacokinetics of ipragliflozin and its major metabolite[27]. A single oral dose of
ipragliflozin 100 mg was well tolerated in healthy subjects

In vitro SGLT inhibition
Two types of SGLT exist: SGLT1 and SGLT2. SGLT1
is expressed in the kidney and intestine; intestinal SGLT1
inhibition causes abdominal symptoms such as diarrhea.
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Table 1 Sodium-glucose cotransporter 2 selectivity of sodium-glucose cotransporter 2 inhibitors
Company
Phlorizin
Ipragliflozin
canagliflozin

IC50 for human SGLT1/SGLT2 (nmol/L)

SGLT2 selectivity (fold)

210/34.6
1876/7.38
684/4.4

6
254
155

1391/1.12

1242

8300/3.1
8444/2.9
3990/2.26

2680
2912
1770

Astellas
Johnson and Johnson
Mitsubishi Tanabe
Bristol-Myers Squibb
AstraZeneca
Boehringer Ingelheim
Chugai
Taisho

Dapagliflozin
Empagliflozin
Tofogliflozin
luseogliflozin

SGLT2 selectivity was calculated by using the following formula: IC50 value for SGLT1/IC50 value for SGLT2. IC50:
Half maximal (50%) inhibitory concentration; SGLT: Sodium–glucose cotransporter.
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Figure 1 Chemical structure of sodium-glucose cotransporter 2 inhibitors in late-stage clinical trials.

and those with moderate hepatic impairment[27].

twice daily for 12 wk significantly reduced HbA1C by
0.79%, 0.76%, 0.70%, 0.92%, and 0.95%, respectively,
compared with reductions of 0.22% for placebo (all
P < 0.001), and 0.74% for sitagliptin[30]. The adjusted
mean difference in HbA1c between placebo and 100 mg
canagliflozin was -0.54%[30] (Figure 2). Dapagliflozin 2.5, 5,
and 10 mg reduced HbA1c by 0.67%, 0.70%, and 0.84%,
respectively[31]. Empagliflozin 5, 10, and 25 mg for 12 wk
reduced HbA1c by 0.4%, 0.5%, and 0.6% compared with
placebo (+0.09%)[32]. Ipragliflozin reduced HbA1c levels
when added to metformin (-0.87 ± 0.66), pioglitazone
(-0.64 ± 0.609), or sulfonylurea (-0.83 ± 0.717)[3,33].

EFFICACY AND COMPARATOR STUDIES
WITH OTHER SGLT2 INHIBITORS
HbA1c
In Western T2DM patients, a 12-wk treatment with
ipragliflozin 12.5, 50, 150, and 300 mg/d reduced HbA1c
by 0.49%, 0.65%, 0.73%, and 0.81%, respectively, compared
with placebo treatment (Figure 2)[28]. In Japanese patients,
12-wk treatment with ipragliflozin 12.5, 25, 50, and 100
mg/d reduced HbA1c by 0.61%, 0.97%, 1.29%, and 1.31%,
respectively, compared with placebo treatment[29].
Canagliflozin 50, 100, 200, 300 mg/d and 300 mg
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Figure 2 The adjusted mean difference in HbA1c from baseline to 12 wk
between placebo and the standard dose of sodium-glucose cotransporter
2 inhibitors. A: 50 mg ipragliflozin in Westerners; B: 50 mg ipragliflozin in
Japanese; C: 100 mg canagliflozin in Westerners; D: 10 mg dapagliflozin in
Westerners; E: 25 mg empagliflozin in Westerners.

Figure 3 The adjusted mean difference in body weight from baseline
to 12 wk between placebo and the standard dose of sodium-glucose
cotransporter 2 inhibitors. A: 50 mg ipragliflozin in Westerners; B: 50 mg
ipragliflozin in Japanese; C: 100 mg canagliflozin in Westerners; D: 10 mg
dapagliflozin in Westerners; E: 25 mg empagliflozin in Westerners.

treatment at 12.5, 50, 150, and 300 mg/d decreased
fasting plasma glucose (FPG) by 0.84, 1.10, 1.30, and
1.68 mmol/L, respectively compared with placebo[28].
In Japanese T2DM patients, 12.5, 25, 50, and 100 mg
ipragliflozin decreased FPG from baseline by 15.6, 23.7,
34.1, and 46.9 mg/dL (0.87, 1.32, 1.89 and 2.60 mmol/L)
compared with +12.0 mg/dL for placebo[29].

inconsistent[34]. Small dose-related increases in 24-h urine
volumes were observed (107-470 mL above baseline
volumes of 1.8-2.2 L)[34].
Canagliflozin 100 and 300 mg for 26 wk significantly
reduced systolic BP by 3.7 and 5.4 mmHg, respectively,
compared with placebo (both P < 0.001)[37]. Diastolic BP
was also reduced by 1.6 and 2.0 mmHg, respectively[37].
Minimal changes in heart rate were observed with
canagliflozin 100 and 300 mg compared with placebo
(-1.6, -0.5, and +1.4 beats/min, respectively) [37] .
Empagliflozin 25 mg for 12 wk decreased systolic blood
pressure by 3.4 mmHg, and diastolic blood pressure by 1.7
mmHg, but there was no significant difference compared
with placebo[32]. Overall, SGLT2 inhibitors reduced blood
pressure by approximately 2-6 mmHg.

Body weight
In T2DM patients, SGLT2 inhibitors ipragliflozin,
dapagliflozin, and canagliflozin reduced body weight by
approximately 2 kg[3] (Figure 3). In Western individuals,
the standard dose of 50-mg ipragliflozin for 12 wk
reduced body weight by 0.66 kg[28]. In Japanese T2DM
patients, 12-wk of placebo or 12.5-100 mg ipragliflozin
treatment reduced body weight by 0.39 kg and 1.46-2.10
kg, respectively[29]. Twelve-weeks of canagliflozin 100
mg [30] , dapagliflozin 10 mg [34] , or empagliflozin 25
mg[32] reduced body weight by 2.28, 2.7, and 2.06 kg,
respectively.
Most weight loss in patients receiving dapagliflozin
is related to visceral and subcutaneous fat loss[3,35]. After
24-wk of dapagliflozin treatment at 10 mg/d, placebocorrected changes were -2.08 kg body weight, -1.52 cm
waist circumference, -1.48 kg total body fat mass, -258.4
cm3 visceral adipose tissue, and -184.9 cm subcutaneous
adipose tissue[3,35]. Compared with placebo, 26.2% more
patients achieved weight reduction of at least 5%[3,35].

Beta-cell function
Chronic hyperglycemia induces β-cell dysfunction and
insulin resistance[38]. SGLT2 inhibitors improve glucose
toxicity and glycemic control[3]. There are no clinical
reports on effect of ipragliflozin on β-cell function but
ipragliflozin increased insulin content in the pancreas and
suppressed the loss of insulin-positive cells in islets of
db/db mice, an animal model of T2DM[3,39].
Compared with placebo, canagliflozin 100 mg/d for
12 wk significantly improved β-cell function as assessed
by homeostasis model assessment 2 (HOMA2)-%B (
measure of fasting insulin secretion)[30]. Another study
reported improvements in β-cell function following 26-wk
treatment with canagliflozin 100 and 300 mg compared
with placebo, with increases in HOMA2-%B of 12.4 and
22.8, respectively[37].
Proinsulin/insulin (PI/I) ratio reflects β-cell dysfunction associated with the onset and progression of
T2DM[40,41]. Mitiglinide improved the postprandial insulin
secretion profile, suppressed the postprandial glucose
spike, and improved the PI/I ratio in T2DM patients
with low insulin resistance and low triglyceride levels[42].

Blood pressure
SGLT2 inhibitors decrease blood pressure via osmotic
diuresis induced by glucose in the urine earlier during
treatment[3]. Ipragliflozin 50 mg for 16 wk reduced systolic
blood pressure by 3.2 mmHg and diastolic blood pressure
by 2.5 mmHg, without hypotension[36]. Dapagliflozin for
12 wk reduced systolic blood pressure by 2.6-6.4 mmHg,
with no clear dose-dependent relationship, but changes
in diastolic blood pressure and heart rate were small and
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Hypoglycemia
In a multi-center Japanese study of 361 patients randomized to receive either ipragliflozin (12.5, 25, 50, or 100
mg/d) or a placebo for 12 wk, a single mild symptomatic
hypoglycemic event (not confirmed by plasma glucose
measurement) occurred in one patient in the 100-mg
ipragliflozin group[29]. In ipragliflozin phase 3 trial, only one
patient in each of the ipragliflozin 50 mg (67 patients) and
300 mg (68 patients) dose groups experienced treatmentemergent hypoglycemia[29]. In T2DM patients, ipragliflozin
did not significantly increase the incidence of hypoglycemic
events compared to placebo, even in combination with
other hypoglycemic agents[3,48]. Hypoglycemic events were
reported in 6%-10% of patients treated with dapagliflozin,
with no dose-dependent relationship, compared with
4% and 9% for placebo and metformin, respectively[34].
There were no symptomatic hypoglycemic events with
a fingerstick glucose of ≤ 50 mg/dL[34]. In canagliflozin
phase 3 trial, the incidence of hypoglycemia was similar
for canagliflozin 100 and 300 mg and placebo (3.6%,
3.0%, and 2.6%, respectively), with no report of severe
hypoglycemia[37]. Therefore, these data suggest that SLGT2
inhibitors lowers hypoglycemic risk.

Dose-related decreases in proinsulin/insulin ratio of 0.5
and 0.8 pmol/mIU were observed with canagliflozin at
100 and 300 mg, respectively, compared with placebo,
and decreases in proinsulin/C peptide ratio were also
seen with both doses of canagliflozin[37]. These results
suggest that SGLT2 inhibitors improve β-cell function.
Insulin resistance
To date, there are no clinical reports on effect of ipragliflozin on insulin resistance. However, reductions in
HOMA2 insulin resistance after dapagliflozin treatment
at 2.5 and 10 mg for 12 wk were significantly larger
compared with placebo[43]. The most precise method to
assess insulin resistance is the glucose clamp technique[44].
Results of a hyperinsulinemic-euglycemic clamp study
demonstrated that within 3 d of completing 2-wk
of dapagliflozin treatment, Zucker diabetic fatty rats
displayed improved glucose utilization accompanied by
reduced glucose production and enhanced glucose influx
into liver tissue[16]. In a clamp study of T2DM patients,
12-wk of dapagliflozin treatment increased glucose
disposal rates[3,45]. There are few glucose clamp studies of
SGLT2 inhibitors because the method is complex and
expensive[46]. Recently, a novel insulin resistance index
“20/(fasting C-peptide × fasting plasma glucose),” to
estimate the insulin resistance index was derived from the
glucose clamp method[46]. This index will evaluate insulin
resistance in clinical studies.

Osmotic diuretic effect
Ipragliflozin caused a mild 1.5%-2.0% increase in hematocrit at all doses[29]. Similarly, blood urea nitrogen (BUN)
was also mildly increased by 1.0-2.2 mg/dL compared with
placebo[29].

SAFETY, EFFICACY, AND TOLERABILITY

Cancer risk
An increased incidence of bladder and breast cancer was
indicated in patients receiving dapagliflozin compared
with controls[47]. Data on bladder and breast cancer were
retrieved from regulatory databases and other sources to
produce a pool of 5501 patients (at least 5000 patient-years
of exposure to dapagliflozin), and a total of 3184 patients
(at least 2350 patient-years of exposure to placebo or an
active comparator)[49,50]. Nine cases of bladder cancer were
identified in patients treated with dapagliflozin compared
with one case in patients receiving placebo[49,50]. The
number of observed cases exceeds the expected number
in the general diabetic population[47]. UTIs may increase the
risk of bladder cancer. However, early detection after short
exposure and potential detection bias related to frequent
urinalysis mitigate against a causative relationship [47].
Therefore, no robust conclusions can be drawn, pending
accumulation of long-term data[47].
There were 9 cases of breast cancer in the dapagliflozin
group (2223 patients) compared with one case in the
placebo group (1053 patients), diagnosed within the first
year of the study[47]. These figures were higher than the
predicted number of 7.1 cases based on the Surveillance
Epidemiology and End Results (SEER) program [51].
It remains uncertain whether the use of dapagliflozin
is associated with an increased risk of breast cancer
and further studies are needed[47]. There are no reports

Genito-urinary tract infections
A meta-analysis of 45 clinical trials indicated that SGLT2
inhibitors increased the risk of urinary and genital tract
infections [odds ratios, 1.42 (95%CI: 1.06-1.90) and 5.06
(95%CI: 3.44-7.45)], respectively, probably a result of
glucosuria[47].
In ipragliflozin phase 3 trial, treatment-emergent
urinary tract infections (UTIs) were reported in 32/412
patients across all treatment groups, including placebo[28].
Infections were symptomatic and asymptomatic in 9
and 23 patients, respectively[28]. A total of 14 patients
experienced treatment-emergent genital tract infections
but there was no evidence that the frequency was related
to the dose of ipragliflozin[28]. All events were treated with
antifungal or antibacterial agents and were resolved prior
to the final study visit (except three)[28]. In canagliflozin
phase 3 trial, the incidence of genital mycotic infections,
UTIs, and osmotic diuresis-related adverse events was
higher in the treatment group[37]. UTIs were observed in
5%-12% of dapagliflozin-treated patients (with no clear
dose relationship) compared with 6% of placebo-treated
patients and 9% of metformin-treated patients[34]. Genital
infections were observed in 2%-7% of dapagliflozin
treated patients, 0% of placebo-treated patients, and
2% of metformin-treated patients[34]. Therefore, STLT2
inhibitors might increase the risk of UTIs.
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capacity for insulin secretion[58,59]. The body mass index
(BMI) of Japanese T2DM patients was significantly
correlated with insulin secretion ability in a meal tolerance
test; the insulin secretion ability diminished in patients
with BMI < 20 kg/m2[60]. Other reported complications
associated with familial renal glucosuria include episodes
of ketosis, UTIs, and natriuresis[61]. SGLT2 inhibitors
increase blood ketone bodies[62]. Low insulin secretion
ability and lean stature in Asian patients receiving SGLT2
inhibitors may increase the risk of ketosis; therefore,
caution is required.

indicating that other SGLT2 inhibitors are associated with
an increased risk of cancer[3].
Safety and tolerability of metformin combination therapy
A meta-analysis of 20 randomized, double-blind studies
demonstrated SGLT2 inhibitors administered with
metformin significantly decreased the incidence of
diarrhea[52]. However, the addition of SGLT2 inhibitors
increased the risk of genital infection[52]. Despite some
limitations, SGLT2 inhibitors have a favorable safety
profile, and combination therapy with metformin is well
tolerated[52].

Conclusions and place in therapy
alongside other SGLT2 inhibitors

Patient-focused data on quality of life, satisfaction, and
acceptability
One study investigated effect of ipragliflozin on quality
of life[28]. Outcomes were assessed using the European
Quality of Life-5 Dimensions (EQ-5D)[53], Audit of
Diabetes-Dependent Quality of Life (ADDQoL) [54],
and Diabetes Medication Satisfaction (Diab-MedSat)
questionnaires[55]. No differences were observed in EQ5D domains or ADDQoL scores at week 12[28]. However,
mean changes in EQ-5D visual analogue scale scores
from baseline to week 12 showed positive changes in the
treatment groups, suggesting improvements in perceived
health status [28]. Changes in Diab-MedSat scores for
burden and symptoms were small and similar across all
treatment groups, but changes in the efficacy score from
baseline to week 12 were greater for the ipragliflozin
groups[28]. Another study reported that changes from
baseline to week 12 in EQ-5D domains and ADDQoL
scores were small across all treatment groups but with a
non-statistically significant trend for improvement in the
ipragliflozin treatment groups[33]. These results suggest
that the SGLT2 inhibitor ipragliflozin may improve the
quality of life in T2DM patients.

SGLT2 inhibitor ipragliflozin improves glycemic control
and reduces body weight, especially in Japanese T2DM
patients. Furthermore, ipragliflozin lowers hypoglycemic
risk and abdominal symptoms and can be safely used
with sulphonylureas, metformin, pioglitazone, and DPP4
inhibitors. SGLT2 inhibitors are likely to improve β-cell
function and insulin sensitivity. They offer great potential
as novel anti-diabetic and anti-obesity agents. Ipragliflozin
is particularly effective for Japanese T2DM patients with
a greater abdominal visceral fat relative to abdominal
subcutaneous fat than Caucasians. Ipragliflozin is a highly
selective SGLT2 inhibitor, and lower hypoglycemic risk
and abdominal symptoms.
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REVIEW

Pathological consequences of C-peptide deficiency in
insulin-dependent diabetes mellitus
Ahmad Ghorbani, Reza Shafiee-Nick
diabetes mellitus (type-1 diabetes). In this metabolic
syndrome, in addition to decrease of endogenous insulin,
the plasma level of connecting peptide (C-peptide) is also
reduced due to beta cell destruction. Studies in the past
decade have shown that C-peptide is much more than a
byproduct of insulin biosynthesis and possess different
biological activities. Therefore, it may be possible that
C-peptide deficiency be involved, at least in part, in the
development of different complications of diabetes. It has
been shown that a small level of remaining C-peptide is
associated with significant metabolic benefit. The purpose
of this review is to describe beneficial effects of C-peptide
replacement on pathological features associated with
insulin-dependent diabetes. Also, experimental and
clinical findings on the effects of C-peptide on wholebody glucose utilization, adipose tissue metabolism and
tissues blood flow are summarized and discussed. The
hypoglycemic, antilipolytic and vasodilator effects of
C-peptide suggest that it may contribute to fine-tuning
of the tissues metabolism under different physiologic or
pathologic conditions. Therefore, C-peptide replacement
together with the classic insulin therapy may prevent,
retard, or ameliorate diabetic complications in patients
with type-1 diabetes.
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Core tip: In type-1 diabetes, in addition to decrease
of endogenous insulin, the plasma level of connecting
peptide (C-peptide) is also reduced due to beta cell
destruction. Therefore, it may be possible that C-peptide
deficiency be involved in the development of diabetic
complications such as retinopathy, nephropathy,
neuropathy and cardiovascular diseases. In this
paper, beneficial effects of C-peptide replacement on
pathological features associated with type-1 diabetes

Abstract
Diabetes is associated with several complications
such as retinopathy, nephropathy, neuropathy and
cardiovascular diseases. Currently, insulin is the main
used medication for management of insulin-dependent
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at the A-chain/C-peptide junction or by prohormone
convertase type 1/3 at the B-chain/C-peptide junction.
Then, carboxypeptidases H removes two pairs of amino
acids located at both cleaved junctions providing the des
forms of proinsulin (des-31,32 and des-64, 65). Finally,
endopeptidase type 1/3 and type 2 recognizes des-64,65
proinsulin and des-31, 32 proinsulin, respectively, leading
to release of insulin and C-peptide from proinsulin.
C-peptide facilitates the correct folding of proinsulin
to allow form two disulfide bridges between A- and
B-chains of insulin and therefore plays an essential role in
biosynthesis of insulin[6,8]. In most species only one form
of proinsulin has been described. However, in rats and
mice two proinsulin isoforms I and II have been found[9].
Increase of blood glucose leads to secretion of an
equimolar amount of insulin and C-peptide into the
portal circulation[7]. However, the liver rapidly uptakes
insulin because of single pass effect and only 50% of
insulin reaches to the systemic circulation with a half-life
about 4 min. On the other hand, C-peptide is primarily
metabolized by kidney and has a circulating half-life
about 30 min which is the reason for its higher plasma
concentration than insulin[5,7]. The level of C-peptide in
fasting and postprandial conditions varies between 0.3-1
nM and 1.5-2.5 nmol/L, respectively[10].
Since C-peptide and insulin are secreted from beta
cells in equimolar concentrations, measuring serum
C-peptide is an estimate of residual beta cell function and
can be used to differentiate between patients with T1D
and T2D[6]. However, the mean C-peptide concentration is
higher in diabetic patients with renal diseases insufficiency
compared with those have normal renal function. Therefore, in sever renal failure, the serum C-peptide assay is
unreliable for assess residual beta cells[6,11,12].

are described. Also, experimental and clinical findings
that support the hypoglycemic, antilipolytic and
vasodilator effects of C-peptide are discussed.
Ghorbani A, Shafiee-Nick R. Pathological consequences of
C-peptide deficiency in insulin-dependent diabetes mellitus.
World J Diabetes 2015; 6(1): 145-150 Available from: URL:
http://www.wjgnet.com/1948-9358/full/v6/i1/145.htm DOI:
http://dx.doi.org/10.4239/wjd.v6.i1.145

INTRODUCTION
Diabetes mellitus is still an increasing health problem in
both developing and developed countries. World Health
Organization reported (August, 2011) that, 346 million
people have diabetes worldwide and 3.4 million patients
died from diabetes-related complications in the year
2004. Diabetes is generally classified into two main types:
insulin-dependent diabetes mellitus [type-1 diabetes
(T1D)] which is a state of insulin deficiency because of
destruction of islet beta cells, and non-insulin-dependent
diabetes mellitus [type-2 diabetes (T2D)] which is
characterized by resistance to the action of insulin[1].
Poor control of diabetes is associated with several
complications such as nephropathy, retinopathy, neuropathy and cardiovascular diseases[1]. Currently, insulin
is the main used medication for management of T1D[2].
Even though early-onset complications may be controlled
by insulin therapy, it remains difficult to achieve normal
glycemic control and late-onset complications occur in
many of diabetic patients[3,4]. In addition to decrease
of endogenous insulin, the level of connecting peptide
(C-peptide) is also reduced in the plasma of patients
with T1D due to autoimmune destruction of beta cell[5].
Although for many years C-peptide has been considered
as a byproduct of insulin biosynthesis, data from several
lines of studies reveals the beneficial actions of C-peptide
replacement in prevention of metabolic changes and
structural alterations in T1D[6]. Therefore, one cannot
rule out the possibility that C-peptide deficiency may also
be involved, at least in part, in the development of some
pathological features associated with T1D. This article
reviews the current understanding of biological effects
of C-peptide and the beneficial actions of C-peptide
replacement on preventing or ameliorating the T1Drelated complications.

BIOLOGICAL EFFECTS OF C-PEPTIDE
Effects of C-peptide on glucose utilization
Experimental studies on diabetic rats showed that
C-peptide prolongs the hypoglycemic effect of insulin[13]
and increases whole-body glucose utilization [9,14,15].
The glucose lowering effect of C-peptide was also
investigated in human. Hoogwerf et al[16] have shown
no effect by C-peptide on blood glucose level in healthy
subjects or patients with T1D. However, Johansson and
coworkers demonstrated that infusion of physiological
concentrations of C-peptide to patients with T1D
augments whole body glucose utilization by approximately
25%[17]. Also, Oskarsson et al[18] showed that C-peptide
hasten the insulin-induced hypoglycemia in diabetic
patients. Activation of glucose metabolism by short time
C-peptide infusion in healthy controls and in patients with
T1D was also reported by Wilhelm et al[19].
The augmented whole body glucose utilization is most
probably a result of increased muscle glucose uptake
rather than inhibition of hepatic gluconeogenesis[20]. In
normal rats, we observed that adipose tissue glucose
consumption was not affected by C-peptide[21]. Direct

C-PEPTIDE SYNTHESIS AND SECRETION
In pancreatic beta cells, proinsulin is transferred in
vesicles from rough endoplasmic reticulum to Golgi
apparatus, where the vesicles are directed into a regulated
secretion. During this transition of vesicles, three
peptidases participate in proinsulin posttranslational
processing to generate insulin and C-peptide[7]. First,
proinsulin is cleaved by prohormone convertase type 2
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examinations under in vitro condition confirmed that
C-peptide stimulates the rate of glucose transport to
muscle strips obtained from healthy subjects or patients
with T1D[22]. Also, Zierath et al[23] showed that C-peptide
dose-dependently increases glucose uptake into human
skeletal muscle through a mechanism shared partly
with insulin. Although the exact pathway involved in
this effect of C-peptide is still unknown, incubation of
isolated muscle strips with a cAMP analogue abolishes
the C-peptide-stimulated glucose transport.
Regarding metabolic actions of C-peptide, it should be
considered that although this peptide at low physiological
concentrations mimics insulin effects, however in the
presence of high level of insulin (e.g., in the postprandial
condition) the concomitant elevated level of C-peptide
may blunt the insulin’s peripheral effects[21,24]. It is possible
that high levels of C-peptide induce a desensitization
processes which may be recovered after a period of its
absence.

OTHER BIOLOGICAL EFFECTS OF
C-PEPTIDE
Interaction with insulin
In the presence of C-peptide, insulin hexamers in solution
becomes undetectable. Also, subcutaneous injection of
an insulin and C-peptide mixture to diabetic patients
accelerates the increase of insulin levels in plasma and in
comparison with injection of insulin alone utilizes more
glucose. Therefore, it seems that C-peptide increases
disaggregation of insulin by binding to insulin oligomers
and thereby enhances the availability of monomeric
(biologically active form) insulin[39].
Protection of endothelium
It has been reported that C-peptide is able to inhibit
leukocyte-endothelium interaction induced by thrombin
or by NG-nitro-L-arginine methyl ester. This effect of
C-peptide may be important in protection of vasculature
against inflammatory disorders such those observed in
T1D[40].

Effect of C-peptide on adipose tissue
Soon after discovery of C-peptide, Solmon et al [25]
examined the effects of pork and beef C-peptide on
adrenocorticotropin-induced lipolysis in rats, but no
significant effects were found. Subsequently, Yu and
coworkers tested the effect of supraphysiological
concentrations of porcine C-peptide on the lipolysis in
isolated adipocytes from rats and found an insignificant
antilipolytic effect [26]. Using an ex-vivo organ culture
method, we observed a similar insignificant reduction
in basal lipolysis of rat retroperitoneal adipose tissue[21].
Because it has been reported that some effects of
C-peptide appear only in diabetes condition[9,27,28], we
examined whether C-peptide alters lipolysis in diabetic
rats. Our data showed that C-peptide like insulin
significantly inhibits isoproterenol-stimulated lipolysis[29].
Therefore C-peptide may act, conditionally, as an antilipolytic hormone and may be involved in fine-tuning of
lipid metabolism.

EFFECTS OF C-PEPTIDE ON DIABETIC
COMPLICATIONS
Effects on diabetic nephropathy
Different aspects of the diabetic renal pathogenic
abnormalities can be improved by C-peptide in T1D
(Figure 1). In diabetic rats, C-peptide decreases urinary
protein excretion[41-43], reduces glomerular hyperfiltration
rate and restores the renal functional reserve[42-44]. These
beneficial effects have also been demonstrated in insulindependent diabetic patients [17,45]. In a clinical study,
patients were administered insulin alone or in combination
with C-peptide by subcutaneous infusion pump for
4 wk. While combination therapy led to decrease of
glomerular filtration rate and protein excretion after 2
wk, the insulin alone was ineffective[45]. Johansson et al[46]
extended the period of C-peptide therapy to 3 mo and
reported a significant decrease in the rate of protein
excretion in patients receiving combination of insulin
and C-peptide. In line with these findings, Zerbini et
al[47] found a decreased C-peptide/creatinine ratio in
the plasma of T1D patients with nephropathy when
compared with those without albuminuria[47]. Microscopic
examinations have showed that in diabetic rats, C-peptide
reduces the hypertrophy of mesangial matrix in glomeruli
of the kidneys[48]. Several mechanisms are postulated
for beneficial effects of C-peptide on renal function
including inhibition of apoptosis, increase of Na+, K+ATPase activity and interaction with the signaling pathway
of growth factors[49,50]. Activation of the key signaling
molecules such as phospholipase C and protein kinase
C followed by phosphorylation of extracellular-signalregulated kinase and c-Jun N-terminal kinase have
been shown in human renal tubular cells treated with

Effects of C-peptide on circulation
Patients with T1D show reduced tissues blood flow
despite intensive insulin therapy and good management
of glucose control [30]. C-peptide has been shown to
enhance blood flow of kidney [17], nerve [31], skeletal
muscle[32], myocardium[30,33] and skin[34]. The vasodilator
effect of C-peptide is mediated by stimulation of nitric
oxide release from endothelial cells[35-37]. Wallerath et al[35]
reported that physiological postprandial concentration
of C-peptide is able to activate endothelial nitric oxide
synthase (eNOS) and stimulating nitric oxide production.
Forst et al[38] showed that intravenous infusion of C-peptide
to patients with T1D increases plasma concentration of
cGMP, as an index of nitric oxide activity[38]. This finding
is in agreement with earlier report that in diabetic rats the
C-peptide induced glucose utilization is sensitive to eNOS
inhibition[9].
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Figure 1 Proposed mechanisms (dashed rectangles) by which C-peptide may prevent, retard, or ameliorate diabetic complications in patient with type-1
diabetes. ↓: Decrease; ↑: Increase.

C-peptide[49]. Regarding beneficial effects of C-peptide,
we should emphasis that some of the C-peptide beneficial
effects are limited to animals or patients who show very
low or missing C-peptide plasma levels[9,27,28]. Therefore,
the nephroprotective effect of C-peptide may represent a
therapeutic goal for patients with T1D.

CONCLUSION
According to data presented in this paper, C-peptide is
much more than a byproduct of insulin synthesis and
has several biological actions such as hypoglycemic,
antilipolytic and vasodilator effects. These biological
effects suggest that it may act as a hormone to contribute
in fine-tuning of the tissues metabolism under different
physiologic or pathologic conditions. In T1D diabetes, in
particular, it was found that patients who conserve low but
sustained secretion of endogenous C-peptide show better
metabolic control and less retinopathy, nephropathy and
neuropathy than patients who have become fully C-peptide
and insulin deficient[56-60]. These beneficial effects are
demonstrated only in T1D models. It is possible that in
physiological conditions, C-peptide produces its maximum
effect and induces some levels of desensitization
processes in phosphorylation mediated actions, especially
nitric oxide-dependent pathways. Recovering the C-peptide
mechanism of action during a period of its absence is
in good agreement with the experimental results in T1D
models. Therefore, present data suggest the possibility
of a clinically applicable role for C-peptide replacement,
together with the classic insulin therapy, to prevent, retard,
or ameliorate diabetic complications in patient with T1D.

Effects on diabetic neuropathy
Accumulating evidence suggests that C-peptide can
prevent, retard, or ameliorate neuropathy in T1D (Figure
1) [51-57]. Decreased level of Na +, K +-ATPase activity
and reduced nitric oxide formation are considered as
contributor factors to pathogenesis of diabetic neuropathy. It has been shown that C-peptide prevents the
neural Na+, K+-ATPase defect and the nerve conduction
velocity reduction[52]. In study of Cotter et al[31] C-peptide
at physiologic doses improved sensory and motor
nerve conduction velocity in STZ-induced diabetic
rats through increase of nitric oxide release. Ekberg et
al[58] demonstrated that C-peptide improves vibration
perce-ption in patients with T1D[58]. C-peptide also may
prevent cognitive dysfunction by its antiapoptotic effect
in the brain particularly in the hippocampus[51-54]. The
antiapoptotic property was also confirmed by Li et al[59]
who showed that C-peptide, in the presence of insulin,
inhibits high glucose-induced apoptosis in neuroblastoma
cells. There are also clinical evidence that autonomic
dysfunction can be ameliorated by C-peptide replacement.
Infusion of C-peptide to patients with T1D increases
the heart rate variability during deep breathing and the
heart rate brake index after tilting[55]. In contrast to insulin
alone, administration of a combination of C-peptide and
insulin improves heart rate during deep breathing in T1D
patients[46].
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REVIEW

Adiponectin: Probe of the molecular paradigm associating
diabetes and obesity
Kakali Ghoshal, Maitree Bhattacharyya
acts as a hormone with anti-inflammatory and insulinsensitizing properties. Adiponectin secretion, in contrast
to secretion of other adipokines, is paradoxically
decreased in obesity which may be attributable to
inhibition of adiponectin gene transcription. There
are several mechanisms through which adiponectin
may decrease the risk of type 2 diabetes, including
suppression of hepatic gluconeogenesis, stimulation of
fatty acid oxidation in the liver, stimulation of fatty acid
oxidation and glucose uptake in skeletal muscle, and
stimulation of insulin secretion. To date, no systematic
review has been conducted that evaluate the potential
importance of adiponectin metabolism in insulin
resistance. In this review attempt has been made to
explore the relevance of adiponectin metabolism for
the development of diabetes mellitus. This article also
identifies this novel target for prospective therapeutic
research aiming successful management of diabetes
mellitus.
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Core tip: Diabetes mellitus and related metabolic
disorders like obesity, dyslipidemia are emerging as
major global health challenges in recent era. Adiponectin,
an adipokine demands profound importance in the field
of metabolomics due to its potential role in all these
complications. Plasma adiponectin concentration is
remarkably lower in subjects with metabolic disorders
predicting its significant role as an important biomarker
in disease prognosis. We have attempted to enlighten
adiponectin function stretching its role as a modulator
associating these metabolic obstacles. We believe, this
article will surely contribute to the fundamental and
clinical research in the field of diabetes and related
complications.

Abstract
Type 2 diabetes is an emerging health challenge all over
the world as a result of urbanization, high prevalence
of obesity, sedentary lifestyle and other stress related
factors compounded with the genetic prevalence. The
health consequences and economic burden of the
obesity and related diabetes mellitus epidemic are
enormous. Different signaling molecules secreted by
adipocytes have been implicated in the development
of obesity and associated insulin resistance in type
2 diabetes. Human adiponectin, a 244-amino acid
collagen-like protein is solely secreted by adipocytes and
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of uptaking sedentary lifestyle with less or no work at all,
increasing the chances of getting obese. Obesity which
is a major global threat virtually affecting both developed
and developing countries. In Central America easy access
to high calorie food and adoption of sedentary lifestyle
has increased the prevalence of both diabetes and
obesity[9] where in developing countries like countries in
Latin America[10] and East Asia rise in income has shifted
the mass from low calorie whole grain diet to high calorie
processed foods which is far energy dense affecting not
only the adults but the children and adolescents as well.
BMI or body mass index and WC or Waist Circumference
is two major parameters to measure obesity[11]. Higher
value of BMI (30 kg/m2) and WC increases the risk of
type 2 diabetes, high cholesterol, high blood pressure and
heart disease.
Type 2 is the most prevalent form of diabetes accounting 90%-95% of the cases, especially in developed
countries [12]. According to recent estimates of the
International Obesity Task Force, up to 1.7 billion people
of the world’s population are at a heightened risk of weightrelated, non-communicable diseases such as type 2 diabetes
which is majorly a lifestyle disorder (International Diabetes
Federation, 2004). According to International Diabetes
Federation India accounts for the largest number of
people (50.8 million) suffering from diabetes in the world,
followed by China (43.2 million) and United States (26.8
million). This metabolic syndrome is closely associated with
different macro and microvascular disorders[13] (Table 1).
The most prevalent diabetic macrovascular complication
is Cardiovascular disorder (CVD)[14], which in turn is
associated with environmental risk factors as well as genetic
predisposition. Antidiabetic drug metformin is particularly
useful for overweight and obese diabetic patients. Our
earlier report indicates that metformin is particularly useful
to restore the antioxidant status of cells hampered in type 2
diabetes stress[15].
Therefore type 2 diabetes and obesity interplays
together to exert more deteriorating effect incorporating
other metabolic syndromes such as CVD, dyslipidemia
and hypertension[16-25].

Ghoshal K, Bhattacharyya M. Adiponectin: Probe of the molecular
paradigm associating diabetes and obesity. World J Diabetes
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INTRODUCTION
Rapid urbanization and change in life style has intensified
the prevalence of obesity and dyslipidemia which plays
crucial role in developing diabetes mellitus across the
globe. Diabetes mellitus is a major public health concern
with 382 million individuals being affected worldwide in
2013. Type 2 diabetes mellitus (T2DM) constitutes one
of the major forms of diabetes disease burden associated
with remarkably accelerated rates of microvascular
obstacles and macrovascular disorders. Obesity and its
association with developing type 2 diabetes is an interesting
area of research for scientists in recent years. Insulin
resistance is one of the earliest hallmarks of the prediabetic state and results from a complex interplay
between obesity-favoring environmental factors, such as
unrestricted supply of high-caloric foods and markedly
increased sedentary lifestyle combined with a permissive
genetic background. The high incidence is attributed to
a combination of genetic susceptibility plus adoption
of a high-calorie, low-activity lifestyle mainly by urban
population.
Adipose tissue was long been identified as an energy
storage organ but in recent times extensive studies
revealed the role of adipose tissue as an important
endocrine organ with a number of metabolic activities;
thus its function as a storage organ is now far from
reality[1]. Adiponectin, an adipose tissue derived hormone,
is lower in obese subjects than their lean counterparts[2].
Epidemiological studies revealed that patients with
diabetes and cardiovascular disease (CVD) has lower
amount of adiponectin in their serum [3,4], and low
serum adiponectin level can be an excellent predictor of
developing type 2 diabetes and associated CVD in later
stage[5-8]. Thus the role of adiponectin hormone as a
potential biomarker for predicting the occurrence of type
2 diabetes is evolving as an interesting area in the study
of metabolomics. In this review we aimed to highlight
the potential beneficiary function of adiponectin in type
2 diabetes, dyslipidemia and obesity considering both
genetic and biochemical approach.

ADIPONECTIN: STRUCTURE AND
RECEPTORS
The correlation between rapidly emerging type 2 diabetes
and obesity still remained a major question for researcher.
It was hypothesized that metabolic dysfunction may
cause to acquire obesity which in turn can develop type
2 diabetes. Adipocyte, the major energy storing cell is
a storage site of a number of hormones as well whose
prime function remains to govern lipid metabolism.
Major adipocyte derived hormones are adiponectin,
leptin, resistin and visfatin[26]. Leptin and adiponectin
exerts positive effect on lowering blood glucose whereas
resistin tends to increase blood glucose levels (Figure 1).
Reported for the first time by Scherer et al[27], 1995,

OBESITY AND DIABETES: MAJOR
GLOBAL THREATS OF THIS MILLENNIUM
In modern times rapid urbanization and change in lifestyle
has increased the prevalence of obesity in manifold,
especially the young generation has modified their food
habits with high calorie junk foods. Furthermore rapid
development of technology has increased the tendency
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Figure 1 Adipocyte-derived proteins with antidiabetic actions include leptin, adiponectin,
omentin and visfatin; other factors tend to
raise blood glucose including resistin, Tumor
necrosis factor-α and Retinol-binding protein
4. (Adapted from Mohamed-Ali et al[31] and Rosen
et al[32]). LPL: Lipoprotein lipase; HSL: Hormonesensitive lipase; NEFA: Non-esterified fatty
acids; ASP: Acylation stimulating protein; TAG:
Triacylglycerol; TNF-α: Tumor necrosis factor α;
RBP4: Retinol-binding protein; IL6: Interleukin 6.
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Structure of single-chain globular domain adiponectin
(sc-gAd) is reported (Figure 2), where globular domain is
composed of three part A, B and C respectively[30]. The
adiponectin protein can undergo proteolytic cleavage
and can form the globular form of adiponectin, where
the globular head domain has been reported to increase
the fatty acid oxidation[33]. Acrp30 is found in two forms
in serum; one is low molecular weight (LMW) trimerdimer where the other one is high molecular weight
complex. Oligomer formation of Acrp30 depends on
the formation of disulfide bond mediated by Cys-39.
Mutation of Cys-39 results in the trimers which can
easily undergo proteolytic cleavage in the collagenous
domain[34].
Yamauchi et al[35] reported for the first time about the
two adiponectin receptors which can successfully increase
AMP kinase and PPAR-alpha ligand activities as well as
can accelerate fatty acid oxidation and glucose uptake
by adiponectin. These receptors are named as AdipoR1
which is abundantly expressed in skeletal muscle and
AdipoR2 which is mainly expressed in the liver (Figure
3)[35,36].
They first successfully performed the cloning of
complementary DNAs encoding adiponectin receptors 1
and 2 (AdipoR1 and AdipoR2) by expression cloning[35].
AdipoR1 and AdipoR2 mRNA expression in the liver
and skeletal muscle increases after fasting and re-feeding
can rapidly restore these to levels equal to the original
fed state (Figure 4)[35,36]. Both of these receptors contain
seven transmembrane domains but they are structurally

Table 1 Vascular complications in type 2 diabetes
Microvascular complications
prevalence

Macrovascular complications
prevalence

Retinopathy 23.7%
Background 20.0%
Proliferative 3.7%
Nephropathy 5.5%
Peri-neuropathy 27.5%

Cardiovascular disease 11.4%
Peripheral vascular disease 4.0%
Cerebrovascular accidents 0.9%
Hypertension 38.0%

Adiponectin, also known as Acrp30 (adipocyte complementrelated protein of 30 kDa) is a protein exclusively
secreted by adipocyte having huge structural similarity
with C1 q [27] . Three monomers (30 kDa) associate
together at the globular domain to form the adiponectin
trimer, where four to six trimers associate through their
collagenous domains to form the high order structure.
Monomeric adiponectin has not been observed in the
plasma and it is believed to remain within adipocyte[28].
Human adiponectin is encoded by the ADIPOQ gene
on the chromosomal locus 3q27 consisting three exons
and two introns[29], involved in regulating glucose levels
as well as fatty acid breakdown[1]. Mouse adiponectin is a
247 amino acid long protein where human adiponectin is
a protein product of 244 amino acids consisting of four
domains, an amino-terminal signal sequence, a variable
region, a collagenous domain (cAd) consisting of 22 GlyX-Y repeats, and a carboxy-terminal globular domain
(gAd)[27]. It is the most abundant adipokines with its
serum concentration ranging from 5 to 30 μg/mL[30].
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oxidative stress[37].
It has been observed by one research group (Figure
5) that abolition of AdipoR2 eradicates β cell replication
and neogenesis, thus in presence of high energy diet
although it shows moderate insulin sensitivity initially
and shows moderate body mass, in later state it tends to

and functionally completely distinct from G-proteincoupled receptors. Mild insulin resistance has been
observed in both adipoR1 and adipoR2 knocked out mice,
but complete abolition of adiponectin activity has been
observed in adipoR1/R2 double knockout mice, resulting
in increased tissue triglyceride content, inflammation and
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develop type 2 diabetes[38]. Insulin resistance consuming
high energy diet increases obesity in wild type (WT) mice,
where normal energy diet in both WT and AdipoR2
double knocked out mice (AdipoR2 -/-) shows normal
metabolism, but AdipoR2 -/- mice with energy overload
although shows moderate insulin resistance initially but in
later stage develops type 2 diabetes.
In increased oxidation of fatty acids such as in
Nonalcoholic steatohepatitis (NASH) the expression
levels of AdipoR1/R2 and insulin receptor substrate
isoforms 2 (IRS-2) were significantly decreased, whereas
IRS-1 was significantly increased[39].

Adipocyte derived adiponectin can modulate the
functions of cardiomyocytes, endothelial cells, endothelial
progenitor cells, macrophages, leukocytes, and vascular
smooth muscles in both endocrine and paracrine manner
(Figure 6). Here we will discuss the possible roles of
this adipokine in type 2 diabetes mellitus, obesity and
dyslipidemia.
Studies in Japan showed that hypertension has a major
effect on atherosclerosis and CVD events in persons with
high body mass index with T2DM[16]. Adiponectin and its
association with lipid metabolism and increased obesity
are studied well in many populations.
Mode of actions of this potential biomarker
Adiponectin serves as a central regulatory protein in
many metabolic pathways playing crucial role in many
metabolic disorders. Its importance as a potential
biomarker in type 2 diabetes is increasing rapidly. The
major way to estimate plasma adiponectin is by Sandwich
ELISA. Lower plasma adiponectin level (< 5 μg/mL)
is associated with increasing obesity and acquiring of
metabolic disorders.

ADIPONECTIN AND ITS ROLE IN OBESITY
AND DIABETES
Although it circulates in high concentrations, adiponectin
levels are lower in obese subjects than their lean counterparts. Apart from negative correlations with measures
of adiposity, adiponectin levels are also reduced in
association with insulin resistance and type 2 diabetes[40].
Epidemiological studies in different ethnic groups revealed
that low level of plasma adiponectin, especially its HMW
form can be an important key factor for type 2 diabetes,
hypertension, atherosclerosis and myocardial infarction[41].
Other than preventing insulin resistance and adipose
tissue inflammation, adiponectin has been associated
to exert several cardioprotective roles through direct
actions on heart as well as on other vascular cells (Figure
6)[42]. Adiponectin has negative correlation with insulin
resistance, along with it maintains negative correlation
with plasma triglyceride and low density lipoproteins
(LDLs) where it has positive correlation with high density
lipoproteins (HDLs) [43]. In this review we will try to
elucidate the role of adiponectin in acquiring adiposity in
various aspects, i.e., from the metabolomic view to genetic
predisposition.
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As a key factor of the metabolic pathway: Adiponectin
has multifunctional roles in metabolic synchronization
(Figure 7). Adiponectin (ADIPOQ) an adipocyte derived
hormone activates ADIPOR1 and ADIPOR2, the two
adiponectin receptors; it also activates PPARγ ultimately
increasing the rate of β oxidation which is a major
pathway for lipid metabolism. ADIPOR1 increases the
action of number of genes including NF-kβ, TNFα, IL1,
IL4. NF-kβ[41] furthermore decreases VCAM1, ICAM1
and IL18 levels; these are important genes involved in
inflammation. ADIPOR1 also activates p38MAPK,
another gene involved in transcriptional machinery. The
action of PI3K is indirectly regulated by ADIPOR1.
P13K acts on HSP90 which again increases the action of

15

February 15, 2015|Volume 6|Issue 1|

Ghoshal K et al . Adiponectin in diabetes and obesity

Adipose tissue
Hypertrophy and hyperplasia
Oxidative/nitrative stress
Fatty acid/glucose uptake
Apoptosis and fibrosis
Inflammation

EC activation
eNOS/NO bioavailability
Apoptosis
Oxidative stress

ECs

Cardiomyocytes

Leukocyte- EC
interaction

Mobilization
EPCs
Adhesion
Migration
Senescence
Circulating number

Adiponectin

Leukocytes
Activation

Macrophages
Activation
Foam cell formation
M1
M2 polarization

VSMCs
Proliferation
Migration
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endothelial nitric oxide synthase (eNOS), which is related
to oxidative stress. ADIPOR2 activates APPL1 which up
regulates AMP-activated protein kinase 1 (AMPK1) which
again up regulates eNOS[40,41] increasing the production
of nitric oxide. Elevated AMPK also increases the
action of PEPCK ultimately increasing gluconeogenesis.
APPL1 works on Akt which increases Glut4 translocation
ultimately elevating glucose uptake of the cell[42] (Figure
7). Derived from adipocyte it comes in contact with blood
plasma and directly acts on Adipo R1/R2 receptors which
further activates/inhibits the downstream genes related to
oxidative stress and inflammation. Plasma and hemolysate
of patients of type 2 diabetes contains elevated level
of protein carbonyl content, which indicates increased
oxidative stress[44].
T-cadherin (CDH13) localizes adiponectin to the
vascular endothelium. It has been reported that T-cadherin
deficiency by siRNA knockdown prevented the ability
of adiponectin to promote cellular migration and
proliferation[45]. T-cadherin protects from stress-induced
pathological cardiac remodeling by binding with adiponectin
and activating its cardioprotective functions in mice[46].

type 2 diabetes, one by increasing insulin sensitivity and
the other way is to increase fatty acid oxidation.
APPL1, stimulated by adiponectin can interact with
both adiponectin receptors and can mediate the downstream events such as lipid oxidation and membrane
translocation of glucose transport 4 (GLUT4), thus
increasing glucose uptake (Figure 7), providing a platform
for increased insulin sensitization[47]. APPL1 also acts as a
mediator of adiponectin signaling pathways by interacting
directly with ADIPOR1/ADIPOR2 or signaling
proteins, thereby playing critical roles in cell proliferation,
apoptosis, cell survival, endosomal trafficking, and
chromatin remodelling[48]. APPL1 modulates the insulin
signalling pathway by acting with Akt and PI3K[49] (Figure
7).
The major form of storing and transporting fatty
acids is triglycerides. Adiponectin has been reported to
decrease tissue triglyceride content by increasing the
expression of CD36, a fatty acid transporter[50]. Increased
tissue TG content activates PI3K and Glut4 increasing
glucose uptake, elevating insulin resistance [51]. Thus,
lowering of tissue triglyceride content promotes insulin
sensitivity. Along with adiponectin has been also reported
to increase the expression of PPARα which further
lowers the tissue triglyceride content[50]. Some researcher

Mechanisms of action: Adiponectin exhibits two major
mechanisms of action by which it inhibits obesity and
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group has demonstrated the role of adiponectin in
activating AMPK which can stimulate β oxidation and
glucose up taking[52].
It has been established that adiponectin enhances insulinstimulated IRS-1 tyrosine and Akt phosphorylation.
Activation of the LKB1/AMPK/TSC1/2 pathway
alleviates the p70S6 kinase-mediated negative regulation
of insulin signaling, providing a mechanism by which
adiponectin increases insulin sensitivity in cells[53].
Other than playing a crucial role as an insulin
sensitizer, adiponectin also defeats obesity and obesity
onset type 2 diabetes by increasing fatty acid oxidation.
Increased fatty acid oxidation in turn also elevates insulin
sensitivity. As stated earlier, adiponectin associated
activation of AMPK phosphorylation which in turn
implements major role in fatty acid oxidation. In cultured
myotubes C2C12, adiponectin treatment has been
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associated with increased PPARα activity; expression of
some downstream genes such as suchasacyl-CoAoxidase
and carnitinepalmitoyltransferase1 has been also reported,
thus promoting fatty acid oxidation [54]. Adiponectin
induces fatty acid oxidation in muscle cells by sequential
activation of AMPK, p38 MAPK (mitogen activated
protein kinase) and PPARα[54]. It has been studied in
humans that LDL activity is correlated positively with
plasma adiponectin level, thus LPL may represent a
link between low adiponectin levels and dyslipidemia
in both nondiabetic individuals and patients with type
2 diabetes[55] where plasma TGs is negatively correlated
with LDL activity and positively with diabetic state[56].
It has been well postulated that subjects with type
2 diabetes has reduced mitochondrial content and
decreased electron transport chain activity[57]. Adiponectin
has been reported to increase mitochondrial biogenesis
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Figure 8 Hypothetical scheme of adiponectin
signaling and the regulation of mitochondrial
function in skeletal muscle (Adapted from
Civitarese et al [59]). AdipoR1: Adiponectin
receptor 1; PPARg: Peroxisome proliferatoractivated receptor gamma; LKB1: Liver kinase
B1; AMPKK: Adenosine monophosphateactivated protein kinase kinase; AMPK: Adenosine
monophosphate-activated protein kinase; ACC2:
Acetyl-CoA carboxylase 2; MEF2C: Myocytespecific enhancer factor 2C; PPARα: Peroxisome
proliferator-activated receptor alpha; PGC-1:
Peroxisome proliferator-activated receptor gamma
coactivator 1; mtTFA: Mitochondrial transcription
factor A; SOD2: Superoxide dismutase 2; ΔψM:
Mitochondrial membrane potential; ROS: Reactive
oxygen species.
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enzyme SOD2 that decreases super oxide radical (O2 •-)[60].
Oxidative stress is a major consequence of type 2
diabetes and obesity related disorders. Previously in
our laboratory we had established that hyperglycaemic
condition increases the oxygen releasing capacity of
haemoglobin which in turn boosts the effect of oxidative
stress in diabetes and CVDs[44]. Oxidative stress which is
a major indicator of inflammation correlates significantly
with adiponectin metabolic pathway. Study by a research
group demonstrates that lower adiponectin level is
significantly associated with higher inflammatory state[61].
Other than decreasing circulating free fatty acid
and lowering triglyceride content adiponectin has been
also observed to exert anti-inflammatory and antiatherogenic effects by reducing TNFα-induced monocyte
attachment to endothelial cells and inhibiting platelet
derived growth factor-BB to minimize vascular smooth
muscle cell proliferation[62]. Most adipokines can exert
pro inflammatory effects, among which adiponectin is
increasing its importance as a potential inflammatory
marker. Obesity is characterized by low grade systemic
inflammation [63]. Adiponectin inhibits the action of
TNFα which is a key pro inflammatory cytokine in both
vascular and cardiac tissue[64]. This novel cytokine has
been also reported to decrease the secretion of IL 8 from
human aortic endothelial cells (HAEC) stimulated with
TNFα, along with it also inhibits IL8 mRNA expression
induced by TNFα. Phosphorylation of IkBα is decreased
by adiponectin, but phosphorylation of ERK, SAPK/
JNK, and p38MAPK remains unaffected[65]. Adiponectin
also increases intra-cellular cAMP levels in HAEC and
increases PKA activity[65]. The inverse relationship of
adiponectin with inflammatory marker CRP has been

and oxidative capacity in mice which in turn is favorable
for glucose metabolism as well as fatty acid oxidation as
mitochondria is the major cellular site of metabolism[58].
In human model also the adiponectin stimulated
mitochondrial biogenesis has been observed[59] (Figure 8).
Adiponectin binds to its receptors which activates
AMPK and stimulates the phosphorylation of ACC2
which in turn increases fatty-acid oxidation. As previously
discussed adiponectin can activate peroxisome proliferative
activated receptor-α (PPARα) stimulating transcription
of genes in the fatty-acid oxidation pathway and
decreasing triglyceride content in muscle, thus promoting
fatty acid oxidation (Figure 8) and improving insulin
sensitivity[50,54]. Independent of changes in transcription
and mitochondrial mass, the improvements in lipid
oxidation occur in less than 6 h in mice[52]. Adiponectin
activation of AMPK by upstream kinase AMPK kinase
activates transcription of myocyte enhancer factor
2C and phosphorylation of peroxisome proliferative
activated receptor g coactivator 1-α (PGC1α), which in
turn increases mitochondrial content, oxidative capacity,
and oxidative-fibre type composition. Central to the
development of mitochondrial dysfunction is reactive
oxygen species (ROS) production, which reacts with
DNA, protein, and lipids leading to oxidative damage.
ROS production is inversely related to mitochondrial
content. Activation of the adiponectin pathway reduces
the generation of ROS by two processes: (1) Increasing
mitochondrial content, which in turn decreases the
workload for each mitochondrion leading to reduced
membrane potential (←Δψ) and lower ROS production;
and (2) adiponectin increases PGC1α activity which
increases the transcription/activity of the antioxidant
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discussed in the next paragraph of this review.
Thus adiponectin exerts several multitasking roles
and combat the prevalence of metabolic disorders like
diabetes and obesity. In first step it works as a fascinating
insulin sensitizer and in second step it increases fatty
acid oxidation. Simultaneously in all above mentioned
mode of actions it acts as an important inflammatory
marker while playing significant role in minimizing
oxidative stress. Thus adiponectin plays affluent role to
protect the metabolic harmony of the system through
various metabolic pathways and considered as one of
the potential biochemical and inflammatory biomarker in
metabolic disorders.

myocytes. Visfatin is upregulated by inflammation and
hyperglycaemia and downregulated by insulin[73]. Where
the association of visfatin with diabetes mellitus has been
well studied its correlation with adiponectin is poorly
known. Although it has been postulated in one article
that adiponectin maintains a fairly inverse relationship
with visfatin[74]. Thus activity of other adipokines with
adiponectin is still remained a major field to explore in
metabolic syndrome.
Association with other important diabetic biomarker
Adiponectin which is increasing its importance as a
potential biomarker maintains some association with
other diabetic biomarkers such as fasting insulin, Creactive protein (CRP) and homocysteine. Fasting insulin
and CRP has been observed to maintain an inverse
correlation with adiponectin level[75]. A data observed on
Asian Indian obese men revealed that serum adiponectin
level is inversely related with fasting insulin and CRP[76].
Both adiponectin and CRP is strongly associated with
insulin sensitivity where CRP is more dependent on
adiposity [77]. One study group found no significant
correlation between plasma homocysteine level and
adiponectin in patients with type 2 diabetes[78]. Although
an inverse relationship was found between adiponectin
and homocysteine in patients with type 1 diabetes but
no significant association has been reported in type 2
diabetes[79].

Correlation with other adipocyte derived hormones
Adipocyte is involved with the releasing of another
three hormones playing some roles in metabolism;
these are leptin, resistin and visfatin. Where low plasma
adiponectin has been observed in obesity, leptin levels
become significantly higher, having an inverse correlation
with adiponectin. Increased subcutaneous fat has been a
major determinant of leptin levels. The action of leptin
remains to decrease appetite, thermogenesis and increase
fatty acid oxidation[66]. The leptin signal is transmitted
by the Janus kinase, signal transducer; and activator
of transcription pathway decrease glucose, and reduce
body weight and fat [66]. One research group showed
that adiponectin is more influenced by visceral adipose
tissue where leptin is by subcutaneous adipose tissue[62]
where fasting glucose, insulin, HOMA-IR and triglyceride
has an inverse correlation with adiponectin and leptin
maintaining a fairly positive association with these
parameters[67]. It is reported that leptin/adiponectin ratio
alters in type 2 diabetes as this alteration increases insulin
resistance[68]. Another research group reported the plasma
leptin/adiponectin ratio as an important atherogenic
index[69]. Thus it can be concluded that where adiponectin
is a proinflammatory adipokine giving proatherogeneic
effect, leptin serves as an antiinflammatory molecule
giving a direct antiatherogenic effect.
The plasma level of resistin, a cysteine rich adipokine
has been observed to increase in type 2 diabetes but this
increase in level is not correlated with insulin resistance
and adiposity [70] . Another research group found a
decrease in serum resistin value in patients with type
2 diabetes[71]. Where adiponectin level is significantly
associated with lipid profile, BMI, resistin levels seem
to level independent of these attributes in patients with
type 2 diabetes mellitus [72]. Thus the association of
resistin with type 2 diabetes, obesity and dyslipidemia is
still a new field to explore; and the association of this
adipokine with adiponectin is poorly understood.
Visfatin, another adipokine maintains a direct
relationship between plasma visfatin levels and type 2
diabetes mellitus. Visfatin binds to the insulin receptor
at a site distinct from that of insulin and causes hypoglycaemia by reducing glucose release from liver cells
and stimulating glucose utilization in adipocytes and
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Genetic variants and expression of genes in adiponectin
metabolic pathway
Genetic polymorphisms in ADIPOQ gene and the genes
of its receptors has been a major reason for functional
defect of this novel adipokine. Genetic polymorphisms
of the other genes present in adiponectin metabolic
pathway may also alter the functional properties of
adiponectin and thus promoting the progression of
insulin resistance, dyslipidemia and atherogenesis. These
genetic polymorphisms have seen in many ethnic groups.
ADIPOQ gene polymorphisms were associated with the
risk of T2DM in Chinese Han population[80]. It has been
observed that rs2241767AG genotype increases the risk
of T2DM in obesity group[80]. A study in south Indian
population implies ADIPOQ gene +276 G/T and -3971
A/G polymorphisms are associated with generalized
obesity and +349 A/G with central obesity[81].
The polymorphism -1131 T/C in apolipoprotein
A5 gene is associated with postprandial hypertriacylglycerolemia, elevated small, dense LDL concentrations
and oxidative stress in non-obese Korean men [82]
and dyslipidemia in Brazilian subjects[83] (Table 2). A
significant association of -11391 G/A adiponectin gene
polymorphism with waist circumference in diabetic
patients has been observed[84]. In white Europeans, +276
G/T was associated with higher serum adiponectin
concentrations where -10066 G/A was associated with
lower serum adiponectin concentrations [85]. Genetic
polymorphisms of ADIPOR1 and ADIPOR2 are also
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Table 2 List of SNPs found in the genes of adiponectin pathway in metabolic disorders such as type 2 diabetes, obesity, dyslipidemia
and cardiovascular disorders (coursey to http://www.genecards.org/ for providing the information regarding SNP loacation)
Ref.

Gene

SL No.

Location

Variation

SNP ID

Blech et al
Blech et al[96];
Ramya et al[81]

PPARg
ADIPOQ

Wang et al[97]

ADIPOR1

Vaxillaire et al[98]

ADIPOR2

Thameem et al[99]

eNOS/NOS3

Zhang et al[100]
Rees et al[101]
Jang et al[82] and Ferreira et al[83]
Ol et al[102]
Ho et al[103]

NF-kB
PEPCK
Apolipoprotein A5 gene (APOA5)
COX-2
IL4

1
1
2
3
4
5
6
7
8
9
1
2
3
4
1
2
3
4
5
6
1
2
1
1
1
1
1

Intron 1
5’ flanking region
Intron 1
Intron 1
Intron 1
Exon 1 coding synonymous
Intron 1
Intron 1
5’ flanking region
Exon 3 splicing enhancers
Intron 1
Intron 1
Intron 1
5’ transcription factor binding site
Exon 3 splicing enhancers
Intron 1
5’ flanking region
Intron 1
Intron 1
Intron 1
Exon 3 splicing enhancers
Intron 1
5’ flanking region
5’ flanking region
5’ flanking region
5’ flanking region
5’ flanking region

Pro12Ala
−11365 C/G
-4522 C/T
-3971 A/G
+276 G/T
+45 T/G
+349 A/G
+712 G/A
-11391 G/A
Y111H T/C
+5646 A/G
+5843 A/G
-101 T/G
-8503C/T
+33371 C/T
+26314 A/G
-64241 T/G
+8645 G/C
+14645 A/T
-35361 G/A
Glu298Asp
-786 T/C
-94 insertion/deletion
-232C/G
-1131T/C
-765G/C
-590 C/T

rs1801282
rs266729
rs822393
rs822396
rs1501299
rs2241766
rs2241767
rs3774261
rs17300539
rs17366743
rs1342386
rs1342387
rs2275737
rs6666089
rs12342
rs767870
rs1029629
rs1468491
rs4766415
rs10773982
rs1799983
rs2070744
rs28362491
rs2071023
rs662799
rs20417
rs2243250

[96]

IL-6: Interleukin 6; AdipoR: Adiponectin receptors; eNOS: Endothelial nitric oxide synthase; PPARg: Peroxisome proliferator-activated receptor gamma;
COX2: Cyclooxygenase 2; NF-kβ: Nuclear factor kappa-light-chain-enhancer of activated B cells.

adipose tissue[91].
There are certain evidences that adrenomedullin
(ADM) may modulate the expression of adiponectin
gene. One group of scientists postulated that a genetic
variant in ADM gene (rs182052) alters the expression
of adiponectin gene and minimizes plasma adiponectin
levels[92]. A variation in CDH13 (rs4783244) showed
strong associations with total adiponectin and HMW
adiponectin in East Asian population where people
with this variation have significantly lower adiponectin
plasma level, but adiponectin sensitivity tends to increase,
eventually maintaining a better metabolic profile[46].
Glucocorticoids are also reported to regulate adiponectin gene expression in human adipocytes, where
TNFa does not seem to directly inhibit adiponectin
synthesis in human adipocytes[93]. SIRT1 and Foxo1, two
important genes involved in insulin sensitivity whose low
expression leads to impaired Foxo1-C/EBPa complex
formation, has been reported to decrease adiponectin
expression in obesity and type 2 diabetes[94]. CRP has
been reported to suppress adiponectin gene expression
partially through the PI3K pathway where decreased
production of adiponectin might represent a mechanism
by which CRP regulates insulin sensitivity[95].
Genetic polymorphisms which supposed to be
a screening tool of adiponectin metabolic disorder
may be overpowered by the altered gene expression of

involved in altered function of adiponectin and have
been observed by many groups (Table 2). Polymorphisms
of other pathway genes like eNOS, NF-kB, PEPCK,
IL4 (Table 2) has been also reported to play roles in
development of type 2 diabetes, thus they may correlate
with adiponectin and regulate its function.
Adiponectin gene function is not solely dependent
on gene polymorphisms rather expression levels of
certain genes may modulate its function significantly.
Both in type 2 diabetic patients and in animal models of
insulin resistance it has been observed that the mRNA
expression and secretion of adiponectin is significantly
decreased[86,87]. Very low calorie diet has been reported
to raise adiponectin mRNA level, whereas re-feeding
significantly decreases the mRNA level in morbidly obese
women[88]. AdipoR2 mRNA expression in subcutaneous
tissue is negatively associated with insulin resistance
and metabolic parameters independently of obesity
may mediate the improvement of insulin resistance in
response to exercise[89]. PPARg agonist thiazolidinedione
has been reported to increase adiponectin level in animal
models and human patients [90]. A single nucleotide
polymorphism in Pro12Ala in PPAR g is reported to
be involved in type 2 diabetes. PPARg has been found
to undergo obesity-induced and protein kinase cdk5mediated phosphorylation at Ser 273 which mediates
obesity-induced down-regulation of adiponectin in white
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Figure 9 Hypothetical model showing the interrelation between adiponectin, obesity and type 2 diabetes mellitus.

adiponectin and related genes. Both of these actions
may significantly be associated with low expression of
adiponectin which in turn is positively correlated with
insulin resistance increasing the prevalence of diabetes
and obesity.

drug treatment may be required to normalize plasma
adiponectin levels. Adiponectin replenishment therapy
is yet not possible as biologically active recombinant
adiponectin proteins are inherently unstable and difficult
to produce[108]. Certain drug classes such as antidiabetic
drugs glitazones and sulfonylureas, and angiotensin
receptor blockers, ACE inhibitors and nicotinic acid
exert beneficial effects on insulin resistance partly by
increasing plasma adiponectin levels. Others such as
tetrahydrobiopterin or certain antioxidants are also
promising in normalizing plasma adiponectin levels[109].
Omega-3 polyunsaturated fatty acids has been reported
to increase plasma adiponectin to leptin ratio in stable
coronary artery disease, thus playing a cardioprotective
role, might in turn be beneficiary for diabetes and
obesity [110]. Thus a healthy life style with some oral
supplements may increase adiponectin levels in patients
with type 2 diabetes.

Adiponectin and epigenetics
Epigenetic association of adiponectin expression is
remained a big question to answer. DNA methylation
can partly explain the link between the early exposures
to a detrimental fetal environment, where the mother
is hyperglycemic which may in turn increase the risk to
develop obesity and diabetes later in life[104]. One group
found significant correlation between the mother blood
glucose level and placental DNA methylation at cytosines
located at ADIPOQ gene proximal promoter CpG
islands[105]. Expression and methylation of ADIPOR1
gene isolated from skeletal muscle cells has been modified
after an exercise period of 6 mo in subjects who are first
degree relatives of type 2 diabetes patients[106]. But still
there are few evidences of the epigenetic modulation of
adiponectin and remains a promising field to explore.

CONCLUSION
Adiponectin, the novel adipocyte has been demonstrated
well to play crucial role in obesity and type 2 diabetes
mellitus (Figure 9). It is increasing its importance as a
potential biomarker in above mentioned diseased state
as: (1) It increases insulin sensitivity; (2) It increases fatty
acid oxidation; (3) It correlates significantly with oxidative
stress; and (4) It acts as an important inflammatory
biomarker and up/down regulates many genes in various
metabolic pathways. Thus adiponectin could be a novel
target for the therapeutic approach to treat diabetes
mellitus in near future. Recombinant adiponectin is not
effective thus altered expression of adiponectin or related

Clinical aspects
Balanced diet with adequate exercise can combat obesity
and type 2 diabetes in manifold. Although genetic
predisposition is a main key factor of these disorders
by still maintaining a well-balanced energy is still a
beneficiary supplements in preventing these disorders.
Exercise can fairly maintains plasma adiponectin levels
and thus promoting insulin sensitivity. One study shows
that aerobic exercise increases insulin sensitivity among
diabetic patients mediated by adiponectin[107], although
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pathway genes could be an effective tool for researchers
to mediate its function which in turn may minimize the
prevalence of obesity, type 2 diabetes or other metabolic
disorders.

10
11

ACKNOWLEDGMENTS
We acknowledge Council of Scientific and Industrial
Research, Govt. of India for providing research fellowship
to one of the author, Ghoshal K.

12

13

REFERENCES
1

2

3

4

5

6

7

8

9

Maeda K, Okubo K, Shimomura I, Funahashi T, Matsuzawa
Y, Matsubara K. cDNA cloning and expression of a novel
adipose specific collagen-like factor, apM1 (AdiPose
Most abundant Gene transcript 1). Biochem Biophys Res
Commun 1996; 221: 286-289 [PMID: 8619847 DOI: 10.1006/
bbrc.1996.0587]
Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK,
Boyko EJ, Retzlaff BM, Knopp RH, Brunzell JD, Kahn
SE. Relationship of adiponectin to body fat distribution,
insulin sensitivity and plasma lipoproteins: evidence for
independent roles of age and sex. Diabetologia 2003; 46:
459-469 [PMID: 12687327 DOI: 10.1007/s00125-003-1074-z]
Ouchi N, Kihara S, Arita Y, Maeda K, Kuriyama H,
Okamoto Y, Hotta K, Nishida M, Takahashi M, Nakamura T,
Yamashita S, Funahashi T, Matsuzawa Y. Novel modulator
for endothelial adhesion molecules: adipocyte-derived
plasma protein adiponectin. Circulation 1999; 100: 2473-2476
[PMID: 10604883 DOI: 10.1161/01.CIR.100.25.2473]
Hotta K, Funahashi T, Arita Y, Takahashi M, Matsuda M,
Okamoto Y, Iwahashi H, Kuriyama H, Ouchi N, Maeda
K, Nishida M, Kihara S, Sakai N, Nakajima T, Hasegawa
K, Muraguchi M, Ohmoto Y, Nakamura T, Yamashita S,
Hanafusa T, Matsuzawa Y. Plasma concentrations of a novel,
adipose-specific protein, adiponectin, in type 2 diabetic
patients. Arterioscler Thromb Vasc Biol 2000; 20: 1595-1599
[PMID: 10845877 DOI: 10.1161/01.ATV.20.6.1595]
Lindsay RS, Funahashi T, Hanson RL, Matsuzawa Y, Tanaka
S, Tataranni PA, Knowler WC, Krakoff J. Adiponectin
and development of type 2 diabetes in the Pima Indian
population. Lancet 2002; 360: 57-58 [PMID: 12114044 DOI:
10.1016/S0140-6736(02)09335-2]
Spranger J, Kroke A, Möhlig M, Bergmann MM, Ristow M,
Boeing H, Pfeiffer AF. Adiponectin and protection against
type 2 diabetes mellitus. Lancet 2003; 361: 226-228 [PMID:
12547549 DOI: 10.1016/S0140-6736(03)12255-6]
Pischon T, Girman CJ, Hotamisligil GS, Rifai N, Hu FB,
Rimm EB. Plasma adiponectin levels and risk of myocardial
infarction in men. JAMA 2004; 291: 1730-1737 [PMID:
15082700 DOI: 10.1001/jama.291.14.1730]
Nakamura Y, Shimada K, Fukuda D, Shimada Y, Ehara
S, Hirose M, Kataoka T, Kamimori K, Shimodozono S,
Kobayashi Y, Yoshiyama M, Takeuchi K, Yoshikawa J.
Implications of plasma concentrations of adiponectin in
patients with coronary artery disease. Heart 2004; 90: 528-533
[PMID: 15084551 DOI: 10.1136/hrt.2003.011114]
Barcelo A, Gregg EW, Gerzoff RB, Wong R, Perez Flores E,
Ramirez-Zea M, Cafiero E, Altamirano L, Ascencio Rivera
M, de Cosio G, de Maza MD, del Aguila R, Emanuel E, Gil E,
Gough E, Jenkins V, Orellana P, Palma R, Palomo R, Pastora
M, Peña R, Pineda E, Rodriguez B, Tacsan L, Thompson
L, Villagra L. Prevalence of diabetes and intermediate
hyperglycemia among adults from the first multinational
study of noncommunicable diseases in six Central American
countries: the Central America Diabetes Initiative (CAMDI).

WJD|www.wjgnet.com

14
15

16

17

18

19

20

21
22

23

24

25

162

Diabetes Care 2012; 35: 738-740 [PMID: 22323417 DOI:
10.2337/dc11-1614]
Uauy R, Albala C, Kain J. Obesity trends in Latin America:
transiting from under- to overweight. J Nutr 2001; 131:
893S-899S [PMID: 11238781]
WHO Expert Consultation. Appropriate body-mass index
for Asian populations and its implications for policy and
intervention strategies. Lancet 2004; 363: 157-163 [PMID:
14726171 DOI: 10.1016/S0140-6736(03)15268-3]
Chakraborty A, Bhattacharyya M. Diabetes, Hypertension
and Cardiovascular Disease-An Unsolved Enigma.
Phytotherapy in the Management of Diabetes and Hypertension
2012: 85-119
Ramachandran A. Socio-economic burden of diabetes in
India. J Assoc Physicians India 2007; 55 Suppl: 9-12 [PMID:
17927005]
Cade WT. Diabetes-related microvascular and macrovascular
diseases in the physical therapy setting. Phys Ther 2008; 88:
1322-1335 [PMID: 18801863 DOI: 10.2522/ptj.20080008]
Chakraborty A, Chowdhury S, Bhattacharyya M. Effect
of metformin on oxidative stress, nitrosative stress and
inflammatory biomarkers in type 2 diabetes patients.
Diabetes Res Clin Pract 2011; 93: 56-62 [PMID: 21146883 DOI:
10.1016/j.diabres.2010.11.030]
Saito I. Epidemiological evidence of type 2 diabetes mellitus,
metabolic syndrome, and cardiovascular disease in Japan.
Circ J 2012; 76: 1066-1073 [PMID: 22453006 DOI: 10.1253/
circj.CJ-11-1519]
Coelho VG, Caetano LF, Liberatore Júnior Rdel R,
Cordeiro JA, Souza DR. [Lipid profile and risk factors for
cardiovascular diseases in medicine students]. Arq Bras
Cardiol 2005; 85: 57-62 [PMID: 16041456]
Rizk NM, Yousef M. Association of lipid profile and waist
circumference as cardiovascular risk factors for overweight
and obesity among school children in Qatar. Diabetes Metab
Syndr Obes 2012; 5: 425-432 [PMID: 23277742 DOI: 10.2147/
DMSO.S39189]
Fletcher B, Berra K, Ades P, Braun LT, Burke LE, Durstine
JL, Fair JM, Fletcher GF, Goff D, Hayman LL, Hiatt WR,
Miller NH, Krauss R, Kris-Etherton P, Stone N, Wilterdink J,
Winston M. Managing abnormal blood lipids: a collaborative
approach. Circulation 2005; 112: 3184-3209 [PMID: 16286609
DOI: 10.1161/CIRCULATIONAHA.105.169180]
Wilson PW, D’Agostino RB, Levy D, Belanger AM,
Silbershatz H, Kannel WB. Prediction of coronary heart
disease using risk factor categories. Circulation 1998; 97:
1837-1847 [PMID: 9603539 DOI: 10.1161/01.CIR.97.18.1837]
Brezinka V, Padmos I. Coronary heart disease risk factors in
women. Eur Heart J 1994; 15: 1571-1584 [PMID: 7835374]
Grundy SM, Benjamin IJ, Burke GL, Chait A, Eckel RH,
Howard BV, Mitch W, Smith SC, Sowers JR. Diabetes
and cardiovascular disease: a statement for healthcare
professionals from the American Heart Association.
Circulation 1999; 100: 1134-1146 [PMID: 10477542 DOI:
10.1161/01.CIR.100.10.1134]
Stone PH, Muller JE, Hartwell T, York BJ, Rutherford JD,
Parker CB, Turi ZG, Strauss HW, Willerson JT, Robertson
T. The effect of diabetes mellitus on prognosis and serial
left ventricular function after acute myocardial infarction:
contribution of both coronary disease and diastolic left
ventricular dysfunction to the adverse prognosis. The
MILIS Study Group. J Am Coll Cardiol 1989; 14: 49-57 [PMID:
2661630 DOI: 10.1016/0735-1097(89)90053-3]
Singer DE, Moulton AW, Nathan DM. Diabetic myocardial
infarction. Interaction of diabetes with other preinfarction
risk factors. Diabetes 1989; 38: 350-357 [PMID: 2917699 DOI:
10.2337/diabetes.38.3.350]
Smith JW, Marcus FI, Serokman R. Prognosis of patients
with diabetes mellitus after acute myocardial infarction. Am
J Cardiol 1984; 54: 718-721 [PMID: 6385680 DOI: 10.1016/

February 15, 2015|Volume 6|Issue 1|

Ghoshal K et al . Adiponectin in diabetes and obesity

26
27

28

29

30

31

32
33

34

35

36
37

38

39

S0002-9149(84)80196-4]
Rondinone CM. Adipocyte-derived hormones, cytokines,
and mediators. Endocrine 2006; 29: 81-90 [PMID: 16622295
DOI: 10.1385/ENDO: 29: 1: 181]
Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF.
A novel serum protein similar to C1q, produced exclusively
in adipocytes. J Biol Chem 1995; 270: 26746-26749 [PMID:
7592907 DOI: 10.1074/jbc.270.45.26746]
Chandran M, Phillips SA, Ciaraldi T, Henry RR. Adiponectin:
more than just another fat cell hormone? Diabetes Care
2003; 26: 2442-2450 [PMID: 12882876 DOI: 10.2337/
diacare.26.8.2442]
Siitonen N, Pulkkinen L, Lindström J, Kolehmainen M,
Eriksson JG, Venojärvi M, Ilanne-Parikka P, KeinänenKiukaanniemi S, Tuomilehto J, Uusitupa M. Association of
ADIPOQ gene variants with body weight, type 2 diabetes
and serum adiponectin concentrations: the Finnish Diabetes
Prevention Study. BMC Med Genet 2011; 12: 5 [PMID:
21219602 DOI: 10.1186/1471-2350-12-5]
Min X, Lemon B, Tang J, Liu Q, Zhang R, Walker N, Li Y,
Wang Z. Crystal structure of a single-chain trimer of human
adiponectin globular domain. FEBS Lett 2012; 586: 912-917
[PMID: 22449980 DOI: 10.1016/j.febslet.2012.02.024]
Mohamed-Ali V, Pinkney JH, Coppack SW. Adipose tissue
as an endocrine and paracrine organ. Int J Obes Relat Metab
Disord 1998; 22: 1145-1158 [PMID: 9877249 DOI: 10.1038/
sj.ijo.0800770]
Rosen ED, Spiegelman BM. Adipocytes as regulators of
energy balance and glucose homeostasis. Nature 2006; 444:
847-853 [PMID: 17167472 DOI: 10.1038/nature05483]
Fruebis J, Tsao TS, Javorschi S, Ebbets-Reed D, Erickson MR,
Yen FT, Bihain BE, Lodish HF. Proteolytic cleavage product
of 30-kDa adipocyte complement-related protein increases
fatty acid oxidation in muscle and causes weight loss in
mice. Proc Natl Acad Sci USA 2001; 98: 2005-2010 [PMID:
11172066 DOI: 10.1073/pnas.041591798]
Pajvani UB, Du X, Combs TP, Berg AH, Rajala MW,
Schulthess T, Engel J, Brownlee M, Scherer PE. Structurefunction studies of the adipocyte-secreted hormone Acrp30/
adiponectin. Implications fpr metabolic regulation and
bioactivity. J Biol Chem 2003; 278: 9073-9085 [PMID: 12496257
DOI: 10.1074/jbc.M207198200]
Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita
S, Sugiyama T, Miyagishi M, Hara K, Tsunoda M, Murakami
K, Ohteki T, Uchida S, Takekawa S, Waki H, Tsuno NH,
Shibata Y, Terauchi Y, Froguel P, Tobe K, Koyasu S, Taira
K, Kitamura T, Shimizu T, Nagai R, Kadowaki T. Cloning
of adiponectin receptors that mediate antidiabetic metabolic
effects. Nature 2003; 423: 762-769 [PMID: 12802337 DOI:
10.1038/nature01705]
Kadowaki T, Yamauchi T. Adiponectin and adiponectin
receptors. Endocr Rev 2005; 26: 439-451 [PMID: 15897298 DOI:
10.1210/er.2005-0005]
Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T,
Iwabu M, Okada-Iwabu M, Kawamoto S, Kubota N, Kubota
T, Ito Y, Kamon J, Tsuchida A, Kumagai K, Kozono H, Hada
Y, Ogata H, Tokuyama K, Tsunoda M, Ide T, Murakami K,
Awazawa M, Takamoto I, Froguel P, Hara K, Tobe K, Nagai
R, Ueki K, Kadowaki T. Targeted disruption of AdipoR1
and AdipoR2 causes abrogation of adiponectin binding
and metabolic actions. Nat Med 2007; 13: 332-339 [PMID:
17268472 DOI: 10.1038/nm1557]
Liu Y, Michael MD, Kash S, Bensch WR, Monia BP, Murray
SF, Otto KA, Syed SK, Bhanot S, Sloop KW, Sullivan JM,
Reifel-Miller A. Deficiency of adiponectin receptor 2 reduces
diet-induced insulin resistance but promotes type 2 diabetes.
Endocrinology 2007; 148: 683-692 [PMID: 17068142 DOI:
10.1210/en.2006-0708]
Matsunami T, Sato Y, Ariga S, Sato T, Shimomura T, Kashimura
H, Hasegawa Y, Yukawa M. Regulation of synthesis and

WJD|www.wjgnet.com

40
41

42

43

44

45

46

47

48
49
50

51
52

53

163

oxidation of fatty acids by adiponectin receptors (AdipoR1/R2)
and insulin receptor substrate isoforms (IRS-1/-2) of the liver in
a nonalcoholic steatohepatitis animal model. Metabolism 2011;
60: 805-814 [PMID: 20846698 DOI: 10.1016/j.metabol.2010.07.032]
Lihn AS, Pedersen SB, Richelsen B. Adiponectin: action,
regulation and association to insulin sensitivity. Obes Rev
2005; 6: 13-21 [PMID: 15655035]
Zhu W, Cheng KK, Vanhoutte PM, Lam KS, Xu A. Vascular
effects of adiponectin: molecular mechanisms and potential
therapeutic intervention. Clin Sci (Lond) 2008; 114: 361-374
[PMID: 18230060]
Xu A, Vanhoutte PM. Adiponectin and adipocyte fatty acid
binding protein in the pathogenesis of cardiovascular disease.
Am J Physiol Heart Circ Physiol 2012; 302: H1231-H1240 [PMID:
22210749 DOI: 10.1152/ajpheart.00765.2011]
Yamamoto Y, Hirose H, Saito I, Tomita M, Taniyama M,
Matsubara K, Okazaki Y, Ishii T, Nishikai K, Saruta T.
Correlation of the adipocyte-derived protein adiponectin with
insulin resistance index and serum high-density lipoproteincholesterol, independent of body mass index, in the Japanese
population. Clin Sci (Lond) 2002; 103: 137-142 [PMID:
12149104]
Saha A, Adak S, Chowdhury S, Bhattacharyya M. Enhanced
oxygen releasing capacity and oxidative stress in diabetes
mellitus and diabetes mellitus-associated cardiovascular
disease: a comparative study. Clin Chim Acta 2005; 361:
141-149 [PMID: 16098498 DOI: 10.1016/j.cccn.2005.05.018]
Parker-Duffen JL, Nakamura K, Silver M, Kikuchi R, Tigges
U, Yoshida S, Denzel MS, Ranscht B, Walsh K. T-cadherin is
essential for adiponectin-mediated revascularization. J Biol
Chem 2013; 288: 24886-24897 [PMID: 23824191 DOI: 10.1074/
jbc.M113.454835]
Denzel MS, Scimia MC, Zumstein PM, Walsh K, RuizLozano P, Ranscht B. T-cadherin is critical for adiponectinmediated cardioprotection in mice. J Clin Invest 2010; 120:
4342-4352 [PMID: 21041950 DOI: 10.1172/JCI43464]
Mao X, Kikani CK, Riojas RA, Langlais P, Wang L, Ramos FJ,
Fang Q, Christ-Roberts CY, Hong JY, Kim RY, Liu F, Dong
LQ. APPL1 binds to adiponectin receptors and mediates
adiponectin signalling and function. Nat Cell Biol 2006; 8:
516-523 [PMID: 16622416 DOI: 10.1038/ncb1404]
Deepa SS, Dong LQ. APPL1: role in adiponectin signaling
and beyond. Am J Physiol Endocrinol Metab 2009; 296: E22-E36
[PMID: 18854421 DOI: 10.1152/ajpendo.90731.2008]
Manning BD, Cantley LC. AKT/PKB signaling: navigating
downstream. Cell 2007; 129: 1261-1274 [PMID: 17604717 DOI:
10.1016/j.cell.2007.06.009]
Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara
K, Mori Y, Ide T, Murakami K, Tsuboyama-Kasaoka N,
Ezaki O, Akanuma Y, Gavrilova O, Vinson C, Reitman ML,
Kagechika H, Shudo K, Yoda M, Nakano Y, Tobe K, Nagai
R, Kimura S, Tomita M, Froguel P, Kadowaki T. The fatderived hormone adiponectin reverses insulin resistance
associated with both lipoatrophy and obesity. Nat Med 2001;
7: 941-946 [PMID: 11479627 DOI: 10.1038/90984]
Shulman GI. Cellular mechanisms of insulin resistance. J
Clin Invest 2000; 106: 171-176 [PMID: 10903330 DOI: 10.1172/
JCI10583]
Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida
S, Yamashita S, Noda M, Kita S, Ueki K, Eto K, Akanuma Y,
Froguel P, Foufelle F, Ferre P, Carling D, Kimura S, Nagai
R, Kahn BB, Kadowaki T. Adiponectin stimulates glucose
utilization and fatty-acid oxidation by activating AMPactivated protein kinase. Nat Med 2002; 8: 1288-1295 [PMID:
12368907]
Wang C, Mao X, Wang L, Liu M, Wetzel MD, Guan KL,
Dong LQ, Liu F. Adiponectin sensitizes insulin signaling by
reducing p70 S6 kinase-mediated serine phosphorylation of
IRS-1. J Biol Chem 2007; 282: 7991-7996 [PMID: 17244624 DOI:
10.1074/jbc.M700098200]

February 15, 2015|Volume 6|Issue 1|

Ghoshal K et al . Adiponectin in diabetes and obesity
54

55

56

57

58

59

60
61

62

63
64

65

66
67

68

Yoon MJ, Lee GY, Chung JJ, Ahn YH, Hong SH, Kim JB.
Adiponectin increases fatty acid oxidation in skeletal muscle
cells by sequential activation of AMP-activated protein
kinase, p38 mitogen-activated protein kinase, and peroxisome
proliferator-activated receptor alpha. Diabetes 2006; 55:
2562-2570 [PMID: 16936205 DOI: 10.2337/db05-1322]
von Eynatten M, Schneider JG, Humpert PM, Rudofsky
G, Schmidt N, Barosch P, Hamann A, Morcos M, Kreuzer
J, Bierhaus A, Nawroth PP, Dugi KA. Decreased plasma
lipoprotein lipase in hypoadiponectinemia: an association
independent of systemic inflammation and insulin
resistance. Diabetes Care 2004; 27: 2925-2929 [PMID: 15562208
DOI: 10.2337/diacare.27.12.2925]
De Vries R, Wolffenbuttel BH, Sluiter WJ, van Tol A,
Dullaart RP. Post-heparin plasma lipoprotein lipase, but not
hepatic lipase activity, is related to plasma adiponectin in
type 2 diabetic patients and healthy subjects. Clin Lab 2005;
51: 403-409 [PMID: 16122151]
Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of
mitochondria in human skeletal muscle in type 2 diabetes.
Diabetes 2002; 51: 2944-2950 [PMID: 12351431 DOI: 10.2337/
diabetes.51.10.2944]
Iwabu M, Yamauchi T, Okada-Iwabu M, Sato K, Nakagawa
T, Funata M, Yamaguchi M, Namiki S, Nakayama R, Tabata
M, Ogata H, Kubota N, Takamoto I, Hayashi YK, Yamauchi
N, Waki H, Fukayama M, Nishino I, Tokuyama K, Ueki K,
Oike Y, Ishii S, Hirose K, Shimizu T, Touhara K, Kadowaki
T. Adiponectin and AdipoR1 regulate PGC-1alpha and
mitochondria by Ca(2+) and AMPK/SIRT1. Nature 2010; 464:
1313-1319 [PMID: 20357764 DOI: 10.1038/nature08991]
Civitarese AE, Ukropcova B, Carling S, Hulver M, DeFronzo
RA, Mandarino L, Ravussin E, Smith SR. Role of adiponectin
in human skeletal muscle bioenergetics. Cell Metab 2006; 4:
75-87 [PMID: 16814734 DOI: 10.1016/j.cmet.2006.05.002]
Maassen JA, Janssen GM, Lemkes HH. Mitochondrial
diabetes mellitus. J Endocrinol Invest 2002; 25: 477-484 [PMID:
12035948]
Chen SJ, Yen CH, Huang YC, Lee BJ, Hsia S, Lin PT.
Relationships between inflammation, adiponectin, and
oxidative stress in metabolic syndrome. PLoS One 2012; 7:
e45693 [PMID: 23029185 DOI: 10.1371/journal.pone.0045693]
Park KG, Park KS, Kim MJ, Kim HS, Suh YS, Ahn JD,
Park KK, Chang YC, Lee IK. Relationship between serum
adiponectin and leptin concentrations and body fat
distribution. Diabetes Res Clin Pract 2004; 63: 135-142 [PMID:
14739054]
Ouchi N, Walsh K. Adiponectin as an anti-inflammatory
factor. Clin Chim Acta 2007; 380: 24-30 [PMID: 17343838 DOI:
10.1016/j.cca.2007.01.026]
Ouchi N, Walsh K. A novel role for adiponectin in the
regulation of inflammation. Arterioscler Thromb Vasc
Biol 2008; 28: 1219-1221 [PMID: 18565846 DOI: 10.1161/
ATVBAHA.108.165068]
Kobashi C, Urakaze M, Kishida M, Kibayashi E, Kobayashi
H, Kihara S, Funahashi T, Takata M, Temaru R, Sato A,
Yamazaki K, Nakamura N, Kobayashi M. Adiponectin
inhibits endothelial synthesis of interleukin-8. Circ Res
2005; 97: 1245-1252 [PMID: 16269654 DOI: 10.1161/01.
RES.0000194328.57164.36]
Yadav A, Kataria MA, Saini V, Yadav A. Role of leptin and
adiponectin in insulin resistance. Clin Chim Acta 2013; 417:
80-84 [PMID: 23266767 DOI: 10.1016/j.cca.2012.12.007]
Matsubara M, Maruoka S, Katayose S. Inverse relationship
between plasma adiponectin and leptin concentrations in
normal-weight and obese women. Eur J Endocrinol 2002; 147:
173-180 [PMID: 12153737 DOI: 10.1530/eje.0.1470173]
Oda N, Imamura S, Fujita T, Uchida Y, Inagaki K, Kakizawa
H, Hayakawa N, Suzuki A, Takeda J, Horikawa Y, Itoh M.
The ratio of leptin to adiponectin can be used as an index
of insulin resistance. Metabolism 2008; 57: 268-273 [PMID:

WJD|www.wjgnet.com

69

70

71
72

73

74

75

76

77

78

79

80

81

82

83

164

18191059 DOI: 10.1016/j.metabol.2007.09.011]
Satoh N, Naruse M, Usui T, Tagami T, Suganami T, Yamada
K, Kuzuya H, Shimatsu A, Ogawa Y. Leptin-to-adiponectin
ratio as a potential atherogenic index in obese type 2 diabetic
patients. Diabetes Care 2004; 27: 2488-2490 [PMID: 15451921
DOI: 10.2337/diacare.27.10.2488]
Hasegawa G, Ohta M, Ichida Y, Obayashi H, Shigeta M,
Yamasaki M, Fukui M, Yoshikawa T, Nakamura N. Increased
serum resistin levels in patients with type 2 diabetes are not
linked with markers of insulin resistance and adiposity. Acta
Diabetol 2005; 42: 104-109 [PMID: 15944845 DOI: 10.1007/
s00592-005-0187-x]
Yang J, Li M, Wu CY, Wang H, Xu QS, Deng JY. [Reduced
resistin levels in patients with type 2 diabetes mellitus].
Zhonghua Yixue Zazhi 2003; 83: 1471-1474 [PMID: 14521723]
Shetty GK, Economides PA, Horton ES, Mantzoros CS,
Veves A. Circulating adiponectin and resistin levels in
relation to metabolic factors, inflammatory markers, and
vascular reactivity in diabetic patients and subjects at risk for
diabetes. Diabetes Care 2004; 27: 2450-2457 [PMID: 15451915]
Adeghate E. Visfatin: structure, function and relation to
diabetes mellitus and other dysfunctions. Curr Med Chem
2008; 15: 1851-1862 [PMID: 18691043 DOI: 10.2174/09298670
8785133004]
El-Hini SH, Mohamed FI, Hassan AA, Ali F, Mahmoud A,
Ibraheem HM. Visfatin and adiponectin as novel markers for
evaluation of metabolic disturbance in recently diagnosed
rheumatoid arthritis patients. Rheumatol Int 2013; 33:
2283-2289 [PMID: 23471745 DOI: 10.1007/s00296-013-2714-3]
Adam FM, Nara MG, Adam JM. Fasting insulin, adiponectin,
hs-CRP levels, and the components of metabolic syndrome.
Acta Med Indones 2006; 38: 179-184 [PMID: 17132879 DOI:
10.1267/science.040579197]
Vikram NK, Misra A, Pandey RM, Dwivedi M, Luthra
K. Adiponectin, insulin resistance, and C-reactive protein
in postpubertal Asian Indian adolescents. Metabolism
2004; 53: 1336-1341 [PMID: 15375791 DOI: 10.1016/
j.metabol.2004.05.010]
Putz DM, Goldner WS, Bar RS, Haynes WG, Sivitz WI.
Adiponectin and C-reactive protein in obesity, type 2 diabetes,
and monodrug therapy. Metabolism 2004; 53: 1454-1461
[PMID: 15536601 DOI: 10.1016/j.metabol.2004.06.013]
Sakuta H, Suzuki T, Yasuda H, Ito T. Adiponectin levels
and cardiovascular risk factors in Japanese men with type
2 diabetes. Endocr J 2005; 52: 241-244 [PMID: 15863955 DOI:
10.1507/endocrj.52.241]
Heilman K, Zilmer M, Zilmer K, Kool P, Tillmann V.
Elevated plasma adiponectin and decreased plasma
homocysteine and asymmetric dimethylarginine in children
with type 1 diabetes. Scand J Clin Lab Invest 2009; 69: 85-91
[PMID: 18830896 DOI: 10.1080/00365510802419454]
Du W, Li Q, Lu Y, Yu X, Ye X, Gao Y, Ma J, Cheng J, Cao Y,
Du J, Shi H, Zhou L. Genetic variants in ADIPOQ gene and
the risk of type 2 diabetes: a case-control study of Chinese
Han population. Endocrine 2011; 40: 413-422 [PMID: 21594755
DOI: 10.1007/s12020-011-9488-8]
Ramya K, Ayyappa KA, Ghosh S, Mohan V, Radha V.
Genetic association of ADIPOQ gene variants with type
2 diabetes, obesity and serum adiponectin levels in south
Indian population. Gene 2013; 532: 253-262 [PMID: 24055485
DOI: 10.1016/j.gene.2013.09.012]
Jang Y, Kim JY, Kim OY, Lee JE, Cho H, Ordovas JM, Lee JH.
The -1131T--& gt; C polymorphism in the apolipoprotein A5
gene is associated with postprandial hypertriacylglycerolemia;
elevated small, dense LDL concentrations; and oxidative stress
in nonobese Korean men. Am J Clin Nutr 2004; 80: 832-840
[PMID: 15447887]
Ferreira CN, Carvalho MG, Fernandes AP, Santos IR,
Rodrigues KF, Lana AM, Almeida CR, Loures-Vale AA,
Gomes KB, Sousa MO. The polymorphism -1131T& gt; C in

February 15, 2015|Volume 6|Issue 1|

Ghoshal K et al . Adiponectin in diabetes and obesity

84

85

86

87

88

89

90

91

92

93

94

95

apolipoprotein A5 gene is associated with dyslipidemia in
Brazilian subjects. Gene 2013; 516: 171-175 [PMID: 23266809
DOI: 10.1016/j.gene.2012.12.016]
Hasani-Ranjbar S, Amoli MM, Tabatabaei-Malazy O, Rumi
Y, Tavakkoly-Bazzaz J, Samimi H, Abbasifarid E. Effect of
adiponectin gene polymorphisms on waist circumference
in patients with diabetes. J Diabetes Metab Disord 2012; 11: 14
[PMID: 23497697 DOI: 10.1186/2251-6581-11-14]
AlSaleh A, O’Dell SD, Frost GS, Griffin BA, Lovegrove JA,
Jebb SA, Sanders TA. Single nucleotide polymorphisms at
the ADIPOQ gene locus interact with age and dietary intake
of fat to determine serum adiponectin in subjects at risk of
the metabolic syndrome. Am J Clin Nutr 2011; 94: 262-269
[PMID: 21562092 DOI: 10.3945/ajcn.111.014209]
Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y,
Pratley RE, Tataranni PA. Hypoadiponectinemia in obesity
and type 2 diabetes: close association with insulin resistance
and hyperinsulinemia. J Clin Endocrinol Metab 2001; 86:
1930-1935 [PMID: 11344187 DOI: 10.1210/jc.86.5.1930]
Yang WS, Lee WJ, Funahashi T, Tanaka S, Matsuzawa
Y, Chao CL, Chen CL, Tai TY, Chuang LM. Weight
reduction increases plasma levels of an adipose-derived
anti-inflammatory protein, adiponectin. J Clin Endocrinol
Metab 2001; 86: 3815-3819 [PMID: 11502817 DOI: 10.1210/
jc.86.8.3815]
Liu YM, Lacorte JM, Viguerie N, Poitou C, Pelloux V, GuyGrand B, Coussieu C, Langin D, Basdevant A, Clément K.
Adiponectin gene expression in subcutaneous adipose tissue
of obese women in response to short-term very low calorie
diet and refeeding. J Clin Endocrinol Metab 2003; 88: 5881-5886
[PMID: 14671185 DOI: 10.1210/jc.2003-030886]
Blüher M, Williams CJ, Klöting N, Hsi A, Ruschke K,
Oberbach A, Fasshauer M, Berndt J, Schön MR, Wolk A,
Stumvoll M, Mantzoros CS. Gene expression of adiponectin
receptors in human visceral and subcutaneous adipose tissue
is related to insulin resistance and metabolic parameters and
is altered in response to physical training. Diabetes Care 2007;
30: 3110-3115 [PMID: 17878241 DOI: 10.2337/dc07-1257]
Maeda N, Takahashi M, Funahashi T, Kihara S, Nishizawa
H, Kishida K, Nagaretani H, Matsuda M, Komuro R, Ouchi
N, Kuriyama H, Hotta K, Nakamura T, Shimomura I,
Matsuzawa Y. PPARgamma ligands increase expression and
plasma concentrations of adiponectin, an adipose-derived
protein. Diabetes 2001; 50: 2094-2099 [PMID: 11522676 DOI:
10.2337/diabetes.50.9.2094]
Choi JH, Banks AS, Estall JL, Kajimura S, Boström P,
Laznik D, Ruas JL, Chalmers MJ, Kamenecka TM, Blüher
M, Griffin PR, Spiegelman BM. Anti-diabetic drugs inhibit
obesity-linked phosphorylation of PPARgamma by Cdk5.
Nature 2010; 466: 451-456 [PMID: 20651683 DOI: 10.1038/
nature09291]
Wong HK, Ong KL, Leung RY, Cheung TT, Xu A, Lam
TH, Lam KS, Cheung BM. Plasma level of adrenomedullin
is influenced by a single nucleotide polymorphism in the
adiponectin gene. PLoS One 2013; 8: e70335 [PMID: 23936408
DOI: 10.1371/journal.pone.0070335]
Degawa-Yamauchi M, Moss KA, Bovenkerk JE, Shankar SS,
Morrison CL, Lelliott CJ, Vidal-Puig A, Jones R, Considine
RV. Regulation of adiponectin expression in human
adipocytes: effects of adiposity, glucocorticoids, and tumor
necrosis factor alpha. Obes Res 2005; 13: 662-669 [PMID:
15897474 DOI: 10.1038/oby.2005.74]
Qiao L, Shao J. SIRT1 regulates adiponectin gene expression
through Foxo1-C/enhancer-binding protein alpha
transcriptional complex. J Biol Chem 2006; 281: 39915-39924
[PMID: 17090532 DOI: 10.1074/jbc.M607215200]
Yuan G, Chen X, Ma Q, Qiao J, Li R, Li X, Li S, Tang J, Zhou
L, Song H, Chen M. C-reactive protein inhibits adiponectin
gene expression and secretion in 3T3-L1 adipocytes. J
Endocrinol 2007; 194: 275-281 [PMID: 17641277 DOI: 10.1677/

WJD|www.wjgnet.com

96

97

98

99

100

101

102

103

104
105

106

107

108
109

110

165

JOE-07-0133]
Blech I, Katzenellenbogen M, Katzenellenbogen A,
Wainstein J, Rubinstein A, Harman-Boehm I, Cohen J,
Pollin TI, Glaser B. Predicting diabetic nephropathy using a
multifactorial genetic model. PLoS One 2011; 6: e18743 [PMID:
21533139 DOI: 10.1371/journal.pone.0018743]
Wang H, Zhang H, Jia Y, Zhang Z, Craig R, Wang X, Elbein
SC. Adiponectin receptor 1 gene (ADIPOR1) as a candidate
for type 2 diabetes and insulin resistance. Diabetes 2004; 53:
2132-2136 [PMID: 15277397 DOI: 10.2337/diabetes.53.8.2132]
Vaxillaire M, Dechaume A, Vasseur-Delannoy V, Lahmidi
S, Vatin V, Leprêtre F, Boutin P, Hercberg S, Charpentier
G, Dina C, Froguel P. Genetic analysis of ADIPOR1 and
ADIPOR2 candidate polymorphisms for type 2 diabetes in
the Caucasian population. Diabetes 2006; 55: 856-861 [PMID:
16505255 DOI: 10.2337/diabetes.55.03.06.db05-0665]
Thameem F, Puppala S, Arar NH, Stern MP, Blangero J,
Duggirala R, Abboud HE. Endothelial nitric oxide synthase
(eNOS) gene polymorphisms and their association with
type 2 diabetes-related traits in Mexican Americans. Diab
Vasc Dis Res 2008; 5: 109-113 [PMID: 18537098 DOI: 10.3132/
dvdr.2008.018]
Zhang D, Li L, Zhu Y, Zhao L, Wan L, Lv J, Li X, Huang
P, Wei L, Ma M. The NFKB1 -94 ATTG insertion/deletion
polymorphism (rs28362491) contributes to the susceptibility
of congenital heart disease in a Chinese population.
Gene 2013; 516: 307-310 [PMID: 23299027 DOI: 10.1016/
j.gene.2012.12.078]
Rees SD, Britten AC, Bellary S, O’Hare JP, Kumar S, Barnett
AH, Kelly MA. The promoter polymorphism -232C/G of
the PCK1 gene is associated with type 2 diabetes in a UKresident South Asian population. BMC Med Genet 2009; 10:
83 [PMID: 19725958 DOI: 10.1186/1471-2350-10-83]
Ol KK, Agachan B, Gormus U, Toptas B, Isbir T. Cox-2 gene
polymorphism and IL-6 levels in coronary artery disease.
Genet Mol Res 2011; 10: 810-816 [PMID: 21574137 DOI:
10.4238/vol10-2gmr967]
Ho KT, Shiau MY, Chang YH, Chen CM, Yang SC, Huang
CN. Association of interleukin-4 promoter polymorphisms in
Taiwanese patients with type 2 diabetes mellitus. Metabolism
2010; 59: 1717-1722 [PMID: 20580039 DOI: 10.1016/
j.metabol.2010.04.010]
Houde AA, Hivert MF, Bouchard L. Fetal epigenetic
programming of adipokines. Adipocyte 2013; 2: 41-46 [PMID:
23700551]
Bouchard L, Hivert MF, Guay SP, St-Pierre J, Perron P, Brisson
D. Placental adiponectin gene DNA methylation levels are
associated with mothers’ blood glucose concentration. Diabetes
2012; 61: 1272-1280 [PMID: 22396200 DOI: 10.2337/db11-1160]
Nitert MD, Dayeh T, Volkov P, Elgzyri T, Hall E, Nilsson
E, Yang BT, Lang S, Parikh H, Wessman Y, Weishaupt H,
Attema J, Abels M, Wierup N, Almgren P, Jansson PA, Rönn
T, Hansson O, Eriksson KF, Groop L, Ling C. Impact of an
exercise intervention on DNA methylation in skeletal muscle
from first-degree relatives of patients with type 2 diabetes.
Diabetes 2012; 61: 3322-3332 [PMID: 23028138 DOI: 10.2337/
db11-1653]
Yokoyama H, Emoto M, Araki T, Fujiwara S, Motoyama
K, Morioka T, Koyama H, Shoji T, Okuno Y, Nishizawa Y.
Effect of aerobic exercise on plasma adiponectin levels and
insulin resistance in type 2 diabetes. Diabetes Care 2004; 27:
1756-1758 [PMID: 15220262 DOI: 10.2337/diacare.27.7.1756]
Gu W, Li Y. The therapeutic potential of the adiponectin
pathway. BioDrugs 2012; 26: 1-8 [PMID: 22050309 DOI: 10.21
65/11594790-000000000-00000]
Antonopoulos AS, Lee R, Margaritis M, Antoniades C.
Adiponectin as a regulator of vascular redox state: therapeutic
implications. Recent Pat Cardiovasc Drug Discov 2011; 6: 78-88
[PMID: 21453253 DOI: 10.2174/157489011795933837]
Mostowik M, Gajos G, Zalewski J, Nessler J, Undas A.

February 15, 2015|Volume 6|Issue 1|

Ghoshal K et al . Adiponectin in diabetes and obesity
Cardiovasc Drugs Ther 2013; 27: 289-295 [PMID: 23584593
DOI: 10.1007/s10557-013-6457-x]

Omega-3 polyunsaturated fatty acids increase plasma
adiponectin to leptin ratio in stable coronary artery disease.

P- Reviewer: Gómez-Sáez J, Tziomalos K, Uehara Y
S- Editor: Tian YL L- Editor: A E- Editor: Lu YJ

WJD|www.wjgnet.com

166

February 15, 2015|Volume 6|Issue 1|

World J Diabetes 2015 February 15; 6(1): 167-174
ISSN 1948-9358 (online)

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4239/wjd.v6.i1.167

© 2015 Baishideng Publishing Group Inc. All rights reserved.

MINIREVIEWS

Rare complications of pediatric diabetic ketoacidosis
Shara R Bialo, Sungeeta Agrawal, Charlotte M Boney, Jose Bernardo Quintos
sequela of diabetic ketoacidosis that warrants close
monitoring. The medical literature details various other
complications in children with diabetic ketoacidosis,
including hypercoagulability leading to stroke and
deep vein thrombosis, rhabdomyolysis, pulmonary and
gastrointestinal complications, and long-term memory
dysfunction. We review the pathophysiology, reported
cases, management, and outcomes of each of these
rare complications in children. As the incidence of T1D
continues to rise, practitioners will care for an increasing
number of pediatric patients with diabetic ketoacidosis
and should be aware of the various systems that may
be affected in both the acute and chronic setting.
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Core tip: Diabetic ketoacidosis is highly prevalent in
pediatric patients with both newly diagnosed and
established type 1 diabetes. The most common rare
complication is cerebral edema, which is the leading
cause of death in youth with diabetes. However, several
other complications involving multiple systems have
been described and can cause significant morbidity in
cases of pediatric diabetic ketoacidosis, thus warranting
awareness and targeted monitoring.
Bialo SR, Agrawal S, Boney CM, Quintos JB. Rare complications
of pediatric diabetic ketoacidosis. World J Diabetes 2015;
6(1): 167-174 Available from: URL: http://www.wjgnet.
com/1948-9358/full/v6/i1/167.htm DOI: http://dx.doi.org/10.4239/
wjd.v6.i1.167

Abstract
The incidence of type 1 diabetes (T1D) among youth
is steadily increasing across the world. Up to a third
of pediatric patients with T1D present with diabetic
ketoacidosis, a diagnosis that continues to be the leading
cause of death in this population. Cerebral edema is the
most common rare complication of diabetic ketoacidosis
in children. Accordingly, treatment and outcome
measures of cerebral edema are vastly researched and
the pathophysiology is recently the subject of much
debate. Nevertheless, cerebral edema is not the only

WJD|www.wjgnet.com

INTRODUCTION
Approximately 1 in 300 youth have type 1 diabetes
(T1D)[1], and the incidence in the pediatric population is
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increasing by almost 3% each year in the United States[2]
and worldwide [3]. Despite the burgeoning statistics
and awareness, the prevalence of diabetic ketoacidosis
(DKA) remains as high as 30% in children presenting
with T1D[4]. DKA is defined by the American Diabetes
Association [5], the European Society for Paediatric
Endocrinology, and the Pediatric Endocrine Society[6]
as hyperglycemia (plasma glucose > 200 mg/dL or
approximately 11 mmol/L) and venous pH < 7.3 and/or
bicarbonate < 15 mmol/L. DKA is the most common
cause of death in children with T1D[7,8], and the most
common rare and primary fatal complication of DKA
is cerebral edema[7]. The treatment and prevention of
cerebral edema is, therefore, the subject of extensive
medical research and attention. However, cerebral edema
is not the only complication of DKA worthy of close
monitoring during patient care. In this review article
we will examine cerebral edema as well as the vascular,
musculoskeletal, pulmonary, gastrointestinal, and
cognitive complications of pediatric DKA, which are less
common but can result in acute and long-term morbidity.

hypoperfusion and the risk factors associated with the
development of cerebral edema, including high BUN,
low bicarbonate, and low partial pressure of CO2[13,15].
Additionally, Lam et al[18] show that untreated DKA in rats
is associated with changes on diffusion-weighted Imaging
Magnetic Resonance (DWI MR) consistent with cytotoxic
edema. When the DKA is treated, the DWI MR images
demonstrate slight changes that suggest advancement to
vasogenic cerebral edema. MR DWI changes consistent
with vasogenic edema have also been shown in children
during treatment of DKA[16]. These studies support the
model that DKA-related cerebral edema stems from early
ischemic brain damage followed by reperfusion injury
during treatment.

COAGULOPATHIC COMPLICATIONS
Abnormalities of hemostasis have been identified in
patients with poorly controlled diabetes, although the
mechanism is not entirely understood[19,20]. Likewise,
clinical studies of both adult and pediatric patients with
T1D with DKA have described a variety of transient
changes in coagulation factors, such as increased
platelet activation, fibrinolytic activity, and endothelial
activation[21,22]. A prospective study of adolescents with
T1D and DKA demonstrated low levels of free protein
S, which facilitates activated protein C in inactivating
von Willebrand factor[23]. Accordingly, the levels of von
Willebrand factor activity were increased. Protein C
activity was decreased in DKA but normalized following
treatment.
DKA is also characterized by elevated levels of inflammatory markers (CRP), cytokines (IL6, IL1beta, TNF
alpha), and complement activation[24]. This inflammatory
state, combined with the disruption of the normal
coagulation cascade, can place patients at increased risk of
thrombosis and stroke during acute episodes of DKA.

CEREBRAL EDEMA
Many children who present with DKA have some degree
of altered mental status. Typically the altered status
is due to acidosis or hyperosmolarity, although some
studies show that subclinical cerebral edema occurs in the
majority of patients in DKA[9,10]. Approximately 0.5%-1%
of children in DKA develop frank cerebral edema[11-13].
Morbidity related to cerebral edema is approximately
13%-35% and mortality 24%-28%[12,14]. Risk factors for
the development of cerebral edema during DKA include
new onset T1DM, low bicarbonate, low partial pressure
of CO2, and high BUN[13,15].
Conventional thinking attributes the mechanism
of injury in cerebral edema to swelling from an influx
of fluid into the brain[15-17]. This influx is thought to be
due to the rapidly declining serum osmolarity caused by
overly aggressive fluid resuscitation; however, data reveals
the only treatment-related risk factor to be administration
of bicarbonate[15]. The association between high fluid
infusion rates and development of cerebral edema trends
toward, but does not reach, statistical significance[13].
Radiographic confirmation of cerebral edema in patients
with DKA prior to initiation of fluid therapy further
discredits the association[13,15]. Also, many children have
normal brain imaging at the onset of clinical cerebral
edema and do not develop radiographic signs of edema
until hours or days later, suggesting that edema is a
consequence rather than the cause of injury[11].
A more plausible hypothesis is that cerebral edema
is caused by cerebral hypoperfusion, which leads to
cytotoxic edema (cell swelling and death) at presentation
followed by vasogenic edema (breakdown of the
blood brain barrier leading to capillary leakage) during
treatment [9]. There is supporting evidence for this
mechanism, including the association between cerebral
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Deep vein thrombosis
Deep vein thrombosis (DVT) is not uncommon in
critically ill children who require central venous catheter
placement as they introduce a foreign body, cause
endothelial damage, and impair blood flow[25]. Children
and adolescents with DKA, however, appear to be at
increased risk of DVT when they undergo placement
of a central venous catheter[26,27]. This increased risk of
thrombosis likely stems from shock compounded by
DKA, as severe dehydration activates the coagulation
cascade and causes venous stasis and DKA itself confers
a hypercoagulable state. Gutierrez et al[26] published the
first report to describe this observation in a retrospective
case-matched control series. It details that 4 of 8 children
with DKA who underwent placement of a femoral
central venous catheter developed DVT compared to
0 of the 16 of control patients who underwent central
venous catheter placement without diabetes or DKA[26].
A retrospective cohort study published by Worly et al[27]
found similar observations with evidence of femoral
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DVT on Doppler ultrasound within 48 h of the central
catheter placement for treatment of DKA. Patients in
that series with DKA and DVT had significantly higher
serum glucose, corrected sodium concentrations, and
lower pH and serum bicarbonate than their age-matched
cohorts with shock and central venous catheters. DVT in
children with DKA and catheter placement is also more
common in those less than 3 years of age, which may
be due to smaller vessel diameter and greater severity of
illness at presentation[26].
Children with DKA and DVT require low-molecular
weight heparin until ultrasound confirmation of DVT
resolution, which can take up to 6 mo [27]. Given the
increased risk of DVT and associated morbidity, use of
central venous catheters should be avoided in children
with DKA when possible. If placement is required, the
central venous catheters should be removed as soon as
possible and use of prophylactic anticoagulation therapy
should be considered in cases of prolonged use.

such as headache, confusion, lethargy, and unexpected
changes in heart rate, respiratory rate, or blood pressure[34].
Focal neurological signs allow clinicians to rapidly identify
stroke victims; however, less than 30% of patients with
DKA-associated stroke have characteristic focal neurologic
deficits[24]. It is also often difficult to differentiate whether
cerebral edema in DKA is the cause or the effect of acute
cerebral infarction, as stroke itself may cause cerebral
edema. Arterial ischemic and hemorrhagic strokes have
been documented in children and youth with DKA in
a wide variety of cerebral locations, including single or
multiple infarctions or thrombi over unilateral or bilateral
lobes. The pathologic tissue findings of acute cerebral
infarction related to DKA are not expected to be different
from those of a nondiabetic child who has suffered a
stroke.
Management and outcomes of pediatric stroke
associated with DKA
Treatment guidelines for children and adults with diabetic
ketoacidosis and stroke are lacking, including the optimal
rehydration rate, parameters for use of thrombolytics
and other medications, and monitoring schedules[35]. In
general, pediatric patients with suspected stroke should
receive prompt neurological imaging and neurologic
consultation while managed in an intensive care setting.
Thrombolysis for the treatment of pediatric stroke
remains controversial without supportive data, although
children have achieved successful outcomes when
administered intravenous tissue plasminogen activator for
acute treatment of ischemic stroke[36,37].
The first large-scale prospective outcome study on
children with ischemic stroke or sinovenous thrombosis
found 41% to have moderate or severe deficits on neurologic examination after a mean of 2.1 years[38]. A recent
cross-sectional outcome study of pediatric patients with
ischemic stroke and cerebral sinovenous thrombosis
a mean of 10.8 years after onset found that 37% were
normal and 15% suffered severe deficits[39]. The authors
found a strong predictor of long-term outcomes to be
functional status at 1 year post-stroke.
Few data are available regarding the long-term effects
of pediatric stroke secondary to DKA, and the cases
available are largely dependent on the anatomic site
affected. Foster et al[24] reviewed the outcomes of 28
case reports of arterial ischemic stroke, cerebral venous
thrombotic stroke, and hemorrhagic stroke associated
with DKA in youth and noted full recovery in only 14%.
The majority of patients were left with varying degrees of
residual neurologic deficit and 29% of cases resulted in
death or persistent vegetative state. These grim outcomes
highlight the need for large, randomized clinical trials of
pediatric stroke during DKA treatment in order to help
achieve the most positive outcomes.

Cerebral venous thrombosis
In general, the incidence of cerebral sinovenous thrombosis is 0.67 cases per 100000 children per year[28].
Central venous thrombosis in association with pediatric
DKA is reported twice in the medical literature[29,30]. The
first published case report is a 5-year-old girl with known
T1D who presented with emesis, lethargy, and mild
DKA who then neurologically decompensated 12 h into
treatment, as evidenced by unconsciousness, response
to painful stimuli only and limb rigidity[29]. A CT scan
demonstrated a thrombosis in the straight sinus and the
vein of Galen with ischemic changes in the thalamus. She
was anticoagulated with Heparin for 48 h followed by
Warfarin for three months, and her baseline neurological
status two years later was remarkably normal aside from
mild learning difficulties.
The second case reported was in an 8 years old boy
on first presentation of T1D with severe DKA with
hyperosmolar state with serum glucose of 1668 mg/
dL[30]. Two hours into treatment he became unconscious
and with sluggish pupillary response. A CT demonstrated
thrombosis in the superior sagittal sinus and vein of
Galen, as well as large infarctions in both cerebral
hemispheres. Long-term follow-up information is not
available for this case.
Stroke
The overall incidence of pediatric stroke is estimated at
2-13 per 100000 children[31]. Hemorrhagic or ischemic
brain infarction accounts for approximately 10% of
intracerebral complications of DKA, and not all cases of
stroke in DKA are associated with cerebral edema[32]. The
procoagulant state of DKA places patients at increased
risk of ischemic brain injury as well as subsequent
hemorrhagic conversion arising from hypoxia and vascular
injury[24]. Diagnosis of stroke during an episode of acute
DKA is difficult as there is considerable overlap of
signs, symptoms, and laboratory data[33]. Early signs and
symptoms of CNS injury include nonspecific findings
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RHABDOMYOLYSIS
Rhabdomyolysis is the breakdown of skeletal muscle
leading to leakage of cell contents and resulting in muscle
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pain, weakness, and potential acute renal injury [40,41].
Biochemical changes include elevated creatinine kinase
and myoglobinuria. The most common causes of
rhabdomyolysis in children are viral myositis, trauma,
medications, and underlying metabolic diseases. While
rhabdomyolysis is more frequently described in patients
with hyperosmolar hyperglycemic syndrome (HHS),
it is also a well-documented phenomenon in DKA[42].
Rhabdomyolysis in the setting of diabetes is often
subclinical, with risk factors being low pH and high serum
glucose, BUN, creatinine, sodium, and osmolarity[42-45].
The mechanism by which rhabdomyolysis occurs
is unclear, although is thought to be secondary to the
changes in electrolyte and glucose concentration across the
muscle cell combined with the presence of insulin[42,46,47].
These changes may lead to increased intracellular calcium
which, in turn, can activate proteases and lead to muscle
cell leakage.
The incidence of rhabdomyolysis in adults with DKA
is approximately 10%[47]. A study of children presenting
with new onset T1DM found urine myoglobinuria in
10%[44]. Several case reports detail rhabdomyolysis in
pediatric DKA[42,44,48,49]. These patients, who ranged in
age from 15 mo to 12 years, all presented with a mixed
HHS and DKA picture as they had acidosis, a blood
glucose > 600 mg/dL, and hyperosmolarity. They were
also significantly dehydrated with elevated BUN or
creatinine, consistent with the risk factors for developing
rhabdomyolysis during DKA.
The presence of rhabdomyolysis in adults greatly
increases mortality, likely secondary to decreased renal
function[43]. While there are no studies looking at the
morbidity and mortality of rhabdomyolysis in children
presenting in DKA, the incidence of acute renal failure
in all children with rhabdomyolysis is 5% [40]. Other
serious complications include severe hyperkalemia and
hypocalcemia, which can both lead to cardiac arrest[50,51].
Fluid therapy and bicarbonate administration to alkalinize
the urine are the gold standard treatment to prevent
kidney injury.

the development of pneumomediastinum. Complications
include pneumothorax as well as pneumopericardium,
which can lead to cardiac tamponade.
Pneumomediastinum classically presents with chest
pain and/or dyspnea. Patients often have a positive
Hamman’s sign, which is crepitus over the precordium
that is synchronized with systole[53,59,60], and subcutaneous
emphysema may also develop. However, many patients
are asymptomatic and pneumomediastinum is only found
incidentally [55,59]. Additional treatment is not usually
required for cases of pneumomediastinum as the leaked
air is often reabsorbed without incident[53,56].
Pulmonary edema
Pulmonary edema is another rare complication of DKA
found in both children and adults[44,61,62]. While the edema
can be subclinical, some children develop hypoxemia
requiring supplemental oxygenation or intubation. To
determine the incidence of pulmonary edema in the
setting of DKA, Hoffman et al[63] performed CT scans on
children on presentation of DKA, 6-8 h into treatment,
and on discharge. They found increased pulmonary
density on presentation that worsened during treatment
and self-resolved by discharge. While none developed
hypoxemia, P02 values trended low during treatment in
the majority of patients.
The edema is thought to be secondary to a decrease in
capillary colloid osmotic pressure during intravenous fluid
treatment with 0.45% normal saline[61,64,65]. A concomitant
fall in the hematocrit with fall in colloid pressure supports
fluid administration rather than increased capillary
permeability and leakage as the cause of edema. Hoffman
et al[63] also found a negative correlation between lung
density and hematocrit, supporting this mechanism.
The development of pulmonary edema in the setting
of DKA can be difficult to manage, as it often requires
fluid restriction while DKA requires substantial fluid
administration to correct total body water losses [61].
Pulmonary edema in pediatric DKA is rare and general
outcomes are not well described, although all of the
children in case reports recovered without significant
pulmonary sequelae[44,61,62].

PULMONARY COMPLICATIONS
Pneumomediastinum
Pneumomediastinum is a rare event that occurs secondary
to alveolar rupture after a change in pressure gradients
in the alveoli[52]. These changes can occur secondary
to mechanical ventilation, vomiting, coughing, and
the valsalva maneuver[52-54]. Patients with DKA are at
increased risk of developing pneumomediastinum in the
presence of emesis and Kussmaul breathing, which can
generate alveolar pressures of 20-30 mmHg[55-57]. There
are over 50 documented cases of pneumomediastinum in
the setting of DKA[54,55,58] and analysis of the series found
a male preponderance (71% male), an average age of 20
years old, and an average blood glucose of 638 mg/dL[55].
All patients had significant acidosis with respiratory
compensation, supporting hyperpnea as a mechanism for
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GASTROINTESTINAL COMPLICATIONS
Pancreatitis
Acute pancreatitis occurs in 2% of children and 11%
of adults with DKA[66,67]. It can be difficult to diagnose
with concomitant DKA as abdominal pain is a common
complaint and non-specific elevation of both lipase and
amylase are noted with DKA. Nair et al[66] conducted
CT scans on 100 adult patients admitted with DKA
and found 11 to have acute pancreatitis, as evidenced
by pancreatic enlargement, necrosis, or fluid collections.
Elevated serum amylase had a positive predictive value of
69%, elevated lipase 52%, and abdominal pain only 30%.
Haddad et al[67] conducted a prospective study looking
at pancreatic enzyme levels of children with new onset
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Table 1 Incidence of complications of pediatric diabetic ketoacidosis
System

Dysfunction

Incidence

Vascular
Neurological

Deep vein thrombosis
Cerebral edema
Cerebral venous thrombosis
Hemorrhagic or ischemic brain infarction
Rhabdomyolysis
Pneumomediastinum
Pulmonary edema
Pancreatitis
GI Bleed
Memory dysfunction

50% with central venous catheter placement[26,27]
0.5%-1%[11-13]
Rare (2 known cases)
10% of intracerebral complications[32]
Unavailable; 10% of adults with DKA[43]
Unavailable; 50 documented cases over pediatric and adult populations[54,55,58]
Unavailable; described in study of 7 pediatric patients with DKA[63]
2%[67]
No documented cases in children; 9% in adults with DKA[74]
Unavailable; described in study of 33 pediatric patients with remote history of
DKA[79]

Musculoskeletal
Respiratory
Gastrointestinal
Neurological

DKA: Diabetic ketoacidosis.

erosions or ulcerations and one (13%) had a MalloryWeiss tear. Conversely, only 33% of patients with
DKA without bleeding had evidence of esophagitis on
endoscopy and only 11% had erosions. Acute esophageal
necrosis, which is characterized by a black-appearance of
the distal esophageal mucosa, is a rare cause of upper GI
bleeding in DKA that was not found in Faigel’s study[75-77].
Use of ulcer medications, including proton pump
inhibitors and H2 receptor antagonists, longer duration of
diabetes, and diabetic complications including nephropathy,
retinopathy and gastroparesis are clinical risk factors
associated with upper GI hemorrhage[74]. Laboratory values
associated with an increased risk of hemorrhage include
elevated BUN, creatinine, and glucose; arterial pH and
coagulation tests did not differ between the two groups.
Acute hyperglycemia in particular has been shown to delay
gastric emptying[78], which causes esophageal mucosal
damage secondary to acid reflux and ultimately leads to a
GI bleed[74].
Only 32% of those with upper GI bleeding in Faigel’s
study underwent endoscopy. While 27% of patients with
hemorrhage required blood transfusions, none required
invasive therapy and GI bleeding did not directly result in
mortality. However, those with GI bleeds had a mortality
rate of 15% from other causes, compared to 4% in those
without GI bleeds. This higher mortality rate is attributed
to greater illness severity with greater likelihood of being
admitted to the ICU.

T1DM with and without DKA. Of those with DKA,
40% had elevated amylase and/or lipase levels and
40% had hypertriglyceridemia. Conversely, only 1 of 12
patients (8%) without DKA had mildly elevated lipase.
Thirteen percent of patients with DKA had a lipase
level that was elevated more than 3 times normal range
and reported persistent abdominal pain after the DKA
resolved, although their CT scans remained negative.
Only one patient’s symptoms recurred with increasing
enzyme levels and her repeat imaging was positive for
pancreatitis. This study demonstrates that non-specific
enzyme elevation is common in children with DKA.
The etiology of non-specific elevation of lipase
and amylase during DKA may be secondary to nonpancreatic sources of the enzymes, an insult to the
pancreas itself causing enzyme leakage, and decreased
renal clearance[67-70]. In cases of acute pancreatitis during
DKA, transient hypertriglyceridemia is postulated to be
the primary etiology[68,71] through both increased blood
viscosity and increased levels of free fatty acids in the
pancreas secondary to triglyceride lipolysis, ultimately
leading to pancreatic ischemia and injury[72,73]. The child
who developed pancreatitis in Haddad’s study did not
have hypertriglyceridemia, however, leading the authors
to propose that severe acidosis may play a role in the
development of acute pancreatitis[67].
Management of acute pancreatitis during DKA
involves aggressive fluid administration, as pancreatitis
can worsen intravascular dehydration[66]. Care must be
taken when resuming oral intake as it may exacerbate
pancreatitis. The cases of pancreatitis described were
mild and all resolved without complications[67,68,72].

COGNITIVE COMPLICATIONS
Even in the absence of symptoms suggesting cerebral
injury, children with diabetic ketoacidosis can exhibit longterm cognitive complications. Ghetti et al[79] assessed for
memory deficits in 33 children with T1D who had suffered
at least one episode of DKA and 29 children with T1D
who had never experienced DKA. Interestingly, the children
with DKA history had a significantly lower ability to recall
events in association with specific details, as tested by eventcolor and event-spatial position associations. The average
time since the last episode of DKA was 2.54 years, although
varied from 0.11 to 14.54 years, and memory performance

Upper gastrointestinal bleeding
There is a 9% incidence of upper gastrointestinal (GI)
bleeding in adults with DKA[74], although there are no
documented reports in children. The most common
manifestation is coffee ground emesis, with hematemesis
or melena also noted. Faigel et al conducted a retrospective
review of 25 patients who developed upper GI bleeding
during DKA; all 8 who underwent endoscopy were found
to have esophagitis. Additionally, 63% had esophageal
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was worse in children whose DKA was in the more distant
past. This retrospective study also demonstrated that, aside
from DKA, reduced memory performance was associated
with male sex, young age at onset of diabetes, and severe
hypoglycemia. The authors hypothesize that cerebral
edema-related hypoxic/ischemic injury to the hippocampus
is responsible for these specific, long-term cognitive deficits,
as similar outcomes are observed in both clinical and animal
studies of hypoxic injury[80,81].
Animal models allow for a more controlled assessment
of DKA-related cognitive dysfunction. Rats with
streptozotocin-induced diabetes who are subjected to only
one episode of DKA have longer mean latency times on
maze testing after DKA recovery compared to rats with
streptozotocin-induced diabetes without DKA[82]. This
measurable decrease in neurocognitive function raises
concern for similar effects in people with DKA, although
the underlying mechanism was not examined further via
imaging or gross dissection. A recent prospective study
of patients ages 6-18 years with and without DKA at
diagnosis of T1D demonstrated cerebral white matter
changes on MRI that, despite resolution over the first
week, resulted in persistent alterations in attention and
memory for up to 6 mo later[83]. The greatest risk factors
for these changes in cerebral structure were degree
of acidosis and younger age at presentation, further
highlighting the need for improved DKA prevention.
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CONCLUSION

11

The most common cause of acute deterioration in
children with DKA is cerebral edema, the pathogenesis of
which remains under active investigation and discussion.
Other rare complications of pediatric DKA include
acute changes in coagulation, pulmonary function,
musculoskeletal and gastrointestinal health as well as longterm cognitive outcomes (Table 1). These findings are rare
and require a high index of clinical suspicion, but early
recognition and treatment may help avoid permanent
deficits. More data related to the presentation, treatment
and outcomes of these complications in pediatric DKA
patients is still needed, therefore, avoidance of DKA in
children and adolescents through public and professional
awareness is paramount to preventing these acute and
chronic complications.
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Transcriptional factors, Mafs and their biological roles
Mariko Tsuchiya, Ryoichi Misaka, Kosaku Nitta, Ken Tsuchiya
factors. The large Maf subgroup consists of four
proteins, designated as MAFA, MAFB, c-MAF and neural
retina-specific leucine zipper. In particular, MAFA is a
distinct molecule that has been attracting the attention
of researchers because it acts as a strong transactivator
of insulin, suggesting that Maf transcription factors are
likely to be involved in systemic energy homeostasis. In
this review, we focused on the regulation of glucose/
energy balance by Maf transcription factors in various
organs.
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Core tip: This manuscript demonstrates that Maf
transcription factors are likely to be involved in the
regulation of hormonal systems related to glucose
metabolism, with regulation by Maf transcription factors
likely occurring near the start of the cascade or acting
directly on the expression of genes in coordination with
other factors in multiple organs and tissues. The Maf
family plays diverse roles as transcription factors in the
establishment of energy balance in peripheral organs,
such as the pancreas, liver, and adipose tissue.
Tsuchiya M, Misaka R, Nitta K, Tsuchiya K. Transcriptional
factors, Mafs and their biological roles. World J Diabetes
2015; 6(1): 175-183 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/175.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.175

Abstract
The Maf family of transcription factors is characterized
by a typical bZip structure; these transcription factors
act as important regulators of the development and
differentiation of many organs and tissues, including
the kidney. The Maf family consists of two subgroups
that are characterized according to their structure: large
Maf transcription factors and small Maf transcription
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INTRODUCTION
Maf is a family of oncogenes that were first discovered
in the genome of the avian transforming retrovirus,
AS42[1,2]. Maf-related proteins have been identified in
many species and exhibit a universally recognized DNA
binding site, enabling the proteins to act as transcription

75

February 15, 2015|Volume 6|Issue 1|

Tsuchiya M et al . Biological roles of Mafs
[23]
β cells , while MAFA deficient mice could not activate
insulin transcription, even though the insulin content of
the β cells was not significantly diminished[24]. Recently,
Hang et al[25] described the collaboration of MAFA and
MAFB in the development of pancreatic β cells in greater
detail[25,26]. As for the transcription factor c-MAF, which is
known to play a role in hematopoietic cell differentiation,
its expression has been confirmed in the pancreas and
is thought to be involved in a cell differentiation and
function[27].
Previously, Maf transcriptional factors could be shown
to stained in premature and mature pancreas tissue in our
report[28]. Cells that stained positive for Maf transcription
factors were diffusely localized in premature pancreas
tissue, with some cells exhibiting double staining. The
staining pattern for each Maf protein was different: unlike,
MAFA-positive cells, which exhibited a diffuse staining
pattern, MAFB and c-MAF were stained prominently
in the branching ducts and acinar buds. Subsequently,
MAFA and MAFB were stained more intensely in the
islet areas of adult pancreas tissue, suggesting that Maf
transcription factors are involved in the differentiation
and acquisition of pancreatic endocrine cells, coordinating
with each other in some situations (Figure 1). In contrast,
non-endocrine composite cells of the pancreas, such
as acinar cells and ductal cells, may also be affected by
several Maf transcriptional factors during their maturation
and differentiation process. More interesting observation
is that cells positive stained for Maf transcription factor
continued to be detected not only in the islets but around
the ductal and interstitial area after maturation.

factors. These Maf transcription factors are well known
to play active roles in many organs, tissues, and cells for
the development, differentiation and establishment of
specific functions, including effects in the pancreas[3],
lens[4], myeloma cells[5], and cartilage[6,7].
The Maf family has two distinct subgroups that
are categorized according to their molecular size: small
Maf transcription factors (150-160 amino acids: MAFF,
MAFG, and MAFK), and large Maf transcription factors
(240-340 amino acids: MAFA, MAFB, c-MAF, and NRL).
Small Maf transcription factors lack a transactivation
domain, and these protein products form homodimers
or heterodimers within the Maf family or with other
transcription factors, inducing transactivation factors[2,8]. A
complex regulatory network is known to link small Maf
transcription factors with other regulatory proteins[9,10].
On the other hand, large Maf proteins consist of a family
of transcription factors characterized by a typical bZip
structure, which is a motif for protein dimerization and
DNA binding[11,12]. Several reports have revealed that
Maf proteins are involved in the essential functions of
developing, differentiating and establishing the function
of cells, tissues and organs. These transcription factors
reportedly regulate several distinct developmental
processes, cell differentiation, and the establishment
of cell functions; for example, the mouse Mafb gene is
responsible for the segmentation of the hindbrain[13],
while c-Maf has been identified in the liver, renal tubules[14],
adipocytes, and muscle. In this review, we will mainly
focus on large Maf transcription factors and their roles in
the regulation of various organs, as well as their effects on
energy balance.

ACTIVITIES OF MAF TRANSCRIPTION
FACTORS BEYOND β CELLS

MAF TRANSCRIPTION FACTORS AND
PANCREATIC β CELLS

Despite the details that have been revealed regarding
the activities of Maf transcription factors in β -cell
function and differentiation, the precise mechanism and
coordination of Mafs and other transcriptional factors
regarding the regulation of insulin production and its
activity remain unknown. The precursors of pancreatic
endocrine cells and the mechanism of β cell replication in
the islets have been reported[29-31]. However, several types
of Maf transcription factors are likely to be implicated in
both the pancreatic endocrine cell lineage and interaction
with other transcription factors. Each Maf transcriptional
factor were often co-stained in one endocrine cell in
immature pancreas.
The network of targeted genes and transcription factors,
including several Maf transcription factors, needs to be
clarified as part of efforts to accelerate β cell regeneration or
preparation for cell therapy. Maf transcriptional factors are
reportedly expressed in other tissues and cells, for example,
epithelial cells and lymphocytes[32,33], where they accelerate
specific cell function and differentiation. Lumelsky et al[34]
reported the development of embryonic stem cells into
insulin-producing cells in the pancreas[34], while Kawai et
al[1] described the mechanism of β cell replication in islets.

One of the large Maf transcription factors, transcription
factor MAFA, is an interesting molecule among the Maf
family members since it promotes the differentiation
of pancreatic β cells [15,16]. Several reports have also
indicated that Mafa activates the insulin gene C1 element,
contributing to β cell function and differentiation[17,18]. The
formation of β cells has been described in detail in several
reports and has been summarized in reviews. Two types of
large Maf transcription factors, MAFA and transcription
factor MAFB, are known to coordinate with each other
and with other transcription factors and related genes to
induce the generation and differentiation of β cells[3,19].
MAFB is known to function as a transcription factor in
many tissues and organs and has been detected in the
pancreas. MAFB was initially identified as a transactivator
of β cells, acting on the glucagon gene G1 element.
Further studies subsequently revealed that MAFB can
be detected in both a and β cells during the early phase
of development, followed by a reduction in expression
and then a switch to mainly MAFA expression[20-22]. An
additional study has demonstrated that the loss of Mafa
causes a decrease in insulin gene expression in glucotoxic
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Fetus

Adult

MAFA staining

MAFB staining

C-MAF staining

Figure 1 Immunostaining for MAFA, MAFB, and c-MAF in fetal and adult human pancreas tissues. An immunohistochemical analysis was performed using
primary antibodies against MAFA (BL1069; Bethyl Laboratories, Inc.), MAFB (P20; Santa Cruz Biotechnology, Inc.), and c-MAF (M153; Santa Cruz Biotechnology,
Inc.). The details are described in reference[28]. Samples of human normal fetal tissue (female, 20 wk, catalog No. T2244188, Lot No. A607380) and adult pancreas
tissue (male, 23 years, catalog No. T2234188, Lot No. A604382) were purchased from BioChain. The fetal pancreas tissues were diffusely stained for the Maf
transcription factors, and characteristic histological differences were observed between the fetal and adult tissues, with a more intense staining pattern observed in the
islet areas of the adult pancreas tissue.

cell differentiation, such as α and β cells, exocrine cells,
and ductal cells.

In addition, several reports have described the existence
of tissue-specific stem cells in the pancreas[35,36]. Recently,
several reports have discussed the more efficient production
of β cells (glucose-sensitive and insulin-secreting cells)
through the introduction of a combination of transcription
factors, including Maf transcription factors, or the use of
induced pluripotent stem cells[37,38].
Large Maf transcription factors have been identified
during the development of the pancreas, and the expressions
of these large Maf transcription factors exhibited different
localizations in newborn and adult pancreas tissues,
which differ in their endocrine characteristics. Thus, Maf
transcription factors may contribute to establish all the cells
in pancreatic tissue, including cells involved in endocrine

WJD|www.wjgnet.com

MAF TRANSCRIPTION FACTORS AND
THE KIDNEY
In the kidney, large Maf transcription factors may be
implicated in both normal development and pathophysiological processes responsible for kidney disease. We
previously reported the expression profiles of large Maf
transcription factors in the kidney. We have reported the
expression of c-Maf mRNA levels in mouse kidney tissue
from embryonic day 12 (E12) until 1 or 4 wk after birth.
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MAFB staining

C-MAF may be related to the antioxidant system
mediating the modulation of GPx-3 in the kidney[14].
Recently, c-Maf-inducing protein (also known as c-Mip;
protein designation, CMIP), a pleckstrin homology
(PH) and leucine-rich repeat (LRR)-domain-containing
protein, has been identified; CMIP inactivates GSKbeta
and interacts with RelA, a key member of the NFkappaB family. Interestingly, the expression of CMIP
(c-Maf-inducing protein) was increased in the podocytes
of patients with idiopathic nephrotic syndromes [43].
Membrane nephropathy is characterized by nephroticrange proteinuria in clinical and subepithelial deposits
of immune complex in the basement membrane of the
glomerulus. The primary cause of the disease has not been
clarified, but antibodies against podocytes located on the
outer layer of the basement membrane of the glomeruli
form complexes that lead to deposits. A recent report
has shown that CMIP was overexpressed in podocytes in
an experimental glomerulonephritis rat model exhibiting
heavy proteinuria and membranous nephropathy in
human. This overexpression was suppressed by immunological treatment resulting in a reduction of
proteinuria; thus, while the role and significance of CMIP
in podocytes and how it induces massive proteinuria
have not yet been elucidated, CMIP or c-MAF-related
transcriptional activities may deregulate podocyte function
and cause proteinuria[44].
The expression of MAFA in the kidney is uncertain;
however, based on the UniGene databank, human MAFA
is also expressed in the kidney, lung, and blood. One
interesting report described transgenic mice with a disease
in which the hybridized gene complex resulted in MAFA
deficiency and MAFK overproduction in pancreatic
β cells. The phenotype of these transgenic mice was
severe diabetes with large amount of proteinuria. A
histological examination showed a reduction in β cells in
the pancreas and typical histological diabetic nephropathy
accompanied by a characteristic nodular lesion in the
glomeruli.
The combination of several Maf dysfunctions
generate diabetes with diabetic nephropathy, suggesting
one possible mechanism for the onset of diabetic
nephropathy. Consequently, these mouse models mice
may suggest a mechanism for disease onset and could
be useful in investigations of treatments for diabetic
nephropathy[45].

C-MAF staining

Figure 2 Immunostaining for MAFB and c-MAF in fetal human kidney
tissue. An immunohistochemical analysis was performed using primary
antibodies against MAFA (BL1069; Bethyl Laboratories, Inc.), MAFB
(P20; Santa Cruz Biotechnology, Inc.), and MAF c-Maf (M153; Santa Cruz
Biotechnology, Inc.). The details are described in reference [40]. A sample of
human normal fetal kidney tissue (male, 25 wk) was purchased from BioChain
(catalog No. T8244431, Lot No. A606275). Glomerular podocyte lesions stained
positive for MAFB, and while the proximal tubules stained positive for c-MAF.

c-Maf mRNA was firstly expressed at E16 in the proximal
tubules and continued to be expressed until 4 wk after
birth. Meanwhile, MAFB expression has been identified
in the glomeruli (Figure 2)[39,40].
The Mafb mouse gene (also known as Kreisler and
Krml) is known for its role in hindbrain patterning. Sadl
et al[41] showed that mice homozygous for the kr (enu)
mutation develop renal disease, in which the glomerular
podocytes are affected, resulting in nephrotic syndrome.
The fusion and effacement of the podocyte foot
processes were observed histologically, and MAFB was
shown to be essential for the cellular differentiation
of the podocytes. Since the podocytes of the kr (enu)
homozygotes differentiated abnormally, the homozygotes
exhibited proteinuria, as is observed in nephrotic
syndrome. The authors speculated that MAFB acted
during the final stages of glomerular development, i.e.,
the transition between the capillary loop and the mature
stages, and downstream of the Pod1 basic domain helixloop-helix transcription factor[41]. In Mafb-knockout mice,
renal dysgenesis with abnormal podocyte differentiation
and tubular apoptosis were prominent, accompanied
by the suppression of F4/80 expression in mature
macrophages[42].
A prominent phenotypic feature of c-Maf - knockout
mice is a small cell volume of the kidney proximal tubules
and hepatocytes[40]. The precise mechanism underlying
this dysregulation of cell structure formation has not
been clarified, but the c-Maf transcriptional factor has
been suggested to contribute to the embryonic cell
development and differentiation of at least the proximal
tubules and hepatocytes. The mRNA expression profile
in kidney tissue from Maf-knockout mice, as evaluated
using a DNA microarray, showed that the plasma level
of glutathione peroxidase 3 (GPx-3) was predominantly
downregulated. Since GPx-3 is an antioxidant enzyme,
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MAF TRANSCRIPTION FACTORS AND
THE CENTRAL NERVOUS SYSTEM
Energy balance in humans is well regulated by multiple
organized systems, and the central nervous system (CNS)
is likely to be involved and to play important roles in these
systems[46]. The CNS contributes to the maintenance of
energy balance in part by controlling feeding behavior and
also by changing biological conditions and the homeostasis
of intra-body conditions. Systemic adjustments of the
metabolic state are achieved by the coordination of
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Figure 3 Suppression of MafA mRNA by siRNA in the brain and resulting alternation of related genes. A designed small interfering RNA (siRNA) oligomer
for mouse Mafa was intravenously injected using the hydrodynamic method according to a procedure described by Hamar et al[58]. A DNA microarray analysis was
then performed using Affymetrix GeneChip technology. The mRNA levels were quantified using real-time PCR. The details of the experiment have been described
previously. Expression level of Mafa mRNA in the brain. The expression level of Mafa mRNA in the brain was 20 times higher than that of Mafa mRNA in the pancreas,
as assessed using real-time PCR. Suppression of Mafa in mice using siRNA in the brain. The mRNA expression level take out in the brain tissue are shown. The
Mafa mRNA expression level was significantly downregulated by the siRNA. Pro-melanin-concentrating hormone, Hypocretin, and Pro-opiomelanocortin-a were
downregulated, and Gastrin-releasing peptide was upregulated, as assessed using real-time PCR with specific primers.

the CNS and peripheral effector organs. In the CNS,
transcription factors are involved in the regulation of
behavior and intra-body biological conditions[47]. Calorie
intake is sensed in the CNS, altering the expression of
signal transduction-mediating transcription factors. These
responses are then translated into intra-CNS hormones

WJD|www.wjgnet.com

(resulting in changes in eating behavior) and peripheral
hormones take out including insulin and leptin, which
function to regulate energy balance by direct effects on
peripheral organs in coordination with calorie intake and
consumption balance.
In our previous mouse study, the Mafa mRNA level
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Day 7 post-induction (non-treated cells)

Day 7 post-induction (mafA-siRNA-treated cells)

Figure 4 Comparison between histological changes and the Oil-Red-O staining of stop-mafA-siRNA- and mafA-siRNA-treated cells. Mouse 3T3-L1 preadipocytes were induced to differentiate, and Mafa SiRNA was transfected using a transfection reagent. The morphological appearances of the pre-adipocyte culture
before induction and 7 d after induction were then compared. The morphology of the 3T3-L1 cells was directly observed, and lipid droplets were stained using Oil Red O.
Oil Red O staining was compared between untreated and Mafa-siRNA-treated cells. Intracellular lipid staining was not observed in the Mafa-siRNA-treated cells.

was significantly downregulated in brain tissue in vivo, as
observed using a siRNA technique, and changes in the
gene profile in the CNS were screened[48] (Figure 3). The
results showed distinct effects on gene expressions in brain
tissue, and some of the affected genes were related to
eating behavior and energy consumption, such as growth
hormone and arginine vasopressin. In addition, several
interesting genes and related gene products were identified
in this profiling. Pro-melanin-concentrating hormone
(Pro-MCH) regulates body weight[49], and changes in its
expression can alter the susceptibility to fat metabolism[50,51].
Orexin is a topical neuronal peptide that regulates arousal
and sleep[52], and defective orexin producing neuronal
cells cause narcolepsy. Orexin may work in the brain-gut
network, which regulates appetite during wakefulness[53]. In
addition, pro-opiomelanocortin-alpha (an alpha-melanocyte
stimulating hormone) and gastrin-releasing peptide, which
are important neuropeptides regulating eating behavior
and modifying the excretion of several hormones required
for food digestion, have also been implicated in the abovementioned network.
Thus, MAFA is a strong transactivator of insulin in
peripheral organs and pancreas, while the modulation
of MAFA mRNA expression in the CNS induces
change in related genes resulting in upregulation and
downregulation of neuropeptides that influence appetite,
behavior, arousal, and sleep.

also reported transcriptional networks for adipogenesis
take out in which two waves of transcriptional cascades
composed the adipogenetic pathway. Maf transcription
factors are likely to be involved in this process, and
Serria et al[33] reported that the expression of c-MAF is
downregulated during 3T3-L1 cell differentiation and
proliferation. Furthermore, an age-related decrease in
the expression of c-MAF in mesenchymal cells has been
reported, and present evidence indicates that c-MAF
regulates mesenchymal cell bifurcation into osteoblasts
and adipocytes. A role of c-MAF in osteogenesis and
adipogenesis was also observed in c-Maf-knockout mice[56].
As discussed previously, MAFA may be involved in
the differentiation of both adipocytes and pancreatic
β cells. To explore the role of MAFA in adipose tissue,
alterations in the expressions of MAFA-related genes
in a cultured adipocyte cell line, 3T3-L1, were observed
after Mafa mRNA interference had been induced[57]. Mafa
mRNA suppression induced morphological changes in
3T3-L1 cells during differentiation. As shown in Figure
4, the cytoplasm of spindle-shape cells expanded after
differentiation and lipid droplets formed in mature
adipocytes, as revealed by the presence of red droplets
of Oil Red O stain in the cytoplasm. This morphological
change was not observed during Mafa siRNA suppression,
and no expansion of the cytoplasm was observed.
Since lipid droplet formation is essential for adipocyte
differentiation, MAFA may play a critical role in the
process of adipocyte differentiation. The expression levels
of peroxisome proliferator-activated receptor (PPARγ2)
and CCAAT/enhancer-binding protein (C/EBPa) were
recognized as being essential for the differentiation and
function of 3T3-L1 cells. PPARγ 2 plays a leading role
in the synthesis and accumulation of lipid droplets in
adipocytes, and C/EBPa is critical for the establishment
of insulin sensitivity[54]. At the molecular level, the mRNA
expression levels of the PPARγ gene or the C/EBP gene,
which encode master adipogenic transcription factors,
were markedly suppressed by Mafa-siRNA treatment, i.e.,
by the suppression of MAFA expression. In conclusion,

MAF TRANSCRIPTION FACTORS AND
ADIPOCYTES
Adipocytes develop from mesenchymal stem cells in
adipose tissue and various other tissues. Mesenchymal
stem cells destined to become adipocytes develop
and differentiate into mature adipocytes as a result of
transcriptional regulation. PPARγ is known to coordinate
with members of the C/EBP family to exert welldocumented and important functions at different time
points during adipocyte differentiation[54]. Siersbæk et al[55]
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adiopocyte differentiation and formation is regulated
by a network of multiple transcription factors, and
Maf transcription factors are likely to be involved, in
coordination with other transcription factors.
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MINIREVIEWS

Coronary atherosclerosis is already ongoing in pre-diabetic
status: Insight from intravascular imaging modalities
Osamu Kurihara, Masamichi Takano, Yoshihiko Seino, Wataru Shimizu, Kyoichi Mizuno
for primary prevention of cardiovascular events. This
guideline recommends aggressive lipid-lowering statin
therapy for primary prevention in diabetes and other
patients. The ultimate goal of patient management
is to inhibit progression of systemic atherosclerosis
and prevent fatal cardiovascular events such as acute
coronary syndrome (ACS). Because disruption of
atherosclerotic coronary plaques is a trigger of ACS,
the high-risk atheroma is called a vulnerable plaque.
Several types of novel diagnostic imaging technologies
have been developed for identifying the characteristics
of coronary atherosclerosis before the onset of ACS,
especially vulnerable plaques. According to coronary
angioscopic evaluation, atherosclerosis severity and
plaque vulnerability were more advanced in prediabetic
than in nondiabetic patients and comparable to that
in diabetic patients. In addition, pharmacological
intervention by statin therapy changed plaque color and
complexity, and the dynamic changes in plaque features
are considered plaque stabilization. In this article, we
review the findings of atherosclerosis in prediabetes,
detected by intravascular imaging modalities, and the
therapeutic implications.

Osamu Kurihara, Masamichi Takano, Yoshihiko Seino,
Cardiovascular Center, Chiba-Hokusoh Hospital, Nippon Medical
School, Chiba 270-1694, Japan
Wataru Shimizu, Division of Cardiology, Nippon Medical
School, Tokyo 173-8605, Japan
Kyoichi Mizuno, Mitsukoshi Health and Welfare Foundation,
Tokyo 173-8605, Japan
Conflict-of-interest: None of the authors have any conflict of
interest in relation to the work described herein. No financial
support was received for the study, nor do any of the authors have
relevant relationship with industry.
Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/
Correspondence to: Masamichi Takano, MD, Cardiovascular
Center, Chiba-Hokusoh Hospital, Nippon Medical School, 1715
Kamakari, Inzai, Chiba 270-1694,
Japan. takanom@nms.ac.jp
Telephone: +81-476-991111
Fax: +81-476-991908
Received: August 28, 2014
Peer-review started: August 29, 2014
First decision: September 30, 2014
Revised: October 22, 2014
Accepted: December 16, 2014
Article in press: December 17, 2014
Published online: February 15, 2015

Key words: Diabetes; Prediabetes; Statin therapy;
Coronary artery disease; Intravascular imaging modality
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Coronary artery disease is the principal
cause of death and disability in not only diabetes but
also prediabetes patients. Aggressive statin therapy
is an established method of primary prevention of
cardiovascular disease events in diabetic patients.
According to the findings of coronary imaging modalities
detecting atherosclerotic lesions, statin therapy in
prediabetes may be beneficial for reducing atherosclerotic
cardiovascular risk.

Abstract
Diabetes mellitus is a powerful risk factor of coronary
artery disease (CAD), leading to death and disability.
In recent years, given the accumulating evidence that
prediabetes is also related to increasing risk of CAD
including cardiovascular events, a new guideline has
been proposed for the treatment of blood cholesterol
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INTRACORONARY INVASIVE IMAGING
MODALITIES

Kurihara O, Takano M, Seino Y, Shimizu W, Mizuno K.
Coronary atherosclerosis is already ongoing in pre-diabetic
status: Insight from intravascular imaging modalities. World J
Diabetes 2015; 6(1): 184-191 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/184.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.184

IVUS
IVUS is an intravascular imaging modality that supplies
cross-sectional images of the coronary artery including the
lumen and vessel wall. High-frequency (20-40 MHz) IVUS
visualizes 3 layers of the vessel wall: the intima, media, and
adventitia. IVUS allows in vivo qualitative measurements
of the lumen and plaque area (and volume). Conventional
grayscale IVUS images have major limitation of precise
tissue characterization except calcification. Although a
large plaque burden and microcalcifications, factors of
plaque vulnerability, are detected by grayscale IVUS, this
imaging system is not able to identify TCFA[13]. Because
of these limitations, 3 modalities using radiofrequency
analysis, virtual histology IVUS (VH-IVUS; Volcano
Therapeutics, Rancho Cordova, CA, United States)[14],
iMAP-IVUS (Boston Scientific, Santa Clara, CA, United
States)[15], and integrated backscatter IVUS (IB-IVUS; YD
Co., Nara, Japan)[16] are now available in clinical settings.
VH-IVUS takes into account detailed qualitative and
quantitative assessment of the vessel wall components.
The axial resolution of VH-IVUS is just about 150-250
μm. Ex vivo studies have shown that power spectrumrelated parameters from raw backscattered ultrasound
signals permit discrimination of plaque components[17].
These parameters are used in a classification scheme to
yield a tissue color map for each plaque characteristic as
follows: dark green indicates fibrous, yellow-green indicates
fibrofatty, red indicates necrotic core, and white indicates
dense calcium. VH-derived TCFA was defined as at least
3 consecutive frames with a plaque burden of at least 40%
and without overlying fibrous tissue[18]. A recent prospective
study using VH-IVUS, the PROSPET trial, has shown
that the VH-derived TCFA with a minimal luminal area ≤
4 mm2 and a plaque burden ≥ 70% was the highest-risk
plaque type leading to adverse cardiovascular events[19].

INTRODUCTION
Diabetes is categorized as a metabolic disease char-acterized
by hyperglycemia arising from abnormal insulin secretion
from the pancreas and/or lack (or absence) of insulin
action. Diabetes causes damage, dysfunction, or failure of
various organs involving heart and blood vessels[1]. It is well
known that diabetes promotes atherosclerotic disease of
systemic and coronary arteries and increases the mortality
rate from cardiovascular disease[2,3]. However, myocardial
ischemia owing to coronary artery disease (CAD) is
occasionally absent from the typical symptoms in patients
with diabetes[4]. As a result, severe multivessel disease of
the coronary arteries can manifest as silent myocardial
ischemia before treatment is begun. A delayed recognition
of CAD can worsen the prognosis in many diabetic
patients[5]. Moreover, a recent study showed that impaired
fasting glucose (IFG) and impaired glucose tolerance (IGT)
are also causes of adverse cardiovascular events[6,7].
A goal of CAD management is to prevent cardiovascular diseases such as acute coronary syndrome (ACS).
The principal pathogenesis of ACS is disruption of
atheromatous coronary plaques and subsequent flowlimiting thrombus formation[8,9]. Plaque disruption, the
trigger of this serious event, is pathologically classified as
a rupture, and shallower intimal injury is termed erosion.
Additionally, previous pathological studies showed that
the majority of disrupted plaques have a large lipid
core under a thin fibrous cap, hence the term thin-cap
fibroatheroma (TCFA). Not only plaque rupture but
also superficial calcified nodules are possible origins of
ACS[10-12]. A vulnerable plaque is defined as a future highrisk plaque provoking ACS, and TCFA is representative of
a vulnerable plaque. In recent years, novel intraco-ronary
imaging modalities have been developed for detecting
such vulnerable plaques.
Coronary angiography remains the gold standard for
diagnosis of CAD and the following catheter intervention
therapy. However, an angiogram represents a 2-dimensional
silhouette of the coronary artery, and the angiogram
does not supply certain information about the vessel wall
components or the atherosclerotic plaque. Therefore, a
coronary angiogram is not capable of detecting vulnerable
plaques, including TCFA. Thus, supplemental CAD
diagnostic modalities, including various intravascular
imaging devices such as intravascular ultrasound (IVUS),
coronary angioscopy (CAS), and optical coherence
tomography (OCT), have been developed to discriminate
each component of the plaque and to identify the presence
of vulnerable plaques.
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CAS
CAS using optic fibers is a technology that permits
direct visualization of the lumen surface of the coronary
artery and provides detailed information about plaque
morphology and the presence of a thrombus with high
resolution (50 μm). CAS clearly identifies irregularities
of the lumen surface, such as ulceration, fissures, and
tears. Disrupted plaques are involved in these plaques
with irregularities (or complexity). In addition, CAS is an
extremely sensitive detector of a thrombus. Angiographic
stenosis of the lesion progresses despite healing of the
silent plaque disruption in the nonculprit lesions[20].
Based on angioscopic analysis, an atherosclerotic
plaque is defined as a nonmobile, protruding structure
that can be clearly delimited from the adjacent vessel
wall. Although a normal vessel wall appears glistening
white, plaques can be yellow or white according to
the surface color. The color of the plaque is classified
semiquantitatively: (1) grade 0 is white; (2) grade 1 is
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Figure 1 Classification of coronary angioscopic images. A: White plaque (yellow grade 0); B: Light yellow plaque (grade 1); C: Yellow plaque (grade 2); D: Intense
yellow plaque (grade 3); E: Plaque rupture; F: Plaque erosion; G: Red thrombus; H: White thrombus.

light yellow; (3) grade 2 is medium yellow; and (4) grade
3 is intense yellow. The majority of yellow plaques
contain lipid-rich tissue or a necrotic core according
to comparative validation using OCT and IVUS. The
grade of yellow plaques is affected by the thickness of
the fibrous cap covering lipidic tissue. A high-intensity
yellow plaque is identical to a TCFA. On the contrary,
white plaques contain fibrous tissue or a thick fibrous
cap covering the lipidic plaque[21-24]. Yellow plaques are
detected not only in the culprit lesion but also in the
nonculprit lesions of ACS [25-29]. Representative CAS
images of plaques and thrombi are shown in Figure 1.
Prospective studies demonstrated that the incidence
of ACS is higher in patients with intense yellow or
multiple yellow plaques than in patients without yellow
plaques[30,31]. These findings indicate that intense yellow
or multiple yellow plaques detected by CAS might be
vulnerable and could cause future coronary events.

with high spatial resolution that can measure the fibrous
cap thickness[37,38].

CORONARY ATHEROSCLEROSIS
INDUCED BY GLUCOSE METABOLISM
DISORDER
Diabetes-associated coronary atherosclerosis as
determined by imaging modalities
In diabetic patients, coronary angiograms characteristically
reveal diffuse long lesions in multiple small vessels[39,40].
In an IVUS study, plaques in diabetic patients were
characterized by an increased amount of dense calcium,
a necrotic core, and a high frequency of VH-TCFA[41].
In addition, IVUS studies showed that the levels of
hemoglobin A1c (HbA1c) was associated with atheroma
volume and the severity of coronary atherosclerosis[42,43].
CAS showed that diabetes was an independent predictor
of plaque disruption in the nonculprit vessel[44]. In an
OCT study, patients with diabetes had large lipid plaque
volumes and a high prevalence of calcified plaque and
thrombus[45].

OCT
OCT imaging employs a near-infrared range light source,
at approximately 1300 nm. OCT has a 10-fold higher
image resolution (10-15 μm) than IVUS, and its image
quality is superior to that of other imaging devices. In
addition, OCT provides accurate tissue characterization
of the plaque. Normal vessel walls appear as a 3-layer
structure on OCT images as well as IVUS. The vascular
media is seen as a dark band delineated by the internal
elastic lamina and external elastic lamina. Fibrous plaques
consist of homogeneous and low-attenuation areas.
Lipid-rich plaques exhibit a high-attenuation mass with
a diffuse border. A calcified plaque is presented as highattenuation mass with a clear border[32-36].
OCT is the only intravascular imaging technology
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Possible mechanism of hyperglycemia-induced
coronary atherosclerosis
Free fatty acids and insulin resistance, which are elevated
by hyperglycemia, stimulate molecular mechanisms
and alter the function and structure of blood vessels,
including increased oxidative stress and activation of
protein kinase C and the receptor for advanced glycation
end products. Consequently, hyperglycemia decreases
the availability of nitric oxide, increases the production
of endothelin, and activates transcription factors such as

186

February 15, 2015|Volume 6|Issue 1|

Kurihara O et al . Coronary atherosclerosis in prediabetes

A

B

C
D

B
D

Figure 2 Representative images of nondiabetic patients. A and B: No angiographic stenosis was observed in the right coronary artery (A), whereas 1 yellow
plaque was identified on angioscopy (B). The yellow intensity of these plaques was defined as grade 2; C: The left circumflex artery was too small to observe by
coronary angioscopy, and a 75% stenosis was identified on angiography in the middle part of the left ascending artery; D: According to angioscopic findings, this lesion
was evaluated as a grade 1 yellow plaque. In this case, the average number of yellow plaques per vessel was 1 (2 yellow plaques in 2 vessels), and the maximum
yellow grade per coronary artery was 2.
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Figure 3 Representative images of prediabetes patients. A: A 50% stenosis and a 90% stenosis were identified on angiography in the middle part of the left
ascending artery; B and C: According to angioscopic findings, both of these lesions were evaluated as grade 3 yellow plaques; D-F: No angiographic stenosis was
observed in the left circumflex artery (D), whereas 2 yellow plaques were defined as grades 1 and 2, respectively (E and F); G-J: Significant stenosis was not observed
in the right coronary artery (G), whereas an intramural red thrombus was observed at the proximal site (H), and 3 yellow plaques were identified on angioscopy (H–
J). The yellow intensity of these plaques was defined as grades 1, 2, and 1, respectively. In this case, the average number of yellow plaques per vessel was 2.33 (7
yellow plaques in 3 vessels), and the maximum yellow grade per coronary artery was 3.

nuclear factor-κB and activator protein-1. These factors
bring about systemic vasoconstriction and inflammation
and promote systemic atherosclerosis [46-48]. A similar
glucose metabolism disorder occurs in the prediabetic
state[49,50].
The American Diabetes Association defines prediabetes
as IFG, IGT, and HbA1c values ranging 5.7%-6.4%[1].
The patients with IFG and IGT should be informed

WJD|www.wjgnet.com

of their increased risk for diabetes as well as CAD.
The HbA1c value is more commonly used to diagnose
diabetes, and an HbA1c level of 5.7%-6.4% also indicates
a relatively high risk for future diabetes and CAD[1].
The low concordance in the relationships between
IFG, IGT, and HbA1c, as well as the diagnoses of
prediabetes using these parameters, accentuates the
various dysfunctions of glucose metabolism. A dys-
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Figure 4 Representative images of diabetes patients. A-D: No angiographic stenosis was observed in the right coronary artery (A), whereas 3 yellow plaques
were identified on angioscopy (B-D). The yellow intensity of these plaques was defined as grades 2, 1, and 2, respectively; E-G: Significant stenosis was not observed
in the left circumflex artery (E), whereas 2 yellow plaques were identified on angioscopy (F and G). The yellow intensity of both of these plaques was evaluated as
grade 3 (intense yellow); H: A 50% stenosis and a 90% stenosis were identified on angiography in the middle part of the left ascending artery; I and J: According to
angioscopic findings, both these lesions were evaluated as light yellow plaques (grade 1). In this case, the average number of yellow plaques per vessel was 2.33 (7
yellow plaques in 3 vessels), and the maximum yellow grade per coronary artery was 3.

function in hepatic insulin resistance manifests as IFG,
whereas muscle insulin resistance represents IGT [51].
Although data for IFG and IGT are provided by the daily
glucose snapshot, HbA1c levels after chronic exposure
(over 60-90 d) to basal and postprandial hyperglycemia
reflects a combination of IFG and IGT[52].

American Heart Association proposed a new guideline
for the treatment of hyperlipidemia to reduce the risk
of cardiovascular events and recommended aggressive
statin therapy for both primary and secondary prevention
of atherosclerotic cardiovascular disease (ACVD)
events in diabetes patients [56]. Moreover, for patients
with diabetes without preexisting CAD, the American
Diabetes Association currently recommends starting
pharmacological therapy at a low-density lipoprotein
cholesterol (LDL-C) level of ≥ 130 mg/dL with a goal of
< 100 mg/dL[57]. In an angioscopic investigation, lowering
LDL-C by statin induces reduction of color intensity in
yellow plaques, and the phenomenon is regarded as its
effect on plaque stabilization[58].
Four major groups were identified that would benefit
from statin therapy to reduce ACVD risk: (1) patients
with clinical ACVD (secondary prevention); (2) patients
with primary elevations of LDL-C ≥ 190 mg/dL (primary
prevention); (3) patients 40-75 years of age who have
diabetes and LDL-C 70-189 mg/dL (primary prevention);
and (4) patients up to 75 years of age without diabetes
and with an estimated 10-year ACVD risk ≥ 7.5% and
LDL-C 70-189 mg/dL (primary prevention). Selected
patients with < 5% 10-year ACVD risk who are < 40 or
> 75 years of age may also benefit from statin therapy[56].
The 10-year ACVD risk was estimated from age, sex,
race, blood cholesterol level, history of hypertension and
diabetes, smoking habits, etc. In the group with 10-year
ACVD risk < 7.5%, a benefit of statin therapy was not
completely established. Regarding prediabetes, we should
pay attention to this group and consider the benefit of
statin therapy.
Because coronary atherosclerosis is already present

Prediabetes-associated coronary atherosclerosis as
determined by imaging modalities
An angiographic study revealed that atherosclerosis of
coronary arteries developed not only in patients with
diabetes but also in those with IGT[53]. An IVUS study
showed that even patients with a prediabetic status
detected by IGT and IFG exhibited abundant lipidrich plaques in their coronary arteries[54]. Recently, we
used CAS to identify yellow vulnerable plaques in the
coronary arteries of patients with prediabetes and
diabetes compared with controls. Representative images
of patients without diabetes and with prediabetes and
diabetes are shown in Figures 2-4. Our findings indicate
that both the degree of coronary atherosclerosis and
the plaque vulnerability were more advanced in patients
with prediabetes than in those without diabetes, and were
comparable to patients with diabetes. We showed that
the number of yellow plaques (0.80 ± 0.64 vs 1.45 ± 0.81
vs 1.63 ± 0.99; P = 0.011) and yellow grade (1.44 ± 1.03
vs 2.00 ± 0.86 vs 2.30 ± 0.70; P = 0.047) in patients with
prediabetes were greater than those in patients without
diabetes, but similar to those in patients with diabetes
(Figure 5)[55].
Prevention of atherosclerotic cardiovascular diseases
Recently, the American College of Cardiology and the
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Figure 5 Comparisons of yellow plaque detected by coronary angioscopy among the 3 groups. A: Average number of yellow plaques per vessel; B: Average
maximum yellow grade per coronary artery (MYG). The number of yellow plaques per vessel and maximum yellow grade per coronary artery in the prediabetic group
were greater than those in the nondiabetic group (P = 0.017 and P = 0.040, respectively), whereas they were similar to those in the diabetic group (P = 0.44 and P = 0.21,
respectively).

in prediabetes and our angioscopic examination revealed
that the level of coronary atherosclerosis with prediabetes
is almost equal to that in patients with diabetes, even for
patients with prediabetes, earlier pharmacological therapy
should be recommended.

7

CONCLUSION

8

We should consider the risk of CAD in the prediabetic
state with mild glucose metabolism disorder, and further
clinical investigations are required to establish an exact
risk stratification and prevent future cardiovascular events
in patients with prediabetes.
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Bedouin populations of Israel. T2DM is a global health
problem. The rapid rise in its prevalence in the Arab
and Bedouin populations in Israel is responsible for
their lower life expectancy compared to Israeli Jews.
The increased prevalence of T2DM corresponds to
increased rates of obesity in these populations. A major
risk group is adult Arab women aged 55-64 years. In
this group obesity reaches 70%. There are several
genetic and nutritional explanations for this increase.
We found high hospitalization rates for micro and
macrovascular complications among diabetic patients of
Arab and Bedouin origin. Despite the high prevalence
of diabetes and its negative health implications, there is
evidence that care and counseling relating to nutrition,
physical activity and self-examination of the feet are
unsatisfactory. Economic difficulties are frequently
cited as the reason for inadequate medical care. Other
proposed reasons include faith in traditional therapy
and misconceptions about drugs and their side effects.
In Israel, the quality indicators program is based on
one of the world’s leading information systems and
deals with the management of chronic diseases such
as diabetes. The program’s baseline data pointed to
health inequality between minority populations and
the general population in several areas, including
monitoring and control of diabetes. Based on these
data, a pilot intervention program was planned, aimed
at minority populations. This program led to a decrease
in inequality and served as the basis for a broader,
more comprehensive intervention that has entered the
implementation stage. Interventions that were shown
to be effective in other Arabic countries may serve
as models for diabetes management in the Arab and
Bedouin populations in Israel.

Abstract

Key words: Type 2 diabetes mellitus; Pre-diabetes; Risk
factors for diabetes; Muslims; Bedouins; Arabs; Ethnic
differences

This review surveys the literature published on the
characteristics and implications of pre-diabetes and
type 2 diabetes mellitus (T2DM) for the Arab and
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SETTING

Core tip: Type 2 diabetes mellitus is a global health
problem and its rapid rise in prevalence in the Arab
and Bedouin populations in Israel is responsible for the
lower life expectancy among Israeli Arabs compared
to Israeli Jews. An important high-risk group is adult
Arab women in the 55 to 64 year age range where
obesity rates approach 70%. Our review found high
hospitalization rates for micro and macrovascular
complications among diabetic patients of Arab and
Bedouin origin. There is evidence that care and
counseling relating to nutrition, physical activity and
self-examination of the feet are unsatisfactory in these
populations. In Israel, data from the quality indicators
program demonstrated inequality in health and served
as the basis for an intervention program in minority
populations to improve the monitoring and control
of diabetics in these populations. Preliminary data
indicated that this program has a significant potential to
reduce health inequality between the Jewish and Arab
populations.

According the Central Bureau of Statistics, the State of
Israel had a population of 8102000 in March 2013, with
close to 75% Jews, about 21% Arabs and about 4% others[6].
Bedouins are one of the ethnic groups in Israeli
society. They comprise 3.5% of the total population with
about 280000 individuals, most living in the Negev region
in southern Israel. They are Semitic tribes that originated
in the Arabian Peninsula from where they began to
disperse to the north to find areas worthy of grazing and
living. They are Muslim Arabs that live in accordance with
the unique customs of their society[7].
The Bedouins in the Negev are at the bottom of
the socioeconomic scale in Israel[8]. Phenomena such as
polygamy, in-marriage (marriage within one’s own tribe
or group as required by custom or law) and high birth
rates (in 2009 the average Bedouin family numbered 6.8
children) are common in Bedouin society[7].
These characteristics, intermingling with elements of
modern life, have brought about a condition in which a
significant proportion of their society is in a phase of
“population in transition”.
Today, about 61% of the Negev Bedouins live in
permanent towns and 39% live in unauthorized villages.
There is a large difference in living conditions between
these two groups. The latter live in huts or tents without
official supplies of water or electricity. Houses are heated
in the winter primarily by burning wood over open
fires. Cooking is done on gas stoves or open fires. The
sanitation level is very low with no central sewerage or
garbage removal. These conditions affect morbidity,
adherence to treatment and access to healthcare services[9].
Israel has a national health insurance law. In accordance with this law, the population receives medical care
through non-profit medical organizations. The work
principle of these medical organizations is based on the
patient-oriented model based on primary care in the
community by a team of doctors and nurses with specialist
consultants, if required[10]. Although the Arab and Bedouin
populations of Israel live in the same geographical area as
the Jews and have at their disposal the same broad basket
of healthcare services, they are separate ethnic groups
embracing a different lifestyle, nutritional habits and
environmental exposures. Furthermore, in recent years,
the Arab population of Israel has experienced a rapid
change towards a westernized lifestyle.
We surveyed the literature on pre-diabetic states and
T2DM and their consequences among the Arab and
Bedouin populations of Israel. The search was conducted
in the PubMed database using the search terms “nutrition
and obesity”, “diabetes” and “Arabs and Bedouins in
Israel”. Thirty six relevant articles were found, 30 in
English and six in Hebrew.

Treister-Goltzman Y, Peleg R. literature review of type 2 diabetes
mellitus among minority Muslim populations in Israel. World J
Diabetes 2015; 6(1): 192-199 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/192.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.192

INTRODUCTION
Once considered a disease of western society, type 2
diabetes mellitus (T2DM) has now spread to every
country in the world, with Asia accounting for 60% of the
world’s diabetic population[1]. Obesity and T2DM have
become a central medical problem among immigrants and
minorities[2].
There are three patterns of increase in diabetes
prevalence: gradual, rapid and accelerated. The prevalence
rates today are 4%-9% in Europeans and reach 14%-20%
among Asian immigrants to India, Arabs, Chinese,
individuals of African descent and Hispanics. Particularly
high rates of diabetes, up to about 50%, are found
in native populations in the United States, Canada,
Australia and the Pacific region. Explanations for the
increasing prevalence of diabetes in Europe include
changes in lifestyle and obesity[3]. Several hypotheses
have been proposed over recent years to explain the
rapid and accelerated rise in diabetes among developing
nations. One of the explanations, known as the “thrifty
phenotype” or “fetal origins of disease”, assumes that
malnutrition during pregnancy and infancy can lead to
a process of adaptation and more “efficient” metabolic
production that facilitates the anabolic processing of
energy sources when the individual has an unrestricted
intake of calories later on[2,4]. Conversely, the “drifty
genotype” hypothesis contends that the prevalence of
thrifty genes is attributable to a genetic drift resulting from
the disappearance of predative selection pressures[5].
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Arab population of Israel
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than Israeli Jews from 1975-2004, the gap decreased
between 1975 and 1998. However, since 1998 the gap
has increased again and the difference in 2004 was 3.2
years more for Israeli Jewish men and 4 years more for
Israeli Jewish women. The main causes of death that
lead to the gap in life expectancy are chronic diseases,
especially ischemic heart disease and diabetes[11]. The
Arab community of Israel is characterized by a high rate
of consanguinity. One study investigated the effect of
consanguinity on multifactorial common adult morbidity,
including T2DM. There was no significant difference
in T2DM between patients with consanguinity and
those without[12]. Another study that investigated the
existence of a direct genetic association that affects the
development of diabetes demonstrated that distinct
genetic backgrounds are responsible for the development
of beta-cell dysfunction and insulin resistance among
Arabs[13]. Obesity comprises a central element in the
development of T2DM and the risk of diabetes increases
substantially with increased body mass index (BMI)[14].
A study from central Israel showed that the mean BMI
of 18-year-old Jews and Arabs is similar. This finding
changes with age so that 52% of Arab women are
classified as obese compared with 31% of Jewish women
and 25% of Arab men compared to 23% of Jewish men.
A central group pointed to in this study was Arab women
aged 55-64 years where the rate of obesity reaches 70%[16].
A study of randomly recruited healthy, overweight Arabs
(BMI > 27) attending a primary healthcare clinic in Israel
revealed that 27% of them had undiagnosed T2DM,
42% had impaired glucose tolerance (IGT), and only
31% had a normal OGCT. The metabolic syndrome
was diagnosed in 48%[17]. There is evidence from various
populations that IGT and impaired fasting glucose (IFG)
often are associated with different groups of patients[18].
The study from Israel assessed insulin resistance and
impaired pancreatic function among overweight Arab
patients with IFG only, IGT only or IFG and IGT
(combined glucose intolerance-CGT) compared to those
with a normal response to glucose (NGT). Patients with
IFG and CGT were more obese and had higher values
of insulin resistance compared to those with IGT only
or normal fasting glucose. There was no statistically
significant difference in insulin resistance between
patients with IGT only and those with NGT. Beta-cell
function was depressed in patients with IGT only and
CGT compared to those with IFG and NGT, while betacell function indices in patients with IFG were similar to
those with NGT[19].

The Arabs presented with diabetes at a younger age than
the Jews and 25% of the Arab population was diagnosed
with diabetes by age 57 compared to age 68 in the Jewish
population[21]. An alarmingly high prevalence of diabetes
was found in Israeli Arab women over 50 years, reaching
50%[22]. Another study found that the prevalence of
diabetes among women younger than 65 years old was
significantly higher compared to men. The mean age of
diabetic women was 48.3 compared to 59.5 among men
and women had a higher BMI (34.5 vs 30.04, respectively)
at diagnosis. The age of diagnosis of diabetes correlated
significantly with BMI[14]. Despite the high prevalence of
obesity, metabolic syndrome and overt diabetes among
Arabs, there is evidence of inadequate care for diabetes
in this population. More than a third of respondents
reported that they did not receive any counseling on
issues such as foot care or the effects of smoking on
diabetes. Misconceptions, attributable to social norms,
are common and more than a third forgo taking
medications because they cannot afford them[23]. Arab
diabetics received less nutritional counseling (OR = 0.46),
less counseling on physical activity (OR = 0.42) and less
advice on self-testing of the feet than Jewish patients (OR
= 0.55)[24]. There is poor diabetes control and sub-optimal
follow-up care among Arab patients with diabetes[25].
The results of studies on the prevalence of obesity,
pre-diabetes and diabetes type 2 in the Arab Israeli
population are summarized in Table 1.

DIABETES AS A RISK FACTOR IN
ISRAELI ARABS
In a five country observational study that determined the
incidence of hypoglycemia during the holiday of Ramadan
among Muslim subjects with T2DM treated with a
sulphonylurea, the highest incidence of hypoglycemia was
reported by patients from Israel (40%)[26].
In a recent study among patients in hospitals that
had predominantly Arab patients (more than 90%), the
proportion of diabetics was 39%. There was a female
preponderance among patients admitted with diabetes
(52.9%), while only 45% of hospitalized patients without
diabetes were women (P = 0.0003).
A difference was found in the reasons for hospitalization between patients with diabetes and those without.
In the diabetic group, there were more hospitalizations
(37% vs 27% respectively, P < 0.001) and urinary tract
infections (7.7% vs 6.9%, respectively). The authors
recommended that the prevention of cardiovascular
disease and urinary tract infections among the diabetic
population should be a priority, especially for Arab
women over 40 who have a high risk for morbidity and a
high rate of hospitalizations[27].
A study that evaluated risk factors among Arab and
Jewish patients who underwent rehabilitation for a first
stroke revealed that a high percentage of Arab patients
have hypertension and T2DM. The prevalence of diabetes

DIABETES MELLITUS IN ISRAELI ARABS
Studies show that in recent decades the incidence rate of
diabetes in the Israeli Arab population has increased by
9.1 per 1000 persons annually[20]. A study of the urban
Jewish and Arabs population from the central area of
Israel found that the prevalence rates for adult-onset
diabetes were 21% among Arabs and 12% among Jews.
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Table 1 Results of studies on the prevalence of obesity, pre-diabetes and diabetes type 2 in the Arab Israeli population
Ref.

Date

Keinan-Boker et al[16]

2005

Abdul-Ghani et al[17]

2005

Abdul-Ghani et al[14]

2005

Kalter-Leibovici et al[15] 2007
Idilbi et al[20]

2012

Kalter-Leibovici et al[21] 2012

Subjects

Study results

Representative sample of 3246 individuals
from the general Israeli population
95 randomly recruited Arab subjects who
were overweight and over the age of 40
7434 patients from an outpatient clinic in
an Arab village
880 randomly selected Arab and Jewish
patients
Review of official health statistics
1100 Arab and Jewish patients older than
the age of 20

In the subgroup of older Arab women, aged 55-64 yr, obesity reached 70%
27% had undiagnosed DM, 42% impaired fasting glucose or impaired
glucose tolerance, 48% metabolic syndrome
The prevalence of diabetes type 2 in Arab patients younger than the age
of 65 was significantly higher among women than men. Diabetic women
were younger than men at diagnosis (48 yr vs 59 yr) and had a higher BMI
The prevalence of obesity was 52% in Arab women compared to 31% in
Jewish women and 25% in Arab men compared to 23% in Jewish men
The incidence rate of diabetes in the Israeli Arab population increased by 9.1
per 1000 persons annually. In contrast, it decreased among Jews
The prevalence of diabetes was 21% among Arabs and 12% among Jews.
Arabs developed diabetes 11 years earlier than Jews

DM: Diabetes mellitus.

a higher intake of carbohydrates than Jews[34]. Another
study demonstrated that the nutrition of Bedouin women
who lead a semi-traditional lifestyle had a caloric value
that was 50% higher than that of Jewish women. The
mean BMI of the Bedouin women was 30[36]. To evaluate
the importance of modern food and drink in their daily
diet, the nutrition of Bedouin women living in permanent
towns and non-permanent settlements was compared.
Residents in non-permanent settlements, where there
are no means to preserve food, ate more traditional
dairy products while those in permanent towns ate more
meat. Both population groups based their two main
meals on traditional food, but processed foods and drink
were consumed as snacks. These processed products
are calorie-rich and can be a factor in the rising rate of
diabetes[37].

among Arabs was 51.4%, among non-immigrant Jews
38.5%, and among immigrant Jews 39.1% (P < 0.001)[28].
In another study that evaluated ethnic disparities between
patients with a first episode of primary intracerebral
hemorrhage in northern Israel, the Arabs were found
to be younger and to have a higher prevalence of
diabetes[29]. A national survey among 28 hospitals in Israel
that assessed ethnic variations in acute ischemic stroke
showed that the mean age of Arab patients was nine
years younger than Jewish patients (63 ± 11 years vs 72
± 12 years, respectively), Arabs were more likely to be
obese (OR = 1.72) and to have diabetes (OR = 1.41)[30]. A
higher prevalence of diabetes among Arabs than Jews was
also found in a study that compared ethnic differences in
ischemic stroke in patients of working age (≤ 65 years)[31].
In two studies that examined risk factors in hospitalized Arab and Jewish women with coronary heart
disease who underwent cardiac catheterization, a higher
prevalence of diabetes was found among the Arab
women[32,33].
These differences should be addressed when developing stroke and coronary artery disease preventative
strategies, planning healthcare services and designing
culturally relevant public education programs.
The results of studies on diabetes as a risk factor
among Israeli Arabs appear in Table 2.

T2DM AMONG BEDOUINS IN THE NEGEV
An epidemiological survey conducted among Bedouins
about half a century ago reported that only a few
patients had hypertension and diabetes and none had
ischemic heart disease[38,39]. Later, evidence accumulated
that cardiovascular risk factors among the Bedouins were
on the rise and that this increase was more pronounced
among Bedouin living in settled settings compared
to the traditional tribal groups. A study performed
in 1990 demonstrated that among Bedouins who
lived in permanent towns, 15% were obese and 23%
were overweight compared to Bedouins who did not
live in permanent towns, where there were no obese
individuals and 23% were overweight. This difference
was particularly apparent in the younger age group. No
difference was found between the groups regarding
fasting blood glucose[40]. A study from 2005 found a
difference in diabetes prevalence in urban compared to
rural settlements (5.5% vs 3.9%, respectively, P < 0.001).
In this study, diabetes control was less successful among
Bedouin diabetes patients. Only 29.3% had their diabetes
under control compared to 46.7% among non-Bedouin

NUTRITION AND OBESITY AMONG
BEDOUINS IN THE NEGEV
Similar to other Arab Israeli populations, the prevalence
of obesity was also higher among Bedouins compared to
Jews (27.9% vs 20%, respectively)[34]. A study of Bedouin
women of childbearing age found a high prevalence
of obesity associated with nutritional deficits [35]. In
order to investigate possible dietary causes for the
discrepancy in obesity rates between adult Jews and
Bedouins, researchers from southern Israel compared
eating patterns in the two populations. Bedouin men and
women reported a lower intake of fat and protein and
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Table 2 Results of studies on diabetes as a risk factor among Israeli Arabs and Bedouins
Ref.

Date

Subjects

Study results

Jabara et al[32]

2007

546 women (102 Arabs) after cardiac catheterization

Salameh et al[33]

2008

Telman et al[31]

2010

Telman et al[29]

2010

Aravind et al[26]

2011

Greenberg et al[28]

2011

40 Arab and 179 Jewish women hospitalized with
coronary artery disease
727 Arab and Jewish patients of working age (< 65 yr)
with stroke
546 patients with a first episode of primary intracerebral
hemorrhage
1378 Muslim patients from five countries who were
treated with sulfonylurea during Ramadan
2000 patients with a first stroke (237 Arabs)

Arab women had a higher prevalence rate for diabetes (61% vs
46% in Jews)
More Arab patients had diabetes (73% vs 40%)

Gross et al[30]
Chorny et al[46]

2011
2011

Nseir et al[27]

2013

Rabaev et al[45]

2014

1540 patients with acute ischemic stroke, 169 Arabs
523 diabetic patients (Jews and Bedouins) who were
examined by an ophthalmologist
3784 patients from hospitals with predominantly Arab
patients
220 patients admitted with diabetic ketoacidosis (19%
Bedouins)

diabetes patients[41]. A study at the largest urban Bedouin
outpatient clinic in 2002 revealed that the prevalence of
diabetes was 7.3% among men and 9.9% among women.
Women had significantly higher BMI levels than men
but lower levels of HbA1c and microalbuminuria[42].
Prescribed oral medicines were purchased by 69% of
the women compared to 76% of the men. Insulin was
purchased by 19% of the women compared to 15% of
the men[42]. The study from 2007 showed an age-adjusted
prevalence rate for diabetes of 12% in the Bedouin urban
population compared to 8% among Jews. The prevalence
rate was especially notable among Bedouins in the 40-49
year age group where it was three times higher than in
the Jewish population of the same age. The adherence
rate to diabetes treatment was 27% among the Bedouins
compared to 42% in the Jewish population. The Bedouin
population was also less compliant with follow-up blood
tests: 22% of the Bedouin patients had no HbA1C
measurements over the course of the previous year,
compared to 13% of the Jews. The rates of controlled
diabetic patients were lower among the Bedouins than
the Jews (29.5% vs 57%, respectively)[43]. The results of
studies on the prevalence of obesity and diabetes type 2
among Bedouins in the Negev are summarized in Table 3.
A recent study evaluated the reasons for non-treatment of cardiovascular disease and its risk factors in the
Bedouin population. Structured interviews on knowledge
and attitudes relating to chronic diseases and their
treatment were conducted among patients with T2DM,
hypertension and lipid metabolic disorders. Ninety-nine
high and 101 low-adherent patients were interviewed.
More patients in the low-adherence group believed that
traditional folk treatment was an alternative to prescription
drugs for the treatment of T2DM, hypertension and
hyperlipidemia and 10% took traditional drugs only.
Patients in the group that was classified as undertreated
believed that adverse drug effects were more harmful than
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There was a higher prevalence of diabetes in the Arab patients
Diabetes was more frequent among the Arab patients.
The highest percentage of hypoglycemia (40%) was reported in
patients from Israel
A high percentage of Arabs had diabetes (51.4% vs 35.8% in
Jews)
Arab patients were more likely to have diabetes (OR 1.41)
The prevalence of maculopathy and retinopathy was higher
among the Bedouins (22% vs 13.4%)
39% of the hospitalized patients were diabetics. The diabetics
had more hospitalizations due to atherosclerotic disease
There was no difference in outcomes (in-hospital mortality, 30-d
mortality) between Jews and Bedouins

the disease itself (65% vs 47%, respectively) and this was
also the reason for the cessation of treatment among 47%
who were classified as low-adherent[44].
In a retrospective analysis of the clinical characteristics
and outcomes of diabetic ketoacidosis in the Jewish and
Bedouin populations that included patients with both
type 1 and type 2 diabetes, no differences were found for
in-hospital mortality, 30 d mortality or complication rates
in Jewish and Bedouin patients[45]. Damage to the eye as a
result of microvascular injury is a common complication
in diabetes patients. Among diabetic patients referred to
ophthalmologists in southern Israel, significantly more
diabetic complications (damage to the retina and the
macula) were found among the Bedouins than among the
Jews (22% vs 13.4%, respectively), although the Bedouin
patients were younger than the Jews (average age 58.6 ±
12 years vs 64 ± 10.3 years). The predicting factors for
diabetic eye complications among Bedouins were the
duration of the diabetes, high levels of HbA1c, insulin
treatment and smoking[46]. The results of studies on
diabetes as a risk factor among Israeli Arabs appear in
Table 2.

THE PROGRAM FOR HEALTH QUALITY
INDICATORS AND ITS EFFECT ON THE
CONTROL OF DIABETES IN MINORITY
POPULATIONS
Health quality indicators were introduced at the inception
of the process of departmentalization of clinics and was
part of the process of assessment of the clinics. The first
indicator that was chosen in this process was the rate of
influenza inoculation in the target population. Over the
years the number of indicators increased so that today
there are 70 indicators in 11 primary areas. A significant
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Table 3 Results of studies on the prevalence of obesity and diabetes type 2 among Bedouins in the Negev
Ref.

Date

Subjects

Study results

Ben Assa[38]
Fraser et al[40]

1961
1990

Abou-Rbiah et al[42]

2002

Cohen et al[41]

2005

2000 examined Bedouins
Tribal and settled Bedouin
males
3115 patients from an urban
Bedouin clinic
Population of the Negev area

Tamir et al[43]

2007

Fraser et al[34]

2008

10 diabetic patients
Among settled Bedouins, 15% were obese and 35% were overweight. Among tribal
Bedouins, none were obese and 23% were overweight
The prevalence of diabetes was 7.3% in males and 9.9% in females. The mean BMI was 30
in females and 29 in males
The prevalence of diabetes was 5.1% in Bedouins, 3.7% in non-Bedouins, 5.5% in urban
Bedouins, 3.9% in rural Bedouins. Diabetes was well controlled in 29.3% of the Bedouins
and 46.7% of the non-Bedouins
The prevalence of diabetes was 12% in the Bedouins compared to 8% in the Jews)
The non-compliance rate for treatment was 72.9% among diabetic Bedouins
The obesity rate was 27.9% among Bedouins and 20% among Jews

Leshem et al[36]

2008

Abu-Saad et al[35]

2012

28449 Bedouins, 14012 Jews,
older than 20
793 Jews and 169 Bedouins
aged 35-64 yr
31 encampment Bedouin
The mean BMI was 30.3
women
683 pregnant Bedouin women 42% were either overweight or obese (based on their pre-pregnancy BMI)

BMI: Body mass index.

proportion of these indicators relates to the implementation
of preventive medicine and monitoring and control of
patients with diabetes. The program’s data pointed to
a serious disparity in the monitoring and control of
diabetes in the Arab sector as well as other Israeli subpopulations, including Ethiopian Jews, compared to
the general population[47,48]. In 2008, the Clalit Health
Services, which serve 70% of the Israeli population,
reached an organizational decision that the reduction
of these disparities was a strategic goal, so a dedicated
intervention program to address them was designed.
Between 2008-2010, a “pilot” program was conducted
aimed at 55 clinics serving 400000 clients from “difficult”
populations, including Arab and Bedouin communities
in the Negev. The program focused on seven quality
indicators, including the monitoring and control of
diabetes. The strategy included a concerted effort aimed
at providing medical solutions to loci of inequality in
health quality indicators. Language facilitators were
introduced into the clinics and efforts were made to
incorporate religious leaders into the program, including
lectures by the local Kadi on the religious importance of
maintaining a healthy body, the reading of prayers on the
importance of preventive medicine and physical activity
in mosques on Fridays, and discussions with the village
sheikh to grant permission and consent to women to
carry out physical activity in the form of walks. As a result
of this intervention in key clinics, a reduction of 67% in
health quality disparity (including measurements related
to monitoring and control of diabetes) were achieved
within less than two years. There was an increased risk at
baseline of 8% in the key clinics in emergency room visits
and hospitalizations, which was reduced to that of other
population sectors as a result of the intervention. In light
of the success of the pilot intervention, in a relatively
short period of time a separate program was developed
that was broader and more comprehensive. This program
was designed to bring about a reduction in inequality
among socioeconomic levels and different sectors of the
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population. This program is now in the implementation
stage[48] and its results have not been reported to date.

CONCLUSION
T2DM is a global health problem and the rapid rise
in its prevalence in Arab and Bedouin populations in
Israel is a cause of the difference in life expectancy
between Jews and Arabs. The increased prevalence
of T2DM corresponds with increased obesity rates in
these populations. The primary at-risk group is Arab
women aged 55 to 64 years who have an obesity rate that
approaches 70%. There are several genetic and nutritional
explanations for the increase. In this review, we found
evidence for high rates of hospitalizations and micro and
macrovascular complications among diabetic patients of
Arab and Bedouin origin. Despite the high prevalence
of diabetes and its negative health implications, there is
evidence of a lack of appropriate care and counseling
about nutrition, physical activity and self-examination of
feet. Financial difficulties are frequently cited as reasons
for inadequate healthcare and belief in traditional therapy
and misconceptions about drugs and their side effects are
also significant factors.
Although these overall data are troubling, recent
findings are more encouraging.
A quality indicators program in the community
has been in existence in Israel for the last 15 years. It
is based on some of the world’s leading information
systems with data regarding sociodemographic factors,
drug therapy, healthcare services, laboratory and imaging
data, and recording of chronic diseases. It consists of
several domains, including preventive medicine and
management of chronic diseases. The program has led to
an improvement in the quality of medical care, including
diabetes control.
Since the program’s data indicated inequality in
different health quality indicators, including indicators
relating to the monitoring and control of diabetes,
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between the general population and several population
sectors including minorities, a pilot intervention program
was conducted to reduce these inequalities in selected
clinics from 2008-2010.
This intervention program has contributed to a
narrowing of health-related gaps and has reduced
inequalities between the Arab and Jewish populations
as well as between socioeconomic levels. The program
demonstrated that the healthcare system is capable of
reducing health inequalities, even if they are the result
of variables for which they are not directly responsible,
such as disparities in income, educational level, culture
differences and isolated residential areas. It appears
that an evidence-based, dedicated intervention is the
key to success. In the wake of this success, a broader
intervention was planned and has now entered into the
implementation phase. The results of this program which
involves the entire minority population have not been
reported yet.
Interventions that are based on empowerment for
medical care, cultural elements presented in Arabic terms
and concepts, nutritional habits and lifestyle were shown
to be effective in other Arabic countries[49] and can serve
as models for diabetes management in the Arab and
Bedouin populations in Israel.
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Abstract
AIM: To generate prevalence estimates of weight
status and cardiometabolic disease risk factors among
adolescents with and without disabilities.
METHODS: Analysis of the 1999-2010 National Health
and Nutrition Examination Survey data was conducted
among 12-18 years old with (n = 256) and without
disabilities (n = 5020). Mean values of waist circumference,
fasting glucose, high-density-lipoprotein cholesterol,
triglycerides, systolic and diastolic blood pressure and
metabolic syndrome (MetS, ≥ 3 risk factors present) were
examined by the following standardized body mass index
(BMI) categories for those with and without disabilities;
th
th
overweight (BMI ≥ 85 - < 95 percentile for age and
th
sex), obesity (BMI ≥ 95 percentile) and severe obesity
2
(BMI ≥35 kg/m ). Linear regression models were fit with
each cardiometabolic disease risk factor independently as
continuous outcomes to show relationships with disability
status.
RESULTS: Adolescents with disabilities were significantly
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with disabilities more likely to be overweight or obese,
they are also less likely to engage in outdoor physical
activities[4,5], less likely to have social support to do so,
and have worse overall health status vs their non-disabled
counterparts[6].
These above stated prevalence statistics are important
because obesity is strongly linked to hypertension,
hyperlipidemia, type 2 diabetes mellitus, respiratory and
musculoskeletal problems, liver disease, psycho-social
problems, low self-esteem, which all lead to increased
healthcare costs[7,8]. As such, it has been estimated that
life expectancy will decrease due to obesity-related
health issues alone [9]. Many studies have shown that
the current childhood obesity epidemic has resulted in
poor cardiometabolic health consequences including
the components of metabolic syndrome (MetS)elevated blood pressure and glucose concentrations,
hypertriglyceridemia, low high density lipoprotein (HDL)
cholesterol concentrations, and central adiposity (elevated
waist circumference) - and the syndrome itself (three or
more of these components in the same individual)[10-13].
Cardiometabolic disease risk factors present during the
pediatric years predicts chronic diseases such as cancer,
stroke, type 2 diabetes and cardiovascular disease in
adults[14,15]. While previous studies have documented that
youth with the MetS are at high risk for cardiometabolic
disease and atherosclerosis as adults, there are few
population-based studies examining the prevalence of
cardiometabolic risk among adolescents with disabilities
despite their increased prevalence of obesity vs their peers
without disabilities. Therefore, the purpose of the current
analysis is to estimate the prevalence of cardiometabolic
disease risk, including the MetS, among the United States
adolescent population with and without developmental
physical and/or learning disabilities by weight status
(normal weight, overweight, obese, severely obese). It
was hypothesized that obese adolescents with disabilities
would be significantly more likely to have the metabolic
syndrome vs obese adolescents without disabilities.

more likely to be overweight (49.3%), obese (27.6%)
and severely obese (12%) vs their peers without
disabilities (33.1%, 17.5% and 3.6%, respectively, P
≤ 0.01 for all). A higher proportion of overweight,
obese and severely obese children with disabilities had
abnormal SBP, fasting lipids and glucose as well as
MetS (18.9% of overweight, 32.3% of obese, 55% of
severely obese) vs their peers without disabilities (9.7%,
16.8%, 36.3%, respectively). US adolescents with
disabilities are over three times as likely to have MetS
(OR = 3.45, 95%CI: 1.08-10.99, P = 0.03) vs their
peers with no disabilities.
CONCLUSION: Results show that adolescents with
disabilities are disproportionately affected by obesity
and poor cardiometabolic health vs their peers with
no disabilities. Health care professionals should
monitor the cardiometabolic health of adolescents with
disabilities.
Key words: Adolescents; Children; Disability; Obesity;
Cardiometabolic; Disease risk
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Our results here show that US adolescents
with disabilities are disproportionately affected by
obesity and are over three times as likely to have the
metabolic syndrome vs their peers with no disabilities.
Half of all adolescents with disabilities are overweight,
obese or severely obese. In addition to the metabolic
syndrome, obese adolescents with disabilities are
significantly more likely than their normal weight
counterparts to have increased or abnormal systolic
blood pressure, lipid and fasting glucose levels, placing
them at risk for cardiovascular disease and/or type 2
diabete. Health care professionals should monitor the
cardiometabolic health of adolescents with disabilities.
Messiah SE, Vidot DC, Somarriba G, Haney K, Aytur S, Natale
RA, Brosco JP, Arheart KL. Obesity and cardiometabolic disease
risk factors among US adolescents with disabilities. World J
Diabetes 2015; 6(1): 200-207 Available from: URL: http://www.
wjgnet.com/1948-9358/full/v6/i1/200.htm DOI: http://dx.doi.
org/10.4239/wjd.v6.i1.200

MATERIALS AND METHODS
Study population
Participant data from the National Health and Nutrition
Examination Survey (NHANES) were analyzed. Six cycles
of NHANES data (1999-2000, 2001-2002, 2003-2004,
2005-2006, 2007-2008, and 2009-2010) were combined
to ensure adequate sample size and statistical reliability[16].
The NHANES sampling design to obtain a nationally
representative sample of the United States population is
described in detail elsewhere[16].

INTRODUCTION
In 2011 an estimated 5.1% (2.3 million) of 5-15 years old
and 5.6% (1.2 million) of 16-20 years old in the United
States reported a disability (physical, sensory, and cognitive
or developmental disabilities)[1]. Even more troubling,
obesity is 38% higher in children with disabilities and
mobility limitations compared to their peers without
disabilities[2]. Similarly, 57% of adults who are disabled are
obese compared to 35.7% of peers without disabilities[3].
Healthy people 2020 reports that not only are individuals

WJD|www.wjgnet.com

Eligibility criteria
We selected all adolescents ages 12-18 years old from
the combined 1999-2010 NHANES data who had the
following variables available for analysis: waist circumference, body mass index (BMI), high density lipoprotein
(HDL) cholesterol, systolic and diastolic blood pressure,
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Triglyceride: NHANES Ⅲ[21] findings for triglyceride
greater than the 90th percentile values adjusted for sex
and ethnicity were used to define elevated levels in the
current study.

and fasting glucose and triglycerides. Because we chose
to only analyze those who had data available on the
cardiometabolic disease risk factors collected for their age
group, the sample size was reduced from a total sample
size of 10173 to 5276. There were no baseline significant
differences between adolescents included in the sample
(n = 5276) and those excluded (n = 4897) in terms of
gender, ethnicity, education, income, or disability status.
The mean age in the group included was 15.1 years
compared to 14.9 years for those not included (P = 0.01).
Children were excluded from the analysis if they
were known to have diabetes (n = 51), used medication
that altered blood pressure, lipid metabolism, or blood
glucose such as insulin, androgens, anabolic steroids, or
adrenal corticosteroids (n = 42), or self-reported and/or
tested positive via urine test as pregnant (n = 117).

Fasting glucose: A fasting glucose level of 100 mg/
dL or higher was classified as abnormal[22]. The fasting
glucose-specific, 4-year weights were applied for analysis.
Metabolic syndrome
An adolescent met criteria for the MetS if they had ≥ 3
of the following risk factors: elevated waist circumference,
triglycerides, fasting glucose, systolic and/or diastolic
blood pressure, and low HDL cholesterol[11-13].
BMI percentile categories
Comparison of abnormal cardiometabolic disease risk
factors were examined by the following standardized
BMI categories for those with and without disabilities; (1)
normal weight = BMI < 85th percentile for age and sex; (2)
overweight = BMI ≥ 85th - < 95th percentile for age and
sex; (3) obese = BMI ≥ 95th percentile for age and sex[23];
and (4) severely obese = absolute BMI ≥ 35 kg/m2[24].

Disability status
Individual physical functioning data were compiled from
the NHANES Physical Function questionnaires[17] to
determine disability status. A participant was categorized
as having a disability (yes/no) if they answered yes to
any of the following questions: (1) “Do you/does child
have an impairment or health problem that limits (your/
his/her) ability to crawl, walk, run, or play?”; (2) “Is this
an impairment or health problem that has lasted, or is
expected to last 12 mo or longer?”; and (3) “Is (child)
limited in the kind or amount of play activities he/she can
do because of a physical, mental, or emotional problem?”
Participants who did not report a disability were placed in
the no disability category, which constituted the reference
group for the analyses. Information on specific category
of disability (autism, Down’s syndrome) is not available
for NHANES participants under the age of 19.

Measures and data collection
People who were selected and consented to participate
in the NHANES completed an in-home survey collected
via Computer Assisted Personal Interviewing (CAPI)
procedures. Demographic, socioeconomic, dietary, and
health-related information was collected during this process.
After the in-home interview, participants were asked to
undergo a physical exam at a Medical Examination Center
(MEC).
All laboratory methods used at the MEC are reported in
detail in the NHANES Laboratory/Medical Technologists
Procedures Manual[25,26]. Heights and circumferences were
recorded to the nearest 0.1 cm.

Individual cardiometabolic disease risk factors
The criteria used to estimate the prevalence of abnormal or
elevated (or low in the case of HDL cholesterol) individual
cardiometabolic disease risk factors were modified to
pediatric-specific criteria based on the National Cholesterol
Education Program’s Adult Treatment Panel (ATP Ⅲ)
MetS definition for adults[18]. The threshold values used in
this study to define each pediatric-specific abnormal risk
factor are described below.

Covariates
Demographic data including age in years, gender, ethnicity
(Non-Hispanic White, Non-Hispanic Black, Mexican
American, Other Hispanic and Other) and education level
were used in analysis as covariates. Mexican American
and Other Hispanic categories were combined to create a
“Hispanic” classification.

Waist circumference: Abnormal waist circumference
was defined as above the 90th percentile of the NHANES
Ⅲ (1988-1994) prevalence estimates adjusted for age, sex
and ethnicity[19].

Statistical methods
All data were analyzed using SAS survey procedures (SAS
version 9.3, SAS Institute, Cary, NC). Sample weights
(created to generate estimates for an entire sampling frame)
were readjusted to account for the combined survey cycles.
Weighting takes into account the specific probabilities of
selection for the individual domains that were over-sampled
(for example, in the 1999-2000 and 2001-2002 surveys both
Mexican Americans and blacks were over-sampled), as well
as non-response and differences between the sample and
the total population. The correct sampling weights must be
used to produce unbiased estimates when multiple surveys/

Systolic and diastolic blood pressure: Blood pressure
was considered to be abnormal if systolic and/or diastolic
values were greater than standardized 90th percentile
values adjusted for age and sex[20].
HDL cholesterol: NHANES Ⅲ values[21] for cholesterol
less than the 10th percentile were used to define abnormal
or low HDL-cholesterol for the current study.
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Table 1 Demographic and anthropometric characteristics of of those 12-18 years old with and without disabilities in the United
States, 1999-2010 National Health and Nutrition Examination Surveys n (%)

Gender
Boys
Girls
Race/ethnicity
Non-hispanic white
Non-hispanic black
Hispanic
Other
Education level
Grade School
Middle School
High School
High School graduate/GED
More than High School
Household income
< $10000
$10000-$19999
$20000-$34999
$35000-$54999
$55000-$74999
> $75000
Body mass index percentile groupb
Normal weight
Overweight
Obese
Severely obese
Body mass index
Percentile
Z score
Age

Overall n = 5276

Disability n = 256

No disability n = 5020

2674 (50.8)
2602 (49.2)

126 (2.5)
130 (2.6)

2548 (48.3)
2472 (46.6)

1477 (61.1)
1414 (13.5)
2146 (18.7)
239 (6.7)

80 (64.3)
64 (12.1)
97 (17.9)
15 (5.7)

1397 (60.9)
1350 (13.6)
2049 (18.7)
224 (6.8)

295 (5.2)
2247 (41.5)
2264 (44.5)
292 (6.4)
111 (2.3)

19 (6.1)
101 (34.7)
117 (52.6)
9 (3.5)
6 (2.9)

276 (5.1)
2146 (41.9)
2147 (44.1)
283 (6.6)
105 (2.3)

236 (5.3)
595 (13.0)
692 (15.8)
644 (20.2)
375 (14.0)
679 (31.7)

22 (9.9)
32 (17.1)
32 (21.4)
24 (14.0)
16 (11.1)
26 (26.4)

214 (5.1)
563 (12.7)
660 (15.5)
620 (20.5)
359 (14.1)
653 (32.0)

3281 (66.1)
1995 (33.9)
1099 (18.0)
261 (4.2)
Mean (SE)
64.4 (0.6)
0.53 (0.02)
15.1 (0.04)

135 (50.7)
121 (49.3)
67 (27.6)
16 (5.8)
Mean (SE)
71.3 (2.4)
0.83 (0.1)
15.1 (0.2)

3146 (66.9)
1874 (33.1)
1032 (17.5)
245 (4.1)
Mean (SE)
63.9 (0.6)
0.52 (0.0)
15.1 (0.04)

P -valuea
0.31

0.78

0.22

0.17

< 0.001
< 0.001
0.01
0.26
< 0.01
0.01
0.68

a

Represents mean difference between those with and without disabilities; bNormal weight = body mass index < 85th percentile for age and sex, overweight
= body mass index ≥ 85th - < 95th percentile for age and sex, obese = body mass index ≥ 95th percentile for age and sex (Kuczmarski et al[23], 2000) severely
obese = absolute body mass index ≥ 35 kg/m2 (Kelly et al[24], 2000).

years are combined.
Survey frequencies were used to summarize demographic descriptive characteristics of the sample, and the
SAS survey means procedure was used to obtain descriptive
characteristics of anthropometric measurements. A binary
variable for disability status was created for comparison and
analysis purposes. The prevalence of each cardiometabolic
disease risk factor was estimated for all 4 BMI categories
for those with and without disabilities.
Linear regression models were fit with each cardiometabolic disease risk factor independently as continuous
outcomes to show relationships with disability status.
Logistic regression models were fit with a cluster of ≥
3 abnormal cardiometabolic disease risk factor (MetS) as
a binary outcome [Y = ≥ 3 abnormal factors; N = ≤ 3
abnormal factors. Adjustments were made in a step-wise
procedure for Model (1) age, gender, ethnicity; Model (2)
age, gender, ethnicity, education level; and Model (3) (Full
Mode)] age, gender, ethnicity, education level, and annual
household income. Adjusted odds ratios were reported
with corresponding 95%CIs.

statistician and a leading expert on NHANES data and
analysis. His approval of the methods are documented via
his senior authorship inclusion on the manuscript.

RESULTS
Demographic characteristics of the sample (n = 5276,
weighted n = 15942916) are presented in Table 1. Five
percent (5.1%) of the sample (n = 256, weighted n =
812061) was classified as having a disability. There were
no statistically significant differences in gender, ethnicity,
education level, or annual household income between
disabled and no-disability groups. Adolescents with
disabilities were significantly less likely to be normal
weight vs their peers with no disabilities (50.7% vs 66.9%,
P < 0.001), and were significantly more likely to be
overweight (49.3% vs 33.1%, P < 0.001) and obese (27.6%
vs 17.5%, P = 0.01). Adolescents with disabilities had a
significantly higher mean BMI percentile (71.3%ile), and
Z-score (0.83) vs children without disabilities (64.4%ile;
0.53, respectively).
No significant differences between adolescents with
and without disabilities were found for all cardiometabolic
disease risk factors mean values among overweight, obese
and severely obese sub-groups with the exception of

Statistical analysis
The statistical review of the study was performed by
senior author Dr. Kristopher Arheart, a biomedical
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Table 2 Mean values of cardiometabolic disease risk factors among those 12-18 years old with and without disabilities in the United
a
States by body mass index weight category , 1999-2010 National Health and Nutrition Examination Surveys
Cardiometabolic disease risk factors

Disability mean (SE)

No disability mean (SE)

P -value

74.7 (0.61)
96.5 (1.63)
105.1 (1.59)
122.2 (3.30)

73.1 (0.18)
94.7 (0.38)
102.2 (0.50)
116.6 (0.71)

0.01
0.31
0.10
0.09

106.7 (1.22)
114.2 (1.46)
115.7 (1.85)
120.9 (3.49)

107.3 (0.26)
112.2 (0.36)
113.7 (0.38)
116.2 (0.65)

0.61
0.19
0.31
0.18

60.8 (0.45)
59.8 (0.59)
59.7 (0.67)
61.1 (1.46)

61.2 (1.72)
61.7 (1.45)
60.8 (2.17)
60.8 (3.75)

0.82
0.19
0.59
0.94

50.3 (1.23)
44.9 (1.66)
41.0 (2.10)
37.2 (3.07)

52.9 (0.29)
45.9 (0.37)
43.9 (0.45)
41.1 (0.92)

0.05
0.53
0.19
0.24

92.3 (10.77)
105.4 (11.05)
115.9 (15.40)
173.0 (23.62)

78.4 (1.14)
100.3 (3.27)
113.2 (4.53)
131.0 (12.76)

0.21
0.63
0.85
0.12

92.8 (1.32)
96.7 (1.16)
96.8 (1.59)
94.5 (1.10)

92.4 (0.37)
94.0 (0.35)
95.2 (0.47)
95.9 (1.00)

0.80
0.03
0.32
0.39

Waist circumference, cm
Normal weight
Overweight
Obese
Severely Obese
Systolic blood pressure, mmHg
Normal weight
Overweight
Obese
Severely Obese
Diastolic blood pressure, mmHg
Normal weight
Overweight
Obese
Severely obese
High density lipoprotein, mg/dL
Normal weight
Overweight
Obese
Severely Obese
Triglycerides, mg/dL
Normal weight
Overweight
Obese
Severely Obese
Glucose, mg/dL
Normal weight
Overweight
Obese
Severely Obese
a

Normal weight = body mass index < 85th percentile for age and sex, overweight = body mass index ≥ 85th - < 95th percentile for age and sex, obese = body
mass index ≥ 95th percentile for age and sex (Kuczmarski et al[23], 2000) severely obese = absolute body mass index ≥ 35 kg/m2 (Kelly et al[24], 2000).

fasting glucose; among those who were overweight, mean
values were significantly higher in those with disabilities
(96.7 mg/dL) vs those without disabilities (94.0 mg/dL,
P = 0.03). Normal weight adolescents with disabilities
were significantly more likely to have an elevated waist
circumference vs those children without disabilities (74.7
cm vs 73.1 cm, P = 0.01) (Table 2).
With the exception of diastolic blood pressure and
triglycerides, overweight, obese and severely obese
adolescents with and without disabilities were significantly
more likely to have abnormal or elevated levels of waist
circumference, systolic blood pressure, HDL cholesterol,
triglycerides, fasting glucose, and MetS vs their normal
weight counterparts. A higher proportion of overweight,
obese and severely obese children with disabilities had
abnormal SBP, fasting lipids and glucose as well as MetS
(15.7% of overweight, 28.1% of obese, 61.3% of severely
obese) vs their peers without disabilities (9.1%, 15.4%,
31.2%, respectively) (Table 3).
Adjusted logistic regression analysis showed that
disabled adolescents are more than 3 times as likely as
their nondisabled peers to have the MetS (AOR = 3.45,
95%CI: 1.08-11.0, P = 0.04). Females were significantly
less likely to have MetS vs males (OR = 0.33, 95%CI:
0.21-0.53, P < 0001) (Table 4).
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DISCUSSION
Our results here show that US adolescents with disabilities
are disproportionately affected by obesity and are over
three times as likely to have the MetS vs their peers with
no disabilities. Half of all adolescents with disabilities are
overweight, obese or severely obese. In addition to the
MetS, obese adolescents with disabilities are significantly
more likely than their normal weight counterparts to
have increased or abnormal systolic blood pressure,
lipid and fasting glucose levels, placing them at risk for
cardiovascular disease and/or type 2 diabetes.
The findings in this study are consistent with previous
literature describing higher rates of obesity and obesity
related conditions in adults with disabilities[3]. Specifically,
Froehlich-Grobe et al[3] reported that the prevalence those
with disabilities have a significantly higher prevalence of
obesity and extreme obesity (41.6% and 9.3%, respectively)
compared to individuals without disabilities (29.2% and
3.9%, respectively). Additionally, those with disabilities at
all weight categories were significantly more likely to have
cardiometabolic risk factors and overt disease risk present.
Furthermore, when comparing level of physical activity
among disabled and nondisabled adolescents the literature
consistently shows that adolescents with disabilities are less
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Table 3 Prevalence of abnormal cardiometabolic disease risk factors among those who are overweight, obese and severely obese
a
and 12-18 years old with and without disabilities in the United States compared to those of normal weight , 1999-2010 National
Health and Nutrition Examination Surveys n (%)
Cardiometabolic disease risk factors

a

Normal weight

Overweight

P -value

Obese

P -value

Severely obese

P -value

0 (0)
0 (0)

33 (29.7)
441 (23.8)

< 0.0001
< 0.0001

33 (53.0)
432 (43.6)

< 0.0001
< 0.0001

15 (90.7)
225 (94.6)

< 0.0001
< 0.0001

5 (4.2)
145 (3.7)

20 (17.6)
251 (12.8)

0.02
< 0.0001

16 (24.2)
169 (14.5)

0.01
< 0.0001

7 (37.4)
57 (21.5)

0.004
< 0.0001

15 (11.6)
367 (11.2)

17 (16.5)
194 (11.4)

0.49
0.83

8 (16.0)
121 (12.5)

0.69
0.35

2 (16.2)
45 (19.6)

0.86
0.0002

23 (15.7)
370 (13.2)

42 (37.8)
583 (33.7)

< 0.001
< 0.0001

30 (47.0)
390 (41.0)

0.001
< 0.0001

11 (62.0)
113 (56.0)

0.006
< 0.0001

13 (23.3)
224 (16.6)

21 (34.2)
271 (31.4)

0.82
< 0.0001

16 (45.8)
182 (40.8)

0.06
< 0.0001

7 (67.1)
46 (50.1)

0.007
< 0.0001

9 (6.1)
232 (7.4)

13 (15.5)
171 (8.5)

0.03
0.35

8 (13.9)
107 (10.7)

0.5
0.02

0 (0)
26 (12.1)

0.05

0 (0)
8 (0.20)

17 (15.7)
153 (9.1)

< 0.0001
< 0.0001

17 (28.1)
144 (15.4)

< 0.0001
< 0.0001

11 (61.3)
71 (31.2)

< 0.0001
< 0.0001

b

Waist circumference, cm
Disability
No disability
Systolic blood pressure, mmHgc
Disability
No disability
Diastolic blood pressure, mmHgc
Disability
No disability
High density lipoprotein, mg/dLd
Disability
No disability
Triglycerides, mg/dLd
Disability
No disability
Glucose, mg/dLe
Disability
No disability
Metabolic syndrome (≥ 3 risk factors)
Disability
No disability
a

Normal weight = body mass index < 85th percentile for age and sex, overweight = body mass index ≥ 85th-< 95th percentile for age and sex, obese = body
mass index ≥ 95th percentile for age and sex (Kuczmarski et al[23], 2000) severely obese = absolute body mass index ≥ 35 kg/m2 (Kelly et al[24], 2000); b> 90th
percentile for age and sex (Fernandez et al[18], 2004); c> 90th percentile for age and sex (National High Blood Pressure Education Program Working Group
on High Blood Pressure in Children and Adolescents, 2004); d> 90th percentile for age and sex for triglycerides, < 10th percentile for age and sex for HDL
cholesterol (Hickman et al[20], 1998); e> 100 mg/dL (American Diabetes Association, 2006).

likely to participate in sports or regular physical activity
and are thus exposed to more inactivity via screen time
such as TV, computer and video games[27].
Qualitative research has identified various barriers to
facilitate participation in fitness and recreation programs
and facilities among those with disabilities. These barriers
include but are not limited to the built and natural
environment, equipment, interpretation of guidelines,
regulations, and laws, professional knowledge, education,
and training issues; and facility- and community-level
policies and procedures[28]. Research conducted in urban
areas suggests that three out of five individuals with
disabilities do not have sidewalks between their residences
and the nearest bus stop, and over 70% lack curb cuts
and bus shelters[29].
Thus, a Healthy People 2020 recommendation is
to include those with disabilities in health promotion
programs that include both healthy eating and active
living components to help decrease their health risks[1].
Inclusion of persons with disabilities in urban planning
and transportation planning processes, and promoting the
principles of Universal Design[30] are also recognized as
an important strategies. Similarly, the National Prevention
Strategy, whose aim is to improve the health of each
American at every stage of life and eliminate all health
disparities, has formulated a plan that includes improving
social inclusion of those with disabilities with mental
and emotional well-being, healthy eating and active living
with all citizens[31]. The combination of healthy eating
and active living programs have a positive health effect
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on people with disabilities, including a decrease in weight
and BMI, becoming more fit[32], higher fruit and vegetable
intake and self-reported activity levels, and decreased
health risks.
We report that half of all United States adolescents
with disabilities are either overweight, obese or severely
obese, which has strong implications for adult health.
Previous studies have documented the importance of
childhood obesity as one of the strongest risk factors for
adult obesity and cardiometabolic disease[14,15]. We also
found that adolescents with disabilities are at over triple
the risk for the MetS vs their peers with no disabilities,
which also has direct implications for their adult health.
Previous studies have shown that if MetS is present in
the childhood years, that individual has an almost 10 fold
risk for cardiovascular disease, and 4 fold risk for type
2 diabetes as an adult[7,14,15]. Our findings here suggest
that adolescents with disabilities who are concomitantly
challenged with unhealthy weight should be closely
monitored for associated cardiometabolic risk to prevent
chronic disease onset.
Limitations
A few study limitations should be noted. First, because
NHANES is a cross-sectional design, causality cannot
be inferred (e.g., whether disability causes obesity or
vice versa). Second, the prevalence of obesity in this
subpopulation of NHANES data may be underestimated
because those with the most severe disabilities may not
be able to participate. Additionally, height and weight was

205

February 15, 2015|Volume 6|Issue 1|

Messiah SE et al . Cardiometabolic disease in adolescents with disabilities
risk among adolescents with disabilities despite their increased prevalence of
obesity vs their peers without disabilities. Therefore, the purpose of the current
analysis is to estimate the prevalence of cardiometabolic disease risk, including
the metabolic syndrome, among the United States adolescent population with
and without developmental physical and/or learning disabilities by weight status
(normal weight, overweight, obese, severely obese).

Table 4 Odds Ratios to predict the metabolic syndrome by
selected covariates among those 12-18 years old with and
without disabilities in the United States, 1999-2010 National
Health and Nutrition Examination Survey

Disability status
No disability (ref)
Disability
Age
12 years old (ref)
> 12 years old
Sex
Male (ref)
Female
Ethnicity
Non-Hispanic white (ref)
Race/Ethnicity
Education
< High School (ref)
Education level
Household income
> $75000
Household Income

OR (95%CI)

P -value

1
3.45 (1.08-10.99)

0.03

1
1.22 (1.03-1.44)

0.02

1
0.33 (0.21-0.53)

< 0.0001

1
0.77 (0.59-1.00)

0.05

1.01 (0.97-1.05)

0.70

1.02 (1.00-1.03)

0.05

Research frontiers

The purpose of the current analysis is to estimate the prevalence of
cardiometabolic disease risk, including the metabolic syndrome, among the
United States adolescent population with and without developmental physical
and/or learning disabilities by weight status (normal weight, overweight, obese,
severely obese).

Innovations and breakthroughs

The results here show that United States adolescents with disabilities are
disproportionately affected by obesity and are over three times as likely to
have the metabolic syndrome vs their peers with no disabilities. Half of all
adolescents with disabilities are overweight, obese or severely obese. In
addition to the metabolic syndrome, obese adolescents with disabilities are
significantly more likely than their normal weight counterparts to have increased
or abnormal systolic blood pressure, lipid and fasting glucose levels, placing
them at risk for cardiovascular disease and/or type 2 diabetes.

Applications

The findings suggest that overweight and obese adolescents with disabilities should
be clinically monitored for elevated weight and concomitant cardiometabolic disease
risk factors throughout their teenage years.

Terminology
not recorded in those participants who could not stand
independently. However, our analysis only included those
participants who had all cardiometabolic disease risk
factors available, including BMI and waist circumference.
Finally, information on specific category of disability
(autism, Down’s syndrome) was not available for NHANES
participants under the age of 19.

The metabolic syndrome is defined as having ≥ 3 of the following cardiometabolic
disease risk factors present simultaneously - elevated blood pressure, elevated
glucose concentrations, hypertriglyceridemia, low high density lipoprotein cholesterol
concentrations, and central adiposity (elevated waist circumference.

Conclusion
Recently, the American Medical Association (AMA)
officially labeled obesity as a disease “requiring a range
of medical interventions to advance obesity treatment
and prevention”[33]. This statement has direct implications
for our finding here that half of all US adolescents with
disabilities are either overweight, obese or severely obese.
As adolescents, those with disabilities are already more
than three times as likely as their peers without disabilities
to have the MetS. Future research efforts should focus
on the etiology of the disproportionate prevalence of
both obesity and cardiometabolic disease risk in those
with developmental disabilities. Our findings suggest
that overweight and obese adolescents with disabilities
should be clinically monitored for elevated weight
and concomitant cardiometabolic disease risk factors
throughout their teenage years.
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European patients with type 2 diabetes mellitus (T2DM).
We present the Greek population data of the study.

Abstract

Core tip: Diabetes is a common, chronic disease with
serious complications. Despite the multiple antidiabetic

METHODS: An observational multicenter, cross-sectional
study evaluating glycaemic control and a range of other
clinical and biological measures as well as quality of life
(QoL) and treatment satisfaction in 375 patients with
T2DM enrolled by 25 primary care sites from Greece.
RESULTS: The mean age of the patients was 63.5
years and the male/female ratio 48.9%/51.1%. 79.7%
of the patients exerted none or light physical activity,
82.4% were overweight or obese and 32.9% did not
meet HbA1c target of less than 7.0% (53 mmol/mol).
Patients reported high satisfaction to continue with
treatment, high satisfaction with administered treatment
and increased willingness to recommend treatment
to others (mean Diabetes Treatment Satisfaction
Questionnaire score 29.1 ± 5.6). However, 80% of the
patients reported that their QoL would be better without
diabetes. Finally, the most challenging parameter
reported was the lack of freedom to eat and drink.
CONCLUSION: This analysis of the Greek Panorama
study results showed that a considerable percentage
of T2DM patients in Greece do not achieve glycaemic
target levels, despite the favourably reported patient
satisfaction from administered therapy. Additionally, the
majority of primary care T2DM patients in Greece depict
the negative effect of the disease in their QoL.
Key words: Quality of life; Treatment satisfaction; Type
2 diabetes mellitus
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.
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treatment options and the clear treatment guidelines, a
significant proportion of type 2 diabetes patients do not
achieve the glycaemic goals. Few studies have examined
the quality of life in these patients. PANORAMA was
a Pan-European multinational study that provided
an update of the glycaemic control and quality of life
in patients with diabetes. The Greek results of this
study showed that a significant proportion of Greek
patients were not under glycaemic control despite the
high satisfaction that they had from their treatment. A
negative impact of the disease in quality of life was also
noted.

on patients’ QoL and treatment satisfaction, especially
in primary care, are still sparse. The Pan-European study
PANORAMA has attempted to satisfy the need for a
more up-to-date national and European data on glycaemic
control from a pool of T2DM patients treated with
diet, oral anti-diabetes drugs (OAD) and/or injectables.
Given the alarming reports of increased prevalence of
T2DM in Greece, the present study aimed at investigating
the level of glycaemic control in T2DM patients and
describing diabetes treatment satisfaction, QoL and fear
of hypoglycaemic episodes in the Greek population of
the PANORAMA study.

Avramopoulos I, Moulis A, Nikas N. Glycaemic control,
treatment satisfaction and quality of life in type 2 diabetes
patients in Greece: The PANORAMA study Greek results. World
J Diabetes 2015; 6(1): 208-216 Available from: URL: http://
www.wjgnet.com/1948-9358/full/v6/i1/208.htm DOI: http://
dx.doi.org/10.4239/wjd.v6.i1.208

MATERIALS AND METHODS
Study design
The objectives, design and methodology of the study have
recently been published by Bradley et al[17]. PANORAMA
was an observational multicentre, multinational (Belgium,
France, Germany, Greece, Italy, The Netherlands, Spain,
Turkey and United Kingdom), cross-sectional study
(NCT00916513), evaluating glycaemic control and a
range of other clinical and biological measures as well
as health-related QoL and treatment satisfaction in
patients with T2DM. In Italy and Turkey, physicians were
recruited both from hospitals and primary care practices
due to country-specific healthcare systems, whereas the
physicians from the other participating countries were
recruited from the primary care setting only. The group
of participating investigators in Greece (n = 25) included
both diabetologists/endocrinologists (n = 10) and
internists (n = 15).

INTRODUCTION
Type 2 diabetes mellitus (T2DM) is a chronic and
complex metabolic disease characterized by hyperglycaemia, as a result of insulin resistance, impaired insulin
secretion and excessive or abnormal glucagon release. It
is well established that its prevalence increases globally
especially in the developed countries, and this increased
prevalence is associated with deleterious changes in lifestyle,
unhealthy eating patterns and reduced physical activity[1].
Epidemiological studies in the Greek population have
shown that diabetes prevalence is also on the rise,
increasing from 5.7% in 2001 to 10.4% in 2006[2]. At
the same time cardiovascular (CV) risk factors, tightly
related to T2DM, such as obesity, hypertension and
hypercholesterolemia demonstrated even a greater
increase[3]. Many effective pharmacological treatments for
diabetes are now available that can be initiated after the
behavioural modifications of exercise and diet. However,
despite the progress in treatment strategies, many patients
still face difficulties in achieving or maintaining HbA1c
target levels. Moreover, diabetes is often accompanied by
complications, stemming from various reasons including
non-adherence to treatment and delayed adjustment
of treatment regimen leading to progressive loss of
b-cell function[4,5]. These complications have a negative
impact on patients’ satisfaction with treatment as well
as patients’ quality of life (QoL)[6-8]. Moreover, living
with diabetes, reduces health related QoL which is often
manifested as loss of functional ability, restrictions
and barriers to everyday activities, limitations to work
capacity and poor general health, while on the other
hand may propagate psychological disorders such as
anxiety and depression[7,9-12]. Although the advantages and
disadvantages of treatment intensification on glycaemic
control and various clinical measures have been the focus
of several recent investigations[13-16], the data available
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Study population
Eligible patients enrolled in the study were aged ≥ 40
years, diagnosed with T2DM at least one year prior to
study initiation and had at least 1-year of available medical
records at the participating site. Patients were given
dietary and exercise advice, and could have been treated
with OADs with or without insulin as well as with GLP-1
receptor agonists, with treatment unchanged within
the previous 3 mo. The study excluded patients with
type 1 diabetes and/or history of diabetic ketoacidosis,
secondary diabetes and pregnant women. Also, excluded
from the study were patients treated with systemic
corticosteroids other than replacement therapy, patients
already participating in a clinical trial and patients unable
to complete the questionnaires. The PANORAMA
study accommodated two methods of enrolling patients,
a randomized and a sequential method[17]. In Greece,
patient enrolment followed the sequential method, where
each participating physician sequentially enrolled patients
that attended the participating centre for a routine visit.
Study procedures
Once patients had signed the informed consent, data from
their medical records were collected during a single study
visit (index visit). These data included patient’s socio-
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demographic and anthropometric characteristics (age,
gender, weight, height, educational level, socioeconomic
status, alcohol consumption, smoking status, physical
activity), biological measures [blood glucose, HbA1c
levels, lipids: LDL-C, HDL-C, triglycerides (TG), total
cholesterol (TC)] and disease-related variables (duration
of diabetes, current and past diabetes treatment regimens,
hypoglycaemic episodes, macrovascular and microvascular
complications). The HbA1c levels of each patient were
recorded by the physician at a single index visit using
Bayer’s A1CNow® device (certified test by the United
States National Glycohemoglobin Standardization
Program). This HbA1c measurement determined whether
treatment goals had been achieved.

by the statement “‘Because my blood sugar could drop,
I worried about …”. Scores on the “worry” subscale
range from 0 to 72, with 0 representing “least worry”[22,23].
Statistical analysis
Statistical analysis was performed using the SAS system (SAS
for Windows v8.2) according to Statistical Analysis Plan
prepared prior to database lock. Data were summarised
by standard summary statistics. The continuous variables
of age, duration of T2DM and HbA1c at index visit were
expressed as mean ± SD. Additionally, the categorical
variables of demographics, disease characteristics, treatment
regimens, physicians’ perceptions for not reaching HbA1c
goals and corrective actions taken, blood and lipid profiles
and microvascular and macrovascular complications were
expressed as frequencies.

Patient reported outcomes
Patients’ reported outcomes (PROs), using validated
translations of standard and widely used assessment
tools, were recorded via the DTSQ (Diabetes Treatment
Satisfaction Questionnaire), ADDQoL (Audit of
Diabetes Dependent QoL), worry subscale of HSF-Ⅱ
(Hypoglycaemia Fear Survey-Ⅱ) and EQ5D (EuroQoL
health utility questionnaire). Composite scores were
calculated according to defined algorithms for each
instrument.
DTSQ, is a self-administered instrument that has demonstrated validity and reliability in diabetes populations
and is recommended by the World Health Organization
(WHO) and the International Diabetes Federation (IDF).
The DTSQ assesses treatment satisfaction over the few
weeks before its completion. The treatment satisfaction
score is the sum of six of the items of the DTSQ for
each respondent. Each of the treatment satisfaction scale
item is scored from 6 to 0 with a higher score indicating
greater satisfaction. The treatment satisfaction score can
range between 36 (very satisfied) and 0 (very dissatisfied).
The two additional items measuring perceived frequency
of hypo - and hyperglycaemia are scored from 0 (none
of the time) to 6 (most of the time)[18,19].
ADDQoL is an individualized measure of the impact
of diabetes on QoL. It is a self-administered questionnaire
with 21 items. The first 19 items concern specific life
domains such as social and work life and are scored
on a 5-point impact scale, accompanied by a related
importance rating scale for each domain used to assess
the importance of each aspect of life for the individual’s
QoL. Weight impact scores can range from +3 (maximum
positive impact of diabetes) to -9 (maximum negative
impact of diabetes). The 2 remaining overview items are
scored separately and include a single diabetes-specific
QoL item measuring the impact of diabetes on QoL that
is scored from +1 (maximum positive impact of diabetes)
to -3 (maximum negative impact of diabetes) and a single
item, present QoL, that is scored from +3 (excellent) to -3
(extremely bad) to measure overall QoL[20,21].
The worry subscale of HSF-II consists of 18 items,
rated by patients using a 5-point Likert scale ranging from
0 (never) to 4 (almost always). The 18 items are preceded

WJD|www.wjgnet.com

RESULTS
Study population
The Pan-European data presenting the current level of
glycaemic control and its associated factors in T2DM
patients, as well as the data for the Spanish subgroup were
published by Depablos-Velasco et al[24,25]. The PANORAMA
study in Greece enrolled 375 patients. Their mean age was
63.5 ± 10.0 years with males and females proportionally
represented (48.9% men vs 51.1 % women). Obesity was
observed in 42.8% of the patients, while 21.9% were
current smokers and 79.7% reported no or very light (less
than once a week) physical activity. Demographic and other
basic patients’ characteristics are presented in Table 1.
Disease characteristics and comorbidities
Mean duration of T2DM in the Greek PANORAMA
study population was 9.7 ± 8.8 years with 63.5% of
patients presenting the disease for more than 5 years (Table
2). In total, 26.9% of patients suffered microvascular
complications, with the most frequent being diabetic
nephropathy and chronic diabetic polyneuropathy. In
parallel, 24.0% of patients presented macrovascular
disease. Coronary heart disease was the most prevalent
complication (Table 3).
Diabetes management
Exercise and dietary advice only, was the treatment of
5.3% of the study population. Hence, the majority of the
patients (94.7%) were under pharmacological treatment
consisting of OADs only (65.1%), 2.7% received GLP-1
agonists, and 24.3% insulin with or without OADs.
Regarding OADs, metformin was used by 73.3% patients,
while fixed-dose combinations were administered to
12.3% of the patients. The most frequently administered
oral hypoglycaemic agents are presented in Table 4.
Glycaemic control
The patients’ mean HbA1c, recorded in the index visit
of the PANORAMA study, was 6.7% ± 1.0% (50
mmol/mol), while the 32.9% of the patients failed
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Table 1 Demographic and anthropometric data in the Greek
PANORAMA study population

Table 3 Microvascular and macrovascular complications in
Greek PANORAMA study population

n (%)
Age (yr, mean ± SD)
Gender (males)
Physical activity
None
Light (less than 1 time/wk)
Intense (1 to 2 times/wk)
Intense (3 or more times/wk)
Body massindex
Normal (18.5-25 kg/m2)
Overweight (25-30 kg/m2)
Obese (≥ 30 kg/m2)
Smoking status
Never smoker
Former smoker
Current smoker
Alcohol consumption (units per week)
Males
Females

n (%)

63.5 (± 10.0)
183 (48.9)

Microvascular complications
Any complication
Chronic diabetic polyneuropathy-Asymptomatic
Chronic diabetic polyneuropathy-Symptomatic
Autonomic neuropathy
Diabetic retinopathy
Diabetic nephropathy
Diabetic nephropathy-Microalbuminuria
Diabetic nephropathy-Proteinuria
Diabetic nephropathy-Renal insufficiency
Diabetic nephropathy-Dialysis
Macrovascular complications
Any complication
Coronary heart disease
Cerebrovascular disease
Peripheral artery disease

84 (22.5)
214 (57.2)
48 (12.8)
28 (7.5)
66 (17.6)
148 (39.6)
160 (42.8)
205 (54.8)
87 (23.3)
82 (21.9)

91 (24.0)
70 (18.7)
10 (2.7)
21 (6.6)

2.1 (3.3)
0.6 (1.6)

Table 4 Diabetes treatment regimens in the PANORAMA
study population

Table 2 Disease characteristics in Greek PANORAMA study
population

Average duration of type 2 diabetes in years (n = 375)
Duration of type 2 diabetes
< 5 yr
≥ 5 yr

9.7 (± 8.8)
n (%)
137 (36.5)
238 (63.5)

Years on insulin treatment, (n = 82, yr, mean ± SD)

4.8 (± 7.2)

n (%)

Treatment regimen
No diet, no orals, no injectables (no available data)
Only diet and/or exercise
Only OADs
On oral plus insulin
Only on insulin
On GLP-1 analogues ± insulin1
Oral hypoglycaemic agents
Sylphonylureas
Meglitinides/Glinides
Biguanides
Thiazolidinediones
DPP-4 inhibitors
Alpha glucosidase inhibitors
Fixed-dose combinations
Thiazolidinediones + metformin
DPP4 inhibitors + metformin

mean ± SD

to meet HbA1c target levels presenting with HbA1c
≥ 7.0% (53 mmol/mol) (Table 5). When physicians
were asked about the reasons for not reaching HbA1c
target, the most frequent answer was poor patient
adherence to dietary and exercise recommendations
(39.5%), while other common reasons were failure of
current drug regimen, resistance or reluctance of the
patient to intensify the medication regimen, poor patient
adherence to self-monitoring of blood glucose levels,
and reluctance of physician to intensify the regimen due
to fear of hypoglycaemia. In order to achieve HbA1c
target, reported actions taken by the physician included
retraining of patients in diet/lifestyle recommendations
that need to be adopted (educational approach) (42.7%)
and intensification of dose of the current anti-hyperglycaemic medication (27.5%). The addition of another
OAD agent was chosen as corrective action in 11.2% of
the cases. Initiation of insulin treatment, with or without
changing OAD medication, was recorded in a small
percentage of cases (Tables 6 and 7).

10 (2.7)
20 (5.3)
244 (65.1)
63 (16.8)
28 (7.5)
10 (2.7)
316 (84.3)
121 (32.3)
12 (3.2)
275 (73.3)
41 (10.9)
94 (25.1)
13 (3.5)
46 (12.3)
3 (6.5)
43 (93.5)

1

One patient receiving a GLP-1 analogue and insulin was classified in the
latter category making the total number of patients 91 when the number
should have been 92. OAD: Oral anti-diabetes drugs.

population appeared with triglyceride (TG) levels ≥ 150
mg/dL (1.6935 mmol/L), while 24.3% of the population
was off-target at ≤ 40mg/dL (1.0344 mmol/L) for
HDL-cholesterol (HDL-C). Additionally, the majority of
patients did not also achieve blood pressure targets since
69.8% of the study’s patients reported systolic/diastolic
blood pressure ≥ 130/80 mmHg (target ≤ 130/80
mmHg) (Table 8).
Patient reported outcomes
DTSQ questionnaire: In the PANORAMA study, the
Greek population’s mean DTSQ score reported by the
patients was 29.1 ± 5.6. Patients reported high satisfaction
grades in all domains of the questionnaire; satisfaction
with treatment, convenience, flexibility and understanding
of diabetes, willingness to recommend treatment to

Cardiovascular risk factors
More than half of the population did not attain LDLcholesterol (LDL-C) target < 100 mg/dL (2.586 mmol/L)
with 55.8% of the patients appearing with LDL-C ≥
100 mg/dL (2.586 mmol/L). Similarly, 40.4% of the
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101 (26.9)
33 (8.8)
29 (7.7)
6 (1.6)
27 (7.2)
49 (13.1)
32 (8.5)
12 (3.2)
9 (2.4)
0 (0)
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Table 5 Glycaemic control in the Greek PANORAMA study
population
Glycaemic control
HbA1c value at index visit (mean ± SD)
HbA1c value at index visit
< 6.5% (47 mmol/mol)
≥ 6.5% (47 mmol/mol)
< 7.0% (53 mmol/mol)
≥ 7.0% (53 mmol/mol)

Table 7 Actions taken by the physicians to reach HbA1c
target

n (%)

No specific actions
Educational approach
Increase dose of current medication
Addition of new oral antihyperglycaemic medication
Sylphonylureas
Meglitinides/Glinides
Biguanides
Thiazolidinediones
DPP-4 inhibitors
Combination treatment
Start insulin therapy without changing oral diabetes
medication
Start insulin therapy changing oral diabetes medication
Other action

179 (47.9)
195 (52.1)
251 (67.1)
123 (32.9)

Table 6 Physicians’ perceptions on reasons for not reaching
HbA1c target
n (%)

Reasons

Therapeutic failure of current drug regimen
52 (13.9)
Poor patient adherence to diet and exercise
148 (39.5)
Poor patient adherence to self-monitoring of blood glucose 44 (11.7)
levels
Poor patient adherence to recommendations
26 (6.9)
Resistance/reluctance of the patient to intensify his/her
46 (12.3)
medication regimen
Reluctance of physician to intensify medication regimen
3 (0.8)
Reluctance of physician to intensify medication regimen44 (11.7)
Fear of hypoglycaemia
Reluctance of physician to intensify medication regimen14 (3.7)
Fear of unwanted side effects
Reluctance of physician to intensify medication regimen6 (1.6)
Fear of interaction with other medications
Reluctance of physician to intensify medication regimen9 (2.4)
Cost of treatment
Reluctance of physician to intensify medication regimen13 (3.5)
Fear of additional weight gain

45 (12.0)
160 (42.7)
103 (27.5)
8 (2.1)
4 (1.1)
5 (1.3)
3 (0.8)
13 (3.5)
9 (2.4)
9 (2.4)
14 (3.7)
9 (2.4)

Table 8 Blood pressure and lipid profile: Percentage of
patients who meet AACE criteria for target blood pressure
and lipid levels
n (%)
Hypertension
SBP/DBP < 130/80 mmHg
Triglycerides
< 150 mg/dL (1.6935 mmol/L)
LDL-C
< 100 mg/dL (2.586 mmol/L)
HDL-C
> 40 mg/dL (1.0344 mmol/L)

113 (30.2)
221 (59.6)
160 (44.2)
278 (75.7)

AACE: American Association of Clinical Endocrinologists, AACE
guidelines 2010[35]; SBP/DBP: Systolic Blood Pressure/ Diastolic Blood
Pressure; LDL-C: Low density lipoprotein-cholesterol; HDL-C: High
density lipoprotein-cholesterol.

someone else and satisfaction to continue with current
treatment. Unacceptably high or unacceptably low glucose
levels were rarely reported. DTSQ scores were presented
in Figure 1.

PANORAMA study results from primary care T2DM
patients in Greece are discussed next. The study was
performed in 2009-2010 and enrolled 375 subjects from
25 participating study centres.
Previously, other large, multinational European studies
have attempted to assess the level of glycaemic control
across Europe. The RECAP-DM study for example, that
included Finland, France, Germany, Norway, Poland,
Spain and United Kingdom, provided data on glycaemic
control on T2DM patients who intensified their treatment
by adding either a sulphonylurea or a thiazolidinedione
to their standard metformin treatment. Approximately,
26% of European out-patients had adequate glycaemic
control, i.e., HbA1c < 6.5% (47 mmol/mol), after a
mean of 2.6 years of combined oral antihyperglycaemic
therapy. It was observed that glycaemic control modestly
declined over time, even though more patients were being
treated with insulin[26]. Similarly, another earlier European,
epidemiological survey on T2DM that provided data
on glycaemic control was the CODE-2 study, of which
many participating countries were also included in the
PANORAMA study. In the CODE-2 study 69% of the
patients did not attain the HbA1c target of less than 7%

ADDQoL questionnaire: The mean ADDQoL questionnaire score reported by patients was -2.0 ± 1.9.
Overall, 79.5% of patients reported that their QoL would
be better if they did not have diabetes. Following analysis
of the individual questionnaire components, the most
affected parameters of ADDQoL were freedom to eat
and drink (Figure 2).
HFS questionnaire: The mean HFS questionnaire total
score for the Greek PANORAMA population was 14.2
± 14.7. Taking into consideration that the score for the
greatest fear equals to 72, the reported HFS score in the
study represents an overall mild fear of hypoglycaemia.
In particular, 15.3% of the patients were frequently afraid
of having a hypoglycaemic episode while alone or during
sleep where no one would be present to help (Figure 3).

DISCUSSION
The European PANORAMA study investigated the level
of glycaemic control in Europe in addition to patients’
treatment satisfaction and QoL [17]. Here, the Greek
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Actions taken

6.7 (± 1.0) (50 mmol/mol)
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Figure 1 DTSQ questionnaire results (Diabetes Treatment Satisfaction Questionnaire - as assessed by patients) from the Greek PANORAMA study
population. Graph presents the percentage of patients that provided positive answers following a series of questions of DTSQ’s specific domains related to their
treatment satisfaction (grades 4-6 in DTSQ scale).
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Figure 2 ADDQoL questionnaire results (Audit of Diabetes Dependent QoL) from the Greek PANORAMA study population. ADDQoL is an individualized
measure of the impact of diabetes on QoL. Graph presents the distribution of answers reported by patients following the question: “If I did not have diabetes my QoL
would be…”.

(53 mmol/mol), as opposed to the 37.4% of the patients
from the PANORAMA study and 32.9% of the Greek
population from the PANORAMA study[24,27]. The much
better glycaemic control observed in PANORAMA and
its Greek population in comparison to other studies can
be attributed to the fact that patients were enrolled in the
study only if medical records for at least the past 1 year
existed in the study site. This could suggest that the study
population was more closely followed.
Regarding CV risk factor control in T2DM patients
from the Greek PANORAMA study, data showed
that a large percentage of patients failed to meet the
recommended target levels for LDL-C, triglycerides and
especially blood pressure. This is in line with previous

WJD|www.wjgnet.com

studies conducted in Greece, showing that a considerable
percentage of patients do not meet treatment goals for
better CV risk control[28,29]. CV risk factors continue to be
the most critical determinants of mortality and morbidity
in T2DM patients, and account for more than half of the
observed mortality and morbidity in this population.
The issue of CV risk factor control emerges as a great
challenge in the management and treatment of T2DM
patients, especially when joint standards of medical care
for patients with diabetes are considered. For example,
the present data indicate inadequate control for LDL-C
with 55.8% of patients not achieving LDL-C target <
100 mg/dL (2.586 mmol/L). This observation highlights
the difficulty in regulating LDL-C and the status of
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Figure 3 HFS questionnaire results (Hypoglycaemia Fear Survey-II) from the Greek PANORAMA study population. Graph presents the distribution of answers
(“never”, “almost never”, “sometimes”, “frequently” and “almost always”) following questions in the 18 specific domains of the HFS questionnaire related to patients’
fear of hypoglycaemia. Each of the 18 items was preceded by the statement “Because my blood sugar could drop, I worried about …”.

anti-diabetic treatment[32].
The overall ADDQoL questionnaire mean score in
the present study suggests that diabetes exerts a negative
impact on patients’ perception of QoL. The QoL
parameter identified to be most commonly, negatively
affected by diabetes in the study population was freedom
to eat as wish, a parameter valued as important or very
important from 80.1% of the patients.
Use of the ADDQoL in people with type 1 or type
2 diabetes has shown, on average, almost universally,
negative impact of diabetes on all domains[13]. Significantly
improved T2DM management has also been shown in
non-insulin treated patients without complications in
comparison to those insulin-treated with complications[33].
The ADDQoL has also proven useful in detecting the
negative impact of diabetes on QoL despite the high
levels of treatment satisfaction, measured by the DTSQ[34].
Lastly, the results of the use of the HSF questionnaire
as a measure of the impact of hypoglycaemia in the
patients’ QoL, suggested a presence of a mild fear of
hypoglycaemic episodes among the study population.
History of hypoglycaemic episodes seems to also play
an important role in shaping patients’ perceptions on
hypoglycaemic events[35].
It was clear from the present data that patients were
more often worried about having a hypoglycaemic
episode while alone, at a time where no one would be
available to help, or during sleep which by itself yields a
negative impact on QoL.
The PANORAMA study has some inherent limitations such as the mixing of sampling techniques and

current available therapies and drugs.
The difficulty in total cardiovascular risk reduction
observed in our results was also clearly shown in the
total PANORAMA population recently published by de
Pablos-Velasco et al[24], that reported that the joint triple
target for HbA1c, blood lipids (total cholesterol) and
blood pressure was achieved only in the 7.5% of the
patients. This observation denotes an unmet medical need
and that despite new improvements in pharmacotherapy,
still a great deal of work is warranted for better T2DM
disease management.
The majority of the Greek PANORAMA study
population perceived positively their diabetes treatment.
The high scores of the DTSQ questionnaire in the Greek
PANORAMA study (29.1 ± 5.6 out of 36), are attributed
to the high level of satisfaction reported in the sections
concerning satisfaction with treatment, satisfaction to
continue with treatment and willingness to recommend
treatment to someone else.
DTSQ outcomes have been shown to correlate
significantly with the duration of diabetes and the
perceived glucose control by the patients, showing that
the longer the diabetes duration and the less controlled
glucose levels the more patients appear unsatisfied with
their treatment[19]. On the other hand, satisfaction also
appears to be sensitive to treatment changes[13,30] and
differences between treatment groups[31]. Furthermore,
in a study about diabetes patients’ perception of their
disease, a clear correlation was demonstrated between
patients’ responses to the questionnaire, demographic
characteristics, the health status and the type of their
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achieve the glycaemic targets. The other cardiovascular risk factors as LDL
cholesterol, triglycerides and blood pressure were also out of control in the
majority of Greek patients that were enrolled in our study. Although the majority
of the Greek PANORAMA study population perceived positively their diabetes
treatment, most of them reported that their life has a negative impact from
diabetes, especially because they do not have the freedom to eat and drink.

the cross-sectional design of the study that cannot
determine the causal nature of the associations[24]. In the
present study, the A1CNow® (Bayer) was used to reduce
the high variability of blood glucose measurements
between centres. In addition, patient recruitment in
Greece followed a sequential, rather than randomized
manner, which was adopted in other European
participating countries. This may raise concerns towards
specific variables that could be affected by the lack of
randomization at selection, such as duration of diabetes
and diabetes-related problems or macro/microvascular
complications, since the patients selected solely by their
attendance to a participating centre may be more prone to
clinic/hospital visits or diabetes related comorbidities and
complications than others.
In conclusion, the Greek Panorama study data analysis
demonstrated that a considerable part of the T2DM
patient population does not achieve glycaemic target
levels despite the coincident patient satisfaction by their
administered antidiabetic treatment. Despite this high
level of satisfaction, a mild fear of hypoglycaemia was
detected and a considerable percentage of primary care
patients, approximately 1 in 3, did not meet glycaemic
goals. In parallel, the majority of the study’s population
reported that their QoL would be better without
diabetes. Finally, since CV risk factors are proven to be
inadequately controlled among T2DM patients in Greece,
further intensification efforts regarding treatment and
management are required to enable better management
towards diminishing CV risk and to improve treatment of
type 2 diabetes patients.

Applications

The primary care physician must know that most of the Greek patients with
diabetes are not under control. More effort is needed to achieve glycaemic
targets and cardiovascular risk factors control in these patients. Apart from
treatment targets though, it must also be remembered that quality of life in
these patients is reduced because of diabetes mellitus. More emphasis must be
given on this issue by the physician.

Peer review

The control level of blood glucose seems to be better compared to Steno study.
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