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EDITORIAL
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Abstract

Despite large improvements in the management of
glucose levels and in the treatment of cardiovascular
risk factors, the mortality rate in individuals with type
1 diabetes (T1D) is still high. Recently, Lind et a/ found
that T1D individuals with glycated hemoglobin levels
of 6.9% or lower had a risk of death from any cause
or from cardiovascular causes that is twice as high as
the risk for matched controls. T1D is a chronic disease
with an early onset (e.g., pediatric age) and thus in
order to establish a clear correlation between death
rate and the glycometabolic control, the whole history
of glycemic control should be considered; particularly in
the early years of diabetes. The switch from a normo-
to hyperglycemic milieu in an individual with T1D in
the pediatric age, represents a stressful event that may
impact outcomes and death rate many years later. In
this paper we will discuss the aforementioned issues,
and offer our view on these findings, paying a particular
attention to the several alterations occurring in the
earliest phases of T1D and to the many factors that
may be associated with the chronic history of T1D. This
may help us to better understand the recently published
death rate data and to develop future innovative and
effective preventive strategies.

Key words: Type 1 diabetes; Hyperglycemia; Death
rates; Adolescence; Autonomic neuropathy; Children;
Endothelial dysfunction; Exercise; Metabolic memory
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Core tip: Despite large improvements in the management
of glucose levels and in the treatment of cardiovascular
risk factors, the mortality rate in individuals with type 1
diabetes (T1D) is still high. A better understanding of
the several different alterations occurring in the earliest
phases of T1D and of the many factors that may be
associated with a chronic history of T1D may help us
to develop future innovative and effective preventive
strategies.

Mameli C, Mazzantini S, Ben Nasr M, Fiorina P, Scaramuzza
AE, Zuccotti GV. Explaining the increased mortality in type 1
diabetes. World J Diabetes 2015; 6(7): 889-895 Available from:
URL: http://www.wjgnet.com/1948-9358/full/v6/i7/889.htm
DOIL: http://dx.doi.org/10.4239/wjd.v6.17.889

INTRODUCTION

Whether mortality in type 1 diabetes mellitus (T1D) is
improved by intensive glycemic therapy has not been
clarified yet. A number of studies have recently been
published claiming that mortality rate is still higher
than in age-matched controls without diabetes, despite
improvements in management of glucose levels and
treatment of cardiovascular risk factors™?!. Lind et
al™! reported data on current life expectancy for adults
with T1D in a population-based sample using Swedish
national registries of adults with and without diabetes.
The Authors found that individuals with T1D and glycated
hemoglobin (HbA1c) level of 6.9% or lower had a risk of
death from any cause or from cardiovascular causes that
was twice as high as the risk for matched controls. The
multivariable-adjusted hazard ratios for death from any
cause according to the HbAlc level for individuals with
T1D as compared with controls are reported in Table 1.
Livingstone et al'® report data on current life
expectancy for adults with T1D in a population-based
sample using Scottish national registries of adults
with and without diabetes. At the age of 20 years,
women and men with T1D could expect to live 12.9
years (95%CI: 11.7-14.1) and 11.1 years (95%CI:
10.1-12.1), respectively, less than aged-matched
adults without it. Finally, Orchard et a*! report survival
data on the selective cohort of North Americans with
T1D who participated in the Diabetes Control and
Complications Trial (DCCT)™ and its observational follow-
up study, Epidemiology of Diabetes Interventions and
Complications (EDIC)™. They found that 27 years after
entry into the trial, 6.5 years of initial intensive diabetes
therapy was associated with a modestly lower all-cause
mortality rate when compared with conventional therapy.
Few editorials accompanied™ or commented™ these
data, without suggesting any conclusive hypothesis
about the reason why this happens. T1D is known to be
associated with an increased risk of premature mortality
among the affected individuals, as documented by a
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recent systematic review on this topic by Morgan et
al®. Authors identified thirteen relevant publications
with mortality data, describing 23 independent studies.
Standardized mortality ratios varied markedly (P <
0.0001). The increased mortality in childhood/adolescent-
diagnosed with T1D was apparent across countries
worldwide. Excesses were less marked in more recent
studies and in countries with lower infant mortality and
higher health expenditure. Given that good metabolic
control has been shown to be effective reducing micro-
vascular and macrovascular complication rates, one
should expect that also the mortality rate might be
reduced, but this is not the case!*!. Therefore, we would
like to propose our appraisal to these important findings.

THE IMPORTANCE OF CHILDHOOD
YEARS OF T1D

All studies reporting mortality rates in T1D refer to
adult individuals, most of the time with a diabetes
which occurred in childhood. For instance all individuals
studied in the Lind paper were at least 18-year-old at
the moment of enroliment, with a mean age at baseline
of 35.8 years and mean diabetes duration of 20.4
years'!. This implies that the average age for the onset
of diabetes was 15.4 years, during their adolescence.
The study does not provide any information at all
with respect to HbAlc levels between diabetes onset
and the time of data collection (on average 40 to 50
years after T1D diagnosis). From previous studies,
(e.g., DCCT and EDIC), we know how “metabolic
memory” provides an important footprinting to future
long-term complications!*>!, We can thus argue that
“metabolic memory” may partially be accounted for
the higher death rate observed in individuals with T1D,
whose onset was during childhood or adolescence.
This aforementioned aspect reinforces the important
of obtaining an optimal glycometabolic control in the
first years of T1D. This is an important issue, since T1D
incidence rate increases from birth, and peaks between
the ages 10-14 years'®, with an even increased
incidence especially marked in the youngest children
(0-4 years)™!, making T1D the second most frequent
chronic disease of childhood, after asthma. Further
emphasis should be pointed to vascular complications,
which start at the onset of the disease!™?, although
the consequences become clinically evident later in
adulthood™**, Once again, we may speculate that the
reported excess mortality in adult individuals showing
HbA1C < 6.9% in the study by Lind et ail, may be
the residual effect of previous cardiovascular insults
started in infancy, childhood or adolescence. It is still
unclear and partially unexplained why cardiovascular
complications start so early in the disease history of
T1D; indeed we can only speculate that a chronic
state of mild hyperglycemia might be the culprit of
cardiovascular morbidity, and thereby of excess death,
as unaccounted in the Swedish observational trial™*’.
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Table 1 Adjusted hazard ratios for death from any cause and

death from cardiovascular disease among individuals with type
1 diabetes vs control according to the glycated hemoglobin

Hazard ratios

Mean HbA1c Death from any cause Death from cardiovascular disease
<69% 2.36 (95%Cl: 1.97-2.83) 2.92 (95%Cl: 2.07-4.13)
7.0%-7.8% 2.38 (95%Cl: 2.02-2.80) 3.39 (95%Cl: 2.49-4.61)
7.9%-8.7 % 3.11 (95%Cl: 2.66-3.62) 4.44 (95%CI: 3.32-5.96)
8.8%-9.6% 3.65 (95%Cl: 3.11-4.30) 5.35 (95%Cl: 3.94-7.26)
=9.7% 851 (95%CI: 7.24-10.01) 1046 (95%CI: 7.62-14.37)

Adapted from Lind et al™’. HbAlc: Glycated hemoglobin.

Indeed, according the Alc-Derived Average Glucose
study group, a HbA1c value of 6.9% indicate an average
glucose level as high as 151 mg/dL (8.4 mmol/L)™,

Additionally, the HbAlc measurement has some
limitations itself. It has been shown to be unreliable in
several different clinical scenarios, such as anemia or
hemolysis, in presence of implanted mechanical heart
valves, hypothyroidism, or during the use of medications
such as erythropoietin™®'. Moreover, there is a recognized
biological variability in the glycation process of the
hemoglobin molecule in response to hyperglycemia. This
is the result of a different glycation rate in “high glycating”
vs “low glycating” subjects, where the same mean blood
glucose was associated with an HbA1lc level of 9.6% vs
7.6%, respectively!’”. To summarize, besides the issues
related to the use of HbA1lc, multiple factors contributed
to the augmented risk of death in T1D individuals despite
a good metabolic control. Indeed, several challenges are
offered by the constantly evolving age-appropriate care
needed by diabetic individuals transitioning from infancy
to adulthood™®.

ENDOTHELIAL DYSFUNCTION AND
EARLY ATHEROSCLEROSIS

Several different systems show altered homeostasis
early along the course of diabetes***!, Among them,
the endothelium is definitely one of the most important
and earlier targeted organs. Evidence suggests that
impairment in nitric oxide-mediated smooth muscle
vasodilation is an early pathophysiologic process and
underlies the onset endothelial dysfunction, a key event for
the development of atherosclerosis’®”. Among factors that
may worsen endothelial function in individuals with T1D,
we should mention: a long disease duration™, a severely
altered glycemic control®¥, high low density lipoprotein
cholesterol levels™, high levels od advanced glycated end
products’®®, and altered mitochondrial dynamics™”. Our
group recently observed a high prevalence of endothelial
dysfunction (76.7%) in adolescents with T1D for a mean
duration of 9 years, particularly in those individuals
with impaired glycometabolic control, subclinical signs
of autonomic neuropathy and sedentary lifestyle. We
did not observe any correlations between endothelial
dysfunction and diabetes duration or individuals’ age. A
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HbA1c below 7.5% (58 mmol/mol) and regular physical
activity of at least 4 h per week, were indeed associated
with better endothelial function. Atherosclerosis, the late
event of endothelial dysfunction, is frequently linked to the
likelihood of death from cardiovascular origin, especially in
individuals with T1D. Compared to non-diabetic subjects,
individuals with T1D show an increased risk up to 10-fold
to develop atherosclerotic plaques, starting since child-
hood and adolescence®®®. Furthermore, intima media
thickness measurement of the carotid artery is considered
another valid surrogate marker for cardiovascular risk
allowing assessment of atherosclerotic changes at a
very early stage™. Finally, Paroni et ai”® showed that
hyperhomocysteinemia in individuals with T1D may
further increase the risk of endothelial dysfunction.

CARDIOVASCULAR AUTONOMIC
NEUROPATHY

Cardiac autonomic neuropathy is an often overlooked
and common complication of diabetes mellitus and
by itself it is associated with increased cardiovascular
morbidity and mortality’®", together with cardiac
abnormalities typical of individuals with diabetes***,
Data demonstrate the dual (vagal and sympathetic)
control of heart rate and the dominant role of respiration
in the genesis of heart rate and blood pressure
fluctuations, suggesting that reduced vagal control of the
sinoatrial node and impaired vascular regulation are the
two main pathophysiological alterations™*. Few years
ago, our group investigated the autonomic performance
of 93 children and adolescents with uncomplicated well-
controlled T1D compared to age-matched controls. We
found a significant increase in arterial blood pressure,
a blunted baroreceptor reflex, and an increase of the
low-frequency component of systolic arterial pressure
variability. These findings entail the simultaneous
impairment of the capability of the vagal system to
influence the heart function, together with an increased
sympathetic vasomotor regulation®. A follow-up study
conducted 1-year later showed further impairment of
the neuro vegetative performance, thereby suggesting
early progression of the autonomic disturbance®™".
Interestingly, a small weekly increase in exercise in these
same individuals can greatly help to improve cardiac
autonomic neuropathy.

INFLAMMATION AND OXIDATIVE
STRESS

In the last fifteen years several groups worked in the
direction of uncovering the association between the
increased cardiovascular risk in individuals with T1D and
inflammation. Schaumberg et a/®* measured levels
of inflammatory biomarkers at baseline and after a
3-year follow-up in a andom sample of 385 participants
of the DCCT cohort. Results were controversial and
emphasized the extremely complex interaction between
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inflammation, T1D and insulin therapy. Some of the
inflammation indexes were high in both intensive and
conventional insulin treatment groups; others were
higher in the intensive insulin therapy group, others in the
conventional one. What seemed to be linked to increased
inflammation status in individuals using intensive
insulin therapy was the weight gain they showed®™,
underlining the need for a more effective weight control
in individuals with T1D. Indeed, a recent study by
Valerio et a*® found that T1D adolescents, particularly
females, showed a considerable occurrence of abdominal
adiposity and metabolic syndrome. That is why pediatric
diabetologists need to make every effort to achieve
normal weight and better health outcomes in their
young T1D patients. Davi et ai”! found that newly T1D
diagnosed individuals showed significantly augmented
lipid peroxidation and platelet activation, paralleled by
a higher degree of systemic inflammation. This data
strongly support the idea of a significantly noxious effect
of even the earliest form of damage triggered by the
disease. The biochemical picture depicted is suggestive
of a true acute inflammatory response accompanying
the disease in its very earliest, hence pediatric, phase™”.
The SEARCH Case-Control Study showed that young
individuals with T1D, when compared to healthy controls,
were characterized by excess inflammation despite
good glycemic control™®, Interestingly, Folli et a/**
demonstrated that persistent cellular changes of anti-
oxidative machinery and of aerobic/anaerobic glycolysis
are present in individuals with T1D (with or without end-
stage renal disease), and these abnormalities may play
a key role in the pathogenesis of hyperglycemia-related
vascular complications. Restoration of euglycemia and
removal of uremia with kidney pancreas transplant can
correct these abnormalities. Some of these identified
pathways may become potential therapeutic targets for a

new generation of drugs™®.

HYPOGLYCEMIC EVENTS

Another possible explanation for the increased death rate
in individuals with T1D despite good glycemic control
may be hypoglycemia. The T1D Exchange Registry
seems to confirm this hypothesis™*”. Elderly individuals
and children younger than 5 years seem to be the two
populations at greater risk™"*?, A value of HbA1lc in the
low range (“good” metabolic control) may not only be
associated with well controlled glucose control but with
recurrent episodes of hyper/hypoglycemic oscillations.
We may speculate that, in the study by Lind et af'"}, one
of the factors potentially explaining the persistence of
a sizeable mortality hazard ratio in individuals with low
HbA1c could be a high rate of hypoglycemic events in
those individuals.

HOW TO IMPROVE OUTCOMES

T1D is a complex disease whose management may
be extremely awkward and demanding™. Diet and
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exercise, in combination with a correct insulin therapy,
play a pivotal role in obtaining and maintaining the
best glycemic control possible. In the evaluation of a
subgroup of individuals from the treatment group of
the DCCT cohort, Delahanty et a/* established the
relation between diet and glycemic control beyond the
sole intensive insulin therapy. A higher content of total
and saturated fat, associated with a lower carbohydrate
intake are linked to worse glycemic control, thereby
further increasing the cardiovascular risk!*. Adequate
fibers intake, usually lower than suggested, is also
recommended. Indeed, fibers offer a beneficial dietary
profile: (1) by reducing or at least delaying the overall
glucose absorption; (2) by blunting post-prandial
glycemic peaks, and finally (3) by impacting low-density
lipoproteins by enhancing biliary acid secretion. For the
aforementioned reasons, a proper nutritional education
is a crucial part of diabetes management and needs to
be promoted in all pediatric individuals with T1D and
their families'**. Interestingly, recent study reported
that children with T1D show less healthy food habits
than same age healthy subjects'*®.

Routine physical exercise is known to have beneficial
effects on the cardiovascular system in the general
population, and even more in individuals with T1D™",
For this reason, we should strongly encourage individuals
with T1D to participate in regular physical activity since
childhood. One hour of moderate, aerobic exercise every
day is currently recommended. Lucini et al*® recently
found the favorable effects of moderate increase (10%)
in spontaneous exercise load in adolescents with T1D.
Similarly, in children with T1D (mean age 11 years
old), 60 min per day of exercise improves endothelial
dysfunction, a well-known risk factor for cardiovascular
diseases'®’. Moreover, in the recent years, technology
has helped to reduce the impact of T1D especially
in children®®., Continuous glucose monitoring has
emerged as one of the most significant innovation in
the management of children with T1D. The combination
of continuous glucose monitoring and insulin pumps,
provides better glycemic control with less hypoglycemic
episodes"*?, The ultimate technological advance of
such automated insulin administration systems, currently
under development, is the completely automated glyce-
mic management, the closed-loop system also known as
“external artificial pancreas?.

Finally, we would like to highlight recent stem cell-
based trials, for which expectations in the scientific
community and among individuals with T1D are high®™*.
One of the most promising is cord blood stem cells that
have been demonstrated to became a powerful tool
not only for regenerative medicine but for autoimmune
(e.g., T1D) and inflammatory diseases as well>*°,
Recently, a novel hematopoietic stem cell-based strategy
has been tested in individuals with new-onset T1D,
suggesting that remission of the disease is possible by
combining hematopoietic stem cell transplantation and
immunosuppression; however safer hematopoietic stem
cell-based therapeutic options are required™”.
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MORTALITY IN INDIVIDUALS WITH TYPE

2 DIABETES

As the prevalence of type 2 diabetes (T2D) continues
to increase worldwide, diabetes-related morbidity and
mortality increase as well. There is scarce evidence
on the effect of HbA1c reduction on mortality rate in
T2D individuals. Recently a study by Skriver et ai*® in
a large cohort (n = 11205) of Danish individuals with
T2D, showed that HbA1lc variability was associated
with mortality irrespective of the magnitude of absolute
change in HbAlc. An increased mortality was observed
even in those individuals with a HbAlc < 8% if pre-
senting a higher HbA1c variability™®. However, in T2D
individuals many factors other than glycometabolic
control may contribute to increase the mortality rate
(e.g., hypertension, obesity, dyslipidemia, elevated uric
acid and insulin resistance). Therefore, an early diagnosis
and a prompt management of T2D comorbidities is
required™%4,

CONCLUSION

In conclusion, the recent findings describing an increased
mortality in individuals with T1D as compared to age-
matched population, even in the presence of on-target
HbA1c, are important. Whenever the outcomes of a
chronic disease like T1D are being studied, it is important
to acquire data from the onset. Indeed, any events in the
early phase may affect its future course and especially its
final outcome (i.e., death rates). A better understanding
of the several alterations occurring in the earliest phases
of T1D and of the factors that may be associated with
the chronic history of T1D may help us to develop future
innovative and effective preventive strategies.
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Abstract

Despite the well-recognised role of vitamin D in a wide
range of physiological processes, hypovitaminosis is
common worldwide (prevalence 30%-50%) presumably
arising from inadequate exposure to ultraviolet radiation
and insufficient consumption. While generally not at the
very low levels associated with rickets, hypovitaminosis
D has been implicated in various very different, patho-
physiological processes. These include putative effects on
the pathogenesis of neoplastic change, inflammatory and
demyelinating conditions, cardiovascular disease (CVD)
and diabetes. This review focuses on the association
between hypovitaminosis D and the metabolic syndrome
as well as its component characteristics which are
central obesity, glucose homeostasis, insulin resistance,
hypertension and atherogenic dyslipidaemia. We also
consider the effects of hypovitaminosis D on outcomes
associated with the metabolic syndrome such as CVD,
diabetes and non-alcoholic fatty liver disease. We
structure this review into 3 distinct sections; the metabolic
syndrome, vitamin D biochemistry and the putative
association between hypovitaminosis D, the metabolic
syndrome and cardiovascular risk.

Key words: Vitamin D; Hypovitaminosis D; Metabolic
syndrome; Type 2 diabetes mellitus; Insulin resistance;
Cardiovascular disease; Atherogenic dyslipidaemia;
Hypertension; Non-alcoholic fatty liver disease

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

Core tip: The metabolic syndrome is common, affecting
about 40% of Americans. It is defined by combinations
of risk factors for cardiovascular disease (CVD) including
insulin resistance and abdominal obesity. Research
implicates hypovitaminosis D in the causation and
phenotype of the syndrome and we present relevant
data. While hypovitaminosis appears a risk factor for
components of the syndrome and its outcome, the
mechanism is unclear. The risks associated with varying
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levels of hypovitaminosis and the benefits of vitamin
replacement are unknown. However, unravelling the
association between hypovitaminosis and the syndrome
is warranted as even a modest decrease in CVD risk
would confer substantial benefits.

Strange RC, Shipman KE, Ramachandran S. Metabolic syndrome:
A review of the role of vitamin D in mediating susceptibility and
outcome. World J Diabetes 2015; 6(7): 896-911 Available from:
URL: http://www.wjgnet.com/1948-9358/full/v6/i7/896.htm DOI:
http://dx.doi.org/10.4239/w;jd.v6.17.896

INTRODUCTION

Much research over the last 30 years has shown that
the pleiotrophic actions of 1, 25 dihydroxy-vitamin D
[1,25(0OH)2D] are central to cell, organ and organism
homeostasis. Thus, along with its historic functions as a
mediator of calcium and bone metabolism, 1,25(0OH)D
has effects on a wide range of physiological processes. It
is perhaps surprising, given its perceived importance to
public health, to find that hypovitaminosis D is common
worldwide (prevalence 30%-50%). This deficiency
presumably arises from failure to firstly, ensure adequate
exposure to ultraviolet radiation (UVR) because of skin
cancer fears and secondly, consume food with sufficient
levels of the vitamin. Vitamin D status is identified by
low serum levels of biologically inactive 25-hydroxylated
vitamin D [25(0OH)D]. While generally not at the very
low levels associated with rickets, hypovitaminosis D
has been implicated in various very different, patho-
physiological processes. These include a putative
effect on the development of neoplastic, inflammatory,
demyelinating, cardiovascular and diabetic conditions.
While the impact of hypovitaminosis D on health remains
unclear, accumulating data indicates it confers increased
disease risk and in some cases worse outcome.

In the context of this review, the finding that hypo-
vitaminosis D is associated with impaired glucose
homeostasis is of particular interest. A meta-analysis of
28 studies demonstrated that higher serum 25(OH)D
levels were associated with a 55% reduction in diabetes,
a 51% decreased risk of the metabolic syndrome and
a 33% lower risk of cardiovascular disease (CVD)™.
Further, treatment with vitamin D supplements over 2
mo improved fasting glucose levels and insulin resistance
homeostasis model assessment for insulin resistance
(HOMA-IR) in 100 patients with type 2 diabetes'. It
is suggested that the mechanism for this latter finding
involves improved sensitivity of target tissues such as
the liver, muscle and bone to insulin as well as enhanced
beta cell function. Given that many risk factors for
CVD are clustered in the highly prevalent metabolic
syndrome, which is characterised by insulin resistance
and abdominal obesity, it is reasonable to speculate a
significant role for the vitamin in the development of the
syndrome and its sequelae of diabetes and CVD.
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In this review we focus on the association between
hypovitaminosis D and the metabolic syndrome and
how this may contribute to increased CVD risk. We
present 3 sections describing firstly, the metabolic
syndrome, secondly, vitamin D biochemistry and thirdly,
the putative association between hypovitaminosis D,
the syndrome and CVD risk.

METABOLIC SYNDROME; HOW IT WAS
IDENTIFIED

The relationship between sensitivity to insulin, obesity
and glucose homeostasis was first observed by
the Swedish physician Eskil Kylin®. He described a
syndrome comprising hyperglycaemia, hypertension
and hyperuricaemia and suggested insulin resistance as
a possible causative factor™®. Subsequently Himsworth
et al! laid the foundations for the classification of type
1 and 2 diabetes by showing that while some patients
were insulin sensitive (younger, normal weight and
blood pressure) others are insulin insensitive (older,
more obese, hypertensive and atherosclerotic). Vague,
in studies on gender-related obesity patterns described
android obesity (now termed central obesity and linked
with diabetes and atherosclerosis) and suggested a
hormonal aetiology with over-activity of the pituitary-
adrenal axis playing a key role®.

Such observations were brought together by
Reaven™® in his Banting Lecture to the American Diabetes
Association in 1988. He termed the combination of
hypertension, dyslipidaemia and glucose intolerance as
syndrome X and proposed that this mix of phenotypes
provided a pathophysiological basis for atherosclerosis.
Obesity, was also seen as a further essential component
and following a number of iterations (dyslipidaemic
hypertension, deadly quartet, insulin resistance, hazar-
dous waist), the combination of phenotypes is now
termed the metabolic syndrome'” with the International
Classification of Disease code of 277%

Classification of the metabolic syndrome

Various groups including the World Health Organisation™,
European Group for the Study of Insulin Resistance'”,
American Association of Clinical Endocrinologists™®,
National Cholesterol Education Program - Adult Treatment
Panel "Y' and, more recently, the International Diabetes
Federation (IDF)"*** have provided definitions of the
metabolic syndrome (Table 1). While all are based on
the characteristics presented by Reaven', there are
various inclusion thresholds. A form of consensus was
arrived at in 2009™* with the IDF, National Heart, Lung
and Blood Institute, American Heart Association, World
Heart Federation, International Atherosclerosis and
the International Association for the Study of Obesity
agreeing on threshold levels that were similar to those
originally proposed by the IDF. Guidelines for classifying
metabolic syndrome in children over 10 years of age
were also issued™® and population and gender specific
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Table 1 Thresholds defining the metabolic syndrome issued by individual organisations

WHO 1998 EGIR (Balkau NCEP/ATP II 2001 AACE (2003) IDF consensus 2005 IDF consensus (10 to <
(Alberti 1998) 1999) (NCEP 2002) (Einhorn 2003) (Zimmet 2005) 16 yr) (Zimmet 2007)
Definition IGT, IFG, T2DM Plasma 3 of the following  IGT or IFG plus any See below
or lowered insulin insulin > 75" of the following based
sensitivity percentile on clinical judgement
Plus 2 of the Plus 2 of the
following following
Europoid waist W:H>0.90 M =94M =102M BMI = 25 kg/m” =94 M > 90™ percentile
circumference (cm) W:H>0.85F or =80F = 88F = 80F or BMI>30 Plus 2 of the following
BMI > 30 kg/m” kg/m’
Plus 2 of the
following
Triglyceride [mg/dL > 150 (1.7) > 150 (1.7) =150 (1.7) > 150 (1.7) > 150 (1.7) = 150 (1.7)
(mmol/L)]
HDL [mg/dL (mmol/L)] <35 (0.91) M <39 (0.91) <40 (1.03) M <40 (1.03) M <40 (1.03) M <40 (1.03)
<39 (1.01) F <50 (1.29) F <50 (1.29) F <50 (1.29) F
BP (mmHg) = 140/90 = 140/90 or = 130/85 = 130/85 SBP = 130 or DBP  SBP = 130 and/or DBP
on treatment = 85 or on treatment =85
Glucose [mg/dL (mmol/ IGT, IFG or T2DM IGT or IFG = 100 (5.6) (Grundy) IGT or IFG (but not =100 (5.6) =100 (5.6) or known
)] (but not or diabetes diabetes) T2DM
diabetes)
Others Microalbuminuria Other features of IR
ACR>30mg/g

"Includes polycystic ovary syndrome, family history or ethnic group susceptible to type 2 diabetes, sedentary lifestyle and advancing age. ACR: Albumin

creatinine ration; BMI: Body mass index; DBP: Diastolic blood pressure; F: Female; IFG: Impaired fasting glucose; IGT: Impaired glucose tolerance; IR:
Insulin resistance; SBP: Systolic blood pressure; M: Male; T2DM: Type 2 diabetes mellitus; W:H: Waist to hip ratio; WHO: World Health Organization; HDL:
High density lipoprotein; IDF: International Diabetes Federation; EGIR: European Group for the Study of Insulin Resistance; NCEP: National Cholesterol

Education Program; AACE: American Association of Clinical Endocrinologists; BP: Blood pressure; IR: Insulin resistance.

waist circumference thresholds were published to define
central obesity!*®!. The prevalence for the metabolic
syndrome varies between countries. Based on the IDF
classification a 40% prevalence in the United States has
been reported™®.

Is there a clinical value in identifying the metabolic
syndrome: It is not surprising, given the presence of
known risk factors, to find that the metabolic syndrome
confers an approximately two-fold increased relative
risk of CVD!"”). However, it is important to determine
whether this impact is the effect of the metabolic
syndrome (added risk due to a clustering of risk factors)
or just the sum of its defining phenotypes. Studies using
different CVD endpoints indicate the latter is the case.
For example, Eddy et al'® used data from NHANES II
(third national health and nutrition survey) to simulate a
population matching that of the United States, estimated
its metabolic syndrome prevalence (using the various
definitions) and associated this with CVD. While the
number of individuals identified by the various metabolic
syndrome classifications differed, they reported that
fasting glucose levels > 110 mg/dL (6.1 mmol/L)
were a better predictor of CVD than the presence of
the metabolic syndrome classified by any of the defini-
tions'®. Further, using change in atheroma volume as
an endpoint, Bayturan et a'*® reviewed 3459 patients
enrolled in 7 trials that used intravascular ultrasonography
to measure plaque progression. While the metabolic
syndrome was significantly associated [odds ratio (OR)
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= 1.29, 95%CI: 1.09-1.53] with increased atheroma
volume, the relationship was not significant (OR = 1.04,
95%CI: 0.79-1.37) when adjusted for its individual
components; serum triglycerides = 150 mg/dL (1.7
mmol/L), body mass index (BMI) = 30 kg/m’, high
density lipoprotein cholesterol (HDL-C) < 40 mg/dL (1.0
mmol/L) in men or < 50 mg/dL (1.3 mmol/L) in women,
blood pressure = 135/85 mmHg or treatment of
hypertension™®, In this multifactorial model, only serum
triglyceride concentrations (= 150 mg/dL) remained
significantly associated with plaque progression!*?,

These findings (and others) question the clinical
value of identifying the metabolic syndrome in patients.
Indeed, the identification is dependent on the thresholds
of each of the contributing factors. Thus, for example,
if age-related thresholds were used there would be a
marked change in the numbers of affected individuals.
While in theory its identification does not appear to
add anything to prognosis in an individual patient, we
and others™ argue that it has clinical value. As the
metabolic syndrome is based on related and modifiable
CVD risk factors, its identification encourages a holistic
approach rather than a focus on the individual aspects
(glycaemia, dyslipidaemia, weight reduction and blood
pressure management) of the patients’ condition.
It therefore, has value in encouraging the clinician
to address CVD risk using a multifactorial approach.
It is also arguably useful in a research setting when
considering the role of possible risk factors.

We also believe it is important to consider the
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Figure 1 Simplified illustrations of the component risk factors of the
metabolic syndrome, the complex relationships between them and the
outcomes leading to increased morbidity and mortality. We also identify
the areas that may be affected by hypovitaminosis D which are covered in this
review. CVD: Cardiovascular disease.

metabolic syndrome as a heterogeneous entity. Indeed,
in patients with the syndrome, we have shown that
following treatment with statins and fibrates, outcomes
can vary considerably indicating the presence of
subgroups both known (gender, baseline lipids, and
concurrent therapy) and unknown*24,

Metabolic syndrome - putative pathway to CVD:
While it is accepted that central obesity and insulin
resistance are core drivers of the metabolic syndrome,
the timescale and inter-relationships between these and
other factors that lead to an individual being classified
with the syndrome and the consequent increased risk
of CVD remain unclear®?, Clearly, while obesity and
insulin resistance are common in adults worldwide they
are rare in childhood indicating that environmental
factors interacting with a genetic predisposition drive
the development of the syndrome from birth through
childhood to its identification in adulthood. Once an
individual develops the metabolic syndrome, the
combination of risk factors leads to an increased risk of
CVD (Figure 1).

Obesity is a recognised risk factor associated
with mortality, this probably due to the link between
obesity and risk of developing diabetes, hypertension,
atherogenic dyslipidaemia and CVD™®. However, the
National Health and Nutrition Examination Survey
(NHANES) indicated that individuals with a BMI between
30 and 35 kg/m? demonstrated only a modest increase
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in mortality compared to those with BMI 18.5-25
kg/m??*°!, These findings suggest the presence of a
subgroup of obese individuals who are not at high risk
of metabolic disturbances or increased mortality. Their
presence may be a reason for the relatively modest
increase in overall mortality in obese subjects. It has
been speculated that the link between obesity and CVD
may be via insulin resistance™. Individuals with high
insulin sensitivity and not fulfilling the ATP Il metabolic
syndrome criteria are considered to be a “metabolically
healthy obese” group™.

The concept that not all obesity is bad in the context
of developing CVD is interesting. Abdominal obesity,
visceral as opposed to subcutaneous fat, appears to
be critical in the development of insulin resistance™".
Abdominal adipose tissue was initially considered an inert
storage depot for triglycerides (glycerol and fatty acids).
The current view however, is that it is also an active
endocrine organ. Intra-abdominal obesity, a classifying
characteristic of the metabolic syndrome promotes
insulin resistance (the reverse of insulin sensitivity),
perhaps by secreting metabolically active substances
(adipokines) and making available an increased quantity
of free fatty acids?®**".

Insulin resistance, the other key factor in the
metabolic syndrome, is defined as a condition where
greater than normal levels of the peptide are needed
to clear a glucose load (and effect its other metabolic
actions). Thus, for a given blood glucose level the
amount of insulin secreted is high. Impairment of sen-
sitivity appears to be a contributing factor to all of the
features of the metabolic syndrome in addition to having
a direct causative role in the pathogenesis of type 2
diabetes. It can be considered a pre-diabetic state in
non-diabetic patients, conferring a 5 fold increased risk
of developing diabetes™, Insulin resistance has also
been demonstrated to be associated with hypertension,
atherogenic dyslipidaemia and higher amounts of
the atherogenic small dense low density lipoprotein
cholesterol (LDL-C), features associated with the
metabolic syndrome!*>*%,

Thus, in addition to weight reduction measures,
reducing insulin resistance, a feature that may be an
intermediate factor linking obesity with morbidity and
mortality, must be addressed in patients with the
metabolic syndrome. Apart from abdominal obesity there
are other factors that may modify insulin resistance.
Physical fitness (as measured by aerobic capacity) has
been seen to increase insulin sensitivity™*.

VITAMIN D BIOCHEMISTRY

Vitamin D, in addition to its role in calcium and bone
metabolism, has pleiotrophic effects in many cell types
in many life forms. These include a potential role in the
actions of insulin and development of obesity (Figure
1). Thus, not surprisingly hypovitaminosis D has been
linked with hypertension, atherogenic dyslipidaemia
and increased CVD risk (Figure 1). An association has
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|
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1,25(0H):D
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Figure 2 Simplified synthetic pathway leading to the formation of the
active metabolite 1,25(0H):D. UVB: Ultraviolet B.

also been noted with non-alcoholic fatty liver disease
independent of the features classifying the metabolic
syndrome. Hypovitaminosis D can be addressed by both
lifestyle measures and supplementation; hence, it is
important to understand the relationship between vitamin
D and the metabolic syndrome at both mechanistic and
epidemiological levels.

Vitamin D synthesis

Bioactive vitamin D, 1,25(0H)2D is synthesised in a
pathway involving different organs and intermediates
(Figure 2). Some inactive chemicals are produced that
may have a regulatory role but will not be considered
further. The first step in the pathway is the photo-
chemical production of cholecalciferol in the skin from
7-dehydrocholesterol. Thus, production of bioactive
1,25(0OH)D can only be initiated in skin via a photo-
chemical process. Accordingly, animals have to eat foods
containing the vitamin or be exposed to sunlight to allow
its photosynthesis in skin.

Cholecalciferol is produced in the stratum basale
and stratum spinosum layers of skin following reaction
of 7-dehydrocholesterol with ultraviolet B (UVB) (270-
300 nm). It is noteworthy that the concentration of
7-dehydrocholesterol falls with increasing age resulting
in reduced capacity to synthesise vitamin Ds. This effect
is marked; for example, the skin of a 70-year-old subject
has approximately 25% of the 7-dehydrocholesterol
compared with that of a young adult®™. Cholecalciferol
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(and ergocalciferol) is carried in blood to the liver and
hydroxylated at position 25 to form 25(OH)D. The
final step in the pathway is hydroxylation of circulating
25(OH)D at the 1 position to form biologically active
1,25(0H):2D. This occurs in the kidney, and other tissues,
and is followed by its release into blood bound to vitamin
D binding protein and transported to target organs.

How vitamin D works

Systemic or locally produced 1,25(0OH)2D binds to
the vitamin D receptor (VDR), a nuclear receptor that
dimerises with the retinoid X receptor and, in turn,
becomes a regulator of transcription™®. Dimerisation
allows interaction with the vitamin D response element
on target genes initiating transcription*”, The VDR is
a member of the steroid receptor superfamily and is
responsible for regulating transcription in many responsive
genes. Indeed, more than 200 genes, including those
that regulate cell differentiation and proliferation as well
as multiple metabolic systems, are targets for vitamin D.

Skin pigmentation, UVR and vitamin D

Vitamin D photosynthesis is long-established among
animals implying a key role in metabolism. Phytoplankton
in the sea have synthesised vitamin D for more than
500 million years and land vertebrates for more than
350 million years. Further, the sophisticated biochemical
systems used by humans to balance the harmful and
beneficial effects of sunlight demonstrate the evolutionary
pressures on these processes. Protection from UVR
has been provided by the development of a sunscreen;
eumelanin. Eumelanin absorbs UVR, reducing its
penetration and, thereby, formation of potentially harmful
free radicals (reactive oxygen species) in the skin. The
migration of humans from Africa to environments of
often low and highly seasonal UVR placed pressure on
the original constitutive, dark-skinned phenotype®., Thus
vitamin Ds synthetic ability, following movement into
higher latitudes, was enabled by polymorphic change
in genes that determine skin pigmentation, such as
melanocortin 1 receptor, with the resulting development
of partially depigmented phenotypes capable of tanning.
Thus, the present range of skin pigmentation results
from a requirement to promote cutaneous UVR-induced
vitamin Ds synthesis (depigmented phenotype) and
simultaneously prevent UVR-induced damage (pigmented
phenotype)®,

Studying the relationship between UVR exposure,
vitamin D status, skin type and disease risk is compli-
cated by historical and recent population movements
resulting in many people living under solar regimes very
different to those in which their ancestors developed
mechanisms to balance sunlight's harmful and beneficial
effects. The health penalties of these movements are
still under assessment though the potentially serious
consequences of chronically low exposure are now being
recognised. This of course, does not mitigate the need
to ensure that the risks associated with inappropriate
and excessive UVR exposure in terms of skin and other
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cancers continues to be emphasised.

Environmental factors affecting exposure to UVR

The amount of UVR reaching earth varies with the angle
at which radiation passes through the atmosphere (solar
zenith angle), its path length through air, the presence
of clouds and pollution in the lower atmosphere!®**%,
Consequently, place and time of day and season are
important. Outside of tropical latitudes, ensuring a
year-round, adequate level of vitamin D synthesis is
problematic because large solar zenith angles and
long path lengths result in increased absorption and
scattering of UVR. During the year the availability
of vitamin Ds-inducing UVB wavelengths varies with
latitude and outside the tropics there is little or no
UVB in sunlight except at high altitudes for much of
the year. For example, the equator sees only about
a 20% variation while 50° N (circle of latitude that
crosses the English Channel, Belgium, Czech Republic,
Russia, Mongolia and Canada) sees around 250%
variation. Indeed, between November-February, people
living at latitude 50° N and higher receive no effective
vitamin Ds-inducing UVB and can effect no vitamin
synthesis®*%, This latitude effect is compounded by
dark skin pigmentation; the higher the eumelanin
content the lower the vitamin Ds production. Thus, for
many individuals there is insufficient UVB over the year
to allow adequate vitamin D synthesis and therefore a
need to consume vitamin Ds-rich foods such as oily fish.
An additional problem in ensuring adequate vitamin D
status, particularly away from the equator, is presented
by modern urban lifestyles. Exposure to UVR is limited
by clothing, shade-seeking behaviour, often because
of skin cancer fears, and occupations that result in
80%-90% of work time being spent indoors.

Assessing vitamin D status and defining
hypovitaminosis

Exposure to sunlight or dietary intake of vitamin
D increases the serum concentration of 25(0OH)D
making this a ready indicator of body vitamin D status.
Establishing a link between chronic hypovitaminosis
and disease risk clearly requires definition of a normal
serum concentration of 25(0OH)D. The serum 25(0OH)D
concentrations that identify hypovitaminosis D are
not fully defined though the following ranges have
been suggested; deficiency: < 12 ng/mL (30 nmol/L),
insufficiency: 12-20 ng/mL and satisfactory status:
= 20 ng/mL (50 nmol/L). However, given the well-
recognised seasonal variation in vitamin synthesis,
particularly in northerly latitudes, any reference range
needs to be considered in the context of season.
Recently Tandeter described an Individual Mean Annual
vitamin D level termed the “IMAD level” and a recovery
formula “"RF” that may be used to calculate a mean that
encompasses values from four seasons'*"’.

Relationship between season and vitamin D status
Understanding the temporal relationship between
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seasons, solar radiation and vitamin D photosynthesis
is important if epidemiological approaches are used
to establish associations between these variables,
disease risk and outcome. Furthermore, the impact
of relative acute or chronic hypovitaminosis on the
relationship between seasons and disease pathogenesis
is unclear. For example, if chronic hypovitaminosis D was
pathological, a visible consequence might take some
time to be clinically evident and therefore not easily
associated with the seasons!*”.

Surprisingly given the potential impact of vitamin D
on public health, there is little data on the relationship
between seasons, serum vitamin concentrations and
lag time between firstly, solar radiation and building
up of adequate levels of the vitamin and secondly,
which chronic patterns of hypovitaminosis have most
impact on the pathogenesis of particular diseases'*?.
Thus, while the causal link between skin exposure to
solar UVR and serum vitamin D cyclicity is recognised,
neither the mathematical relationship between the
peaks and troughs of serum 25(OH)D concentrations
during the year nor how (or if) particular patterns
affect disease risk have been well defined. Kasahara
et al*? also provide a model describing the seasonality
of serum 25(OH)D concentrations in the United States
that could be extrapolated to other studies'*"., They
argued that in the temperate northern hemisphere,
serum 25(0OH)D concentrations vary during the year
because production is determined by the area of skin
exposed to UVR and the intensity of the radiation. Thus,
serum vitamin concentrations demonstrate maximum
levels in late summer and lowest in late winter. This
presumably reflects significant photosynthesis and
gradual accumulation of vitamin D during the early
spring months and a gradual use of reserves in months
immediately after photosynthesis ceases when there
is little sunlight. Thus, serum vitamin D concentrations
demonstrate a seasonal lag pattern that is influenced
by how much atmosphere sunlight must pass through
before reaching the human body.

ASSOCIATION BETWEEN
HYPOVITAMINOSIS D, THE METABOLIC
SYNDROME AND CVD RISK

Importance of vitamin D: Population studies using
mortality/morbidity as outcome

Many studies suggest that low serum vitamin D
concentrations, even when above those associated with
rickets, are deleterious. A variety of criteria have been
used as clinical endpoints. For example, Schéttker et
al** studied the association between serum 25(OH)D
concentrations and mortality in a meta-analysis of data
from eight prospective cohort studies involving 26018
men and women aged 50-79 years from Europe and the
United States. The outcome measures were all-cause,
cardiovascular, and cancer mortality. As expected,
25(0OH)D concentrations were higher in summer and in
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men. During follow-up a total of 6695 study participants
died; 2624 of these subjects died of CVDs and 2227 of
cancer. Despite levels of 25(0OH)D strongly varying with
country, gender and season, the association between
25(0OH)D concentration and all-cause and cause-specific
mortality was consistent*”’. The lowest 25(OH)D quintile
was associated with increased all-cause mortality,
cardiovascular mortality and cancer mortality (in those
with a history of cancer)*?. The inverse association
across quintiles was consistent across countries, genders,
season and age groups despite 25(0OH)D cut-off values
varying according to these characteristics'’.

Associations between UVR exposure and disease
risk and outcome have been reported for a wide range
of pathologies, although in most cases conflicting data
have also presented. Corresponding studies using serum
25(0H)D also show conflicting data. For example, we
have presented data indicating that UVR may influence
disease risk by a vitamin D mediated mechanism in
the pathogenesis of prostate cancer®**! and multiple
sclerosis™® though we emphasise that these asso-
ciations remain unproven and any mechanistic basis is
uncertain®™”’,

Metabolic syndrome and seasons
Clearly, any suggestion that risk of the metabolic
syndrome is partly determined by vitamin D status
would be helped by evidence that the incidence of the
syndrome, and/or its component phenotypes, is linked
with availability of the vitamin and/or the seasons. Some
evidence supporting this view is available. Kamezaki et
al*® reported such links in 1202 Japanese males (44
+ 10 years) who were assessed in summer and winter
in 2008 for the metabolic syndrome defined using the
criteria proposed by the NCEP, the IDF and the Japanese
Society of Internal Medicine (JSIM). The prevalence rates
of NCEP, IDF, and JSIM defined metabolic syndrome in
winter were 3.8%, 15.1% and 12.4% and in summer,
3.2%, 10.7% and 8.4% respectively™. Blood pressure
changes were most significantly correlated with this
seasonal variation in metabolic syndrome prevalence'*®.

However, inconsistent results regarding the putative
association of key components of the metabolic syndrome
with season have been reported including more insulin
resistance and higher triglyceride concentrations during
the summer in some, winter in others and some showing
no significant seasonal variation. Taiwanese subjects
described by Chen et af*®! were studied in winter (January
and February) and summer (July and August) in 2002.
They found higher levels of fasting insulin, HOMA-insulin
resistance and triglycerides, but lower levels of HDL-C
in summer compared with winter. The prevalence of
metabolic syndrome in summer was higher than in
winter; difference of 7.7% in both genders (P = 0.0092
in men, P = 0.0037 in women). After controlling for
BMI and other risk profiles, summer was independently
and positively associated with fasting insulin and insulin
resistance regardless of metabolic syndrome™.,

A further interesting association between the meta-
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bolic syndrome and season is the report by Rintamaki et
al* showing a significant association between seasonal
changes in mood and behaviour and the metabolic
syndrome. Individuals with the syndrome had greater
seasonal changes in mood and behaviour.

Metabolic syndrome and vitamin D status: Observational
studies

Considerable research has focussed on associations
between vitamin D levels and the prevalence of the
metabolic syndrome and its component features. Many
studies demonstrate an inverse relationship between
serum 25(0OH)D and diabetes, metabolic syndrome,
insulin resistance and beta cell function®*?!, The
NHANES data confirmed the inverse relationship between
25(0OH)D levels and diabetes and insulin resistance in the
non-Hispanic white and Mexican American, but not in the
non-Hispanic black populations®***,

A meta-analysis of 28 studies (between 1990 and
2009) including 99745 participants (age range: 40.5-
74.5 years) by Parker et al"! investigated the effects
of vitamin D on the risk of CVD, diabetes and the
metabolic syndrome!". Higher levels of vitamin D were
seen to be associated with reduction of all the outcomes
studied among middle aged and elderly individuals.
The 28 studies reported 33 ORs when considering the
association between 25(OH)D and cardiometabolic
outcomes; 29 of these ORs suggested an inverse
relationship with 3 indicating an opposite effect with 1
analysis remaining non-significant™. The pooled OR was
0.57 (95%CI: 0.48-0.57). Prevalence of the metabolic
syndrome was the outcome in 8 of the studies; all these
showing a significant association between high 25(OH)D
levels and reduced metabolic syndrome prevalence (OR
= 0.49, 95%CI: 0.38-0.64).

Ju et al” studied the relationship between serum
25(0OH)D levels and metabolic syndrome in the
general adult population using a dose-response meta-
analysis based on studies reporting risk ratios for
metabolic syndrome in categories of serum 25(0OH)D
concentrations. The pooled OR for the metabolic
syndrome per 25 nmol/L (10 ng/mL) increment in the
25(0OH)D concentration was 0.87 (95%CI: 0.83-0.92),
based on 16 cross-sectional studies and 1.00 (95%CI:
0.98-1.02) for 2 cohort and nested case-control
studies™!, The dose-response meta-analysis showed a
generally linear, inverse relationship between 25(0OH)D
levels and the metabolic syndrome in the cross-sectional
studies [probability (P) value for linear trend < 0.001].
They concluded that vitamin D status was associated
with metabolic syndrome risk in cross-sectional but not
longitudinal studies®..

Song et al®® reported a cross-sectional study
comprising 778 Korean adults. Metabolic syndrome was
defined according to the American Heart Association/
National Heart, Lung, and Blood Institute criteria and
the Korean Society for the Study of Obesity. The overall
prevalence of the metabolic syndrome was 18.9%"°,
After multiple adjustments, compared with the highest
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quartile serum 25(OH)D level group (19.9-55.9 ng/mL),
the OR for metabolic syndrome in the lowest level group
(4.2-9.7 ng/mL) was 2.44 (95%CI:1.32-4.48). The
intermediate quartiles (9.8-14.1 ng/mL) and (14.3-19.8
ng/mL) had ORs of 2.20 (95%CI: 1.24-3.90) and 1.81
(95%CI: 1.02-3.20) respectively when compared to the
highest quartile. Among the components of metabolic
syndrome, the adjusted ORs for elevated blood pressure
and high triglycerides in the lowest 25(0OH)D level were
1.81 (95%CI: 1.15-2.85) and 2.74 (95%CI: 1.64-4.57)
respectively™®.

Thus, it is clear from these observational surveys
that a relationship may exist between 25(OH)D levels
and glucose homeostasis, metabolic syndrome and
type 2 diabetes. These population studies do not hint
as causation as 25(0OH)D status and other established
risk factors were not measured at or prior to diagnosis.
Thus, prospective studies are required that take into
account other confounding factors such as serial weight
measurements, physical activity and family history.

Metabolic syndrome and vitamin D status: Prospective
studies

A number of prospective studies have also presented
data that support the proposal that low serum 25(0OH)D
concentrations are associated with increased risk of
the development of the metabolic syndrome. For
example, Gagnon et al*”? studied 4164 adults (mean
age 50 years; 58% women; 92% Europids). Over
the following 5 years, 528 incident cases (12.7%) of
the metabolic syndrome were identified”®”). Compared
with the reference category [highest quintile 25(0OH)D
= 34 ng/mL], the metabolic syndrome risk was
significantly higher in people with 25(OH)D in the first
(< 18 ng/mL) and second (18-23 ng/mL) quintiles
[OR = 1.41 (95%CI: 1.02-1.95) and 1.74 (95%CI:
1.28-2.37) respectively]®”). Serum 25(OH)D was
inversely associated with waist circumference (P < 0.001),
triglycerides (P < 0.01), fasting glucose (P < 0.01), and
HOMA-IR (P < 0.001) but not with 2-h plasma glucose
(P = 0.29), HDL-C (P = 0.70), or blood pressure (P =
0.46)",

More recently Kayaniyil et a/’®® examined the
prospective association of 25(0OH)D with the metabolic
syndrome in a multi-ethnic cohort of non-diabetic
adults with pre-existing risk factors in Ontario, Canada.
Of 654 participants enrolled at baseline, 489 attended
a 3 year follow-up visit. Multivariate logistic regression
analyses indicated a decreased risk of the metabolic
syndrome at follow-up per standard deviation increase
in baseline 25(0OH)D after adjustment for sociodemo-
graphics, season, baseline and change in supplement
use, physical activity and insulin resistance (OR = 0.63,
95%CI: 0.44-0.90)"%,

Associations between the defining components

of the metabolic syndrome and vitamin D status:
Observational, prospective and interventional studies
The observational and prospective studies previously
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described demonstrate associations between 25(0OH)D
concentrations and the metabolic syndrome, but were
not designed to explore mechanistic aspects. We now
review the effect that 25(0OH)D levels may have on the
defining characteristics of the metabolic syndrome;
abdominal adiposity, insulin resistance (and beta cell
function), hypertension and atherogenic dyslipidaemia.

Karatas et af*” investigated the association between
25(0OH)D levels and all components of the metabolic
syndrome in 287 Turkish subjects. Of these, 214
participants were either obese (BMI = 30 kg/m?) or
overweight (BMI: 25-29.9 kg/m?). Metabolic syndrome
was dassified using IDF criteria. Multiple logistic regression
analyses were carried out with metabolic syndrome,
abdominal obesity, low HDL-C, hypertriglyceridaemia
and hypertension as the dependent variable and with
25(0OH)D as a continuous independent variable in one set
of analyses and 25(OH)D levels stratified as deficiency (<
20 ng/mL), insufficiency (20-29.9 ng/mL) and sufficient
(reference level) groups as a factorised independent
variable in further analyses. The analyses were corrected
for age, gender and season. Hypovitaminosis was
significantly more common in the overweight/obese
individuals with and without the metabolic syndrome®.
There was a significant inverse relationship between
triglyceride levels and serum 25(OH)D concentration. No
significant associations between 25(OH)D and HDL-C,
hypertension and insulin resistance were observed.

Obesity has been associated with hypovitaminosis D,
perhaps via multiple mechanisms®*®. The nature of this
association was investigated by a bi-directional genetic
study that suggested higher BMI resulted in lower
25(0H)D levels but with the reverse effect being small®”.
They concluded that weight reducing interventions would
be expected to reduce the prevalence of hypovitaminosis
D', In contrast Salehpour et af*® carried out a 12 wk
study following cholecalciferol supplementation and
showed a significant decrease in body fat mass in both
healthy and obese women compared to the placebo
arm™®. These conflicting findings make it essential that
both interventions (weight reduction and vitamin D
replacement) are studied in detail with suitably designed
trials. Other studies investigating mechanisms, unlike
Vimaleswaran et al®®, have indicated a bi-directional
association between obesity and hypovitaminosis D. It
has been seen from animal studies that vitamin D may
play a part in adipogenesis and energy metabolism. The
VDR is expressed in adipose tissue pre-maturation®®
and in early adipogenesis'®'. The presence of a role in
adipogenesis is also suggested by adipocyte atrophy
seen in VDR knockout mice!®®,

The relationship between volume of adipose tissue
and vitamin D status, at least as reflected in serum
25(0OH)D concentrations, is unclear. Vitamin D is se-
questered in adipose tissue and it has been speculated
that obesity, by increasing the volume of distribution of
available adiposity, will lead to lower serum vitamin D
levels™®”®®, This view is contradicted by Pramyothin et
al®® who measured vitamin D levels in the subcutaneous
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abdominal fat of 17 patients undergoing gastric bypass.
Vitamin measurements were made at surgery and over
a 12 mo follow-up period®, It was found that vitamin
D levels in adipose tissue varied considerably and no
significant change in serum 25(OH)D was noted during
follow-up despite intake of supplements (> 2500 U/d).

There has been speculation that behaviour traits
associated with obesity, such as reduced outdoor
exercise levels, could be associated with decreased
exposure and reduced vitamin D synthesis. Results
from studies investigating this possible association
have varied”®’!l. Thus, although a clear association
is evident between adiposity and vitamin D levels the
nature of this association has yet to be determined.
It is important to establish this relationship as central
adiposity is a key driver in the development of the meta-
bolic syndrome.

Dysfunction of insulin secretion by pancreatic
beta cells and insulin resistance are considered to be
causative drivers in the aetiology of type 2 diabetes®®.
Insulin secretion may be affected by lipotoxicity, due
to increased free fatty acids, and glucotoxicity, due to
elevated serum glucose and lipid accumulation within
the beta cells”?. We have seen that insulin resistance
is a core component of the metabolic syndrome. Con-
trasting findings are evident in observational studies
investigating the relationship between 25(OH)D levels
and insulin sensitivity. Chiu et a/°®¥, in Californian
students of mixed ethnicity, and Kamycheva et af”, in
a study of patients with hyperparathyroidism, [patients
grouped by the median 25(0OH)D concentration] noted
a positive correlation between insulin sensitivity and
25(0OH)D levels. However, there have been other studies
which have not shown the above association, these
having been carried out in patient groups characterised
by obesity”*, non-diabetic status”® and the metabolic
syndrome®. A prospective study of 524 non-diabetic
individuals by Forouhi et a’”? showed an inverse asso-
ciation between 25(0OH)D levels and the risk of insulin
resistance and elevated blood sugars””). However,
the Mini-Finland Health Survey did not demonstrate a
significant correlation between 25(OH)D quartiles and
the onset of diabetes when the analysis was corrected
for BMI and activity”®.

Vitamin D supplementation has been seen to alter
insulin sensitivity in non-diabetic patients, but not in
patients diagnosed with type 2 diabetes”®®. Pittas et
al® demonstrated that, when compared to placebo,
vitamin D had a positive effect on insulin resistance
and glycaemic control (non-primary outcome) in a
randomised controlled study of patients with impaired
fasting glucose®. A complex mechanism is suggested
by the SURAYA trial of obese south Asian women as
insulin resistance was seen to improve only when
supplementation elevated the 25(OH)D concentration
above 80 nmol/L this perhaps indicates either a dose
response or threshold effect®”,

Given the association between 25(0OH)D levels and
obesity it is expected that there would be a similar
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relationship with the lipid concentrations; however,
study results have varied. A large study in Norway,
both longitudinal (n = 2159) and cross sectional (n =
10105) demonstrated that higher levels of cholesterol,
HDL-C and LDL-C and lower levels of triglyceride were
associated with reduced 25(0OH)D concentrations™®®. A
survey of 108711 patients who had multiple 25(0OH)D
and lipid profiles measured revealed a similar relationship
between 25(0OH)D and cholesterol and LDL-C levels®",
Further, optimal levels of 25(0OH)D were associated with
higher HDL-C™®, More confusion has arisen as vitamin
D supplementation following their cross sectional survey
in patients with hypovitaminosis did not led to consistent
changes in the lipid profile™®. Jorde et ai* reviewed the
findings of 22 cross sectional and 10 placebo controlled
double blind randomised controlled trials and concluded
that, while the cross sectional studies demonstrated
a uniform inverse relationship between 25(OH)D and
triglyceride levels, the intervention studies with vitamin
D supplementation have led to varied results. They
concluded that these intervention studies were not
adequately designed to specifically investigate the
relationship between 25(0OH)D and lipids and speculated
that the relationship between 25(OH)D and lipids could
be either direct or via changes in parathyroid hormone
and/or calcium concentrations™.

Many studies using mouse and human hepatoma cell
lines®*®” and VDR knockout mice™® have been carried
out to understand the observed associations between
25(0H)D and lipid concentrations. Some have examined
the effect of VDR on bile acid synthesis, and cholesterol
levels, once again with inconsistent results™.

Hypertension, one of the defining components of
the metabolic syndrome, has been reported to display
a seasonal and geographical variability raising the
possibility of sun exposure having a role®”, Even before
this observation Resnick et af*" in 1986 suggested that
vitamin D metabolites were associated with hypertension
potentially via the renin-angiotensin system™". Both
animal and cross-sectional human studies have suggested
vitamin D to be an inhibitor of the renin-angiotensin
system in VDR knockout®™ and 1o-hydroxylase knoc-
kout™! mice with significantly raised renin activity
and plasma angiotensin 2 concentrations. The effects
were reversed in the la-hydroxylase knockout mice
by administration of 1,25(0H)2D"*, Vascular smooth
muscle and endothelial cells express VDR and the
la-hydroxylase enzyme indicating that vitamin D
may influence endothelial function which could lead to
arterial stiffness and hypertension, in addition to plaque
formation™. The change in endothelial function could
be due to either a direct effect or via improved blood
pressure.

Most of the surveys such as NHANES II°°, the
German National Health Interview and Examination
Survey™ and the 1958 British Birth Cohort"”! inves-
tigating the relationship between vitamin D and hyper-
tension have pointed to an inverse association. However,
there have been studies that have not shown this
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association®?, Once again the mixed findings could
have been due to confounding variables common in
multifactorial pathology. Similarly prospective studies too
have not been consistent with regards to outcome™®*°!,
Further, interventional trials have also resulted in varied
results’'®'%!, A meta-analysis of 11 interventional trials
showed a modest reduction in diastolic blood pressure
(3.1 mmHg), but this was not accompanied by any
significant change in systolic blood pressure!’®, It was
evident that most of the studies were not designed
to investigate the association in question. Although
observational studies have suggested endothelial
dysfunction in individuals with hypovitaminosis D™%*'%!
results following vitamin D supplements have been
missed. While some intervention trials have shown a
beneficial effect on endothelial function!***®! others
have not!'®%, Thus, it is clear that although most
studies indicate an association between vitamin D status
and blood pressure the findings from observational,
prospective and interventional studies have not been
unanimous.

We have seen that much of the work presented
above, with the exemption of Karatas et a/*®, has
focussed on individual associations between hypovi-
taminosis D, vitamin D supplementation and components
of the metabolic syndrome. As evident from Figure 1
these factors are inter-related and it is essential that
future studies take this into account.

Benefits in mortality, CVD and onset of type 2 diabetes
observed following vitamin D supplements

As we have seen previously there is considerable
evidence that hypovitaminosis D is associated with
increased CVD risk although the mechanisms still
remain largely unclear. It is essential to determine if this
increase in risk can be reversed by supplements. Many
questions remain that can only be answered by long
term intervention studies. It is important to estimate
benefit in the overall study group as well as subgroups
based on age, gender, ethnicity, CVD risk, vitamin D
levels and other baseline characteristics. Further, benefit
associated with different replacement dosage must
be evaluated. To this date no large intervention trial
fulfilling the above criteria has reported findings.

Vacek et a**! in 2012 carried out an observational
retrospective study of 10889 patients seen in a
secondary care cardiology setting. Hypovitaminosis
(< 30 ng/mL) was diagnosed in 70.3% of this cohort.
Vitamin D supplements were taken by 31.6% of the
vitamin D deficient patients and 21.3% of patients with
normal values and the association between treatment
and all-cause mortality studied. Hypovitaminosis D
was significantly associated with mortality in patients
not on vitamin D replacement (OR = 3.72, 95%CI:
2.563-5.396)"'Y, In contrast hypovitaminosis was not
significantly associated with mortality in patients on
supplements (OR = 1.46, 95%CI: 0.760-2.799). This
analysis was not carried out with CVD mortality and
morbidity as an outcome measure. It must be noted
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that this study was in a selected population and was
retrospective and observational. Gotsman studied the
impact of vitamin D supplements on mortality in 3069
patients with heart failure™™*?!. Supplementation was
associated with significantly reduced mortality (HR
= 0.68, 95%CI: 0.54-0.85). However, no convincing
data exists regarding the benefits in mortality that
may be related to vitamin D supplements in a healthy
population.

There are very few studies examining CVD risk
reduction following vitamin D supplementation. A
systematic review of 17 prospective and randomised
trials using vitamin D and/or calcium supplements
showed vitamin D supplements, at approximately 1000
IU/d, caused a 10% relative risk reduction that was not
significant when compared to placebo™*), When the
analysis was restricted to the 5 prospective studies of
patients receiving vitamin D a reduction in CVD related
mortality was observed. It must be noted that 4 of these
studies consisted of patients receiving dialysis, a high
risk group. Interestingly calcium supplementation did
not appear to influence any of the outcome measures.

No large randomised control trial has been carried
out with onset of metabolic syndrome/diabetes as the
primary outcome. The RECORD study where patients
were randomised to receive 800 IU/d of vitamin D
recorded onset of type 2 diabetes as a secondary
outcome (primary outcome was fracture rate)™**. A non-
significant 33% relative risk reduction was seen.
Similarly, onset of diabetes was the monitored outcome
in the Womens Health Initiative Calcium/Vitamin D
Trial with 33951 women randomised to either 400
IU/d of vitamin D or placebo for 7 years and no signi-
ficant benefit was observed™!. Most other studies
have included smaller patient numbers and have not
demonstrated reduced incidence of type 2 diabetes or
the metabolic syndrome. Further, no convincing evidence
exists that supplementation reduces the progression
from the metabolic syndrome to type 2 diabetes.

Mixed results have been observed when insulin
sensitivity has been determined following treatment
with vitamin D. Mitri et al*" demonstrated a significant
improvement in insulin secretion in 92 individuals at
high risk of developing diabetes following randomisation
to either 2000 IU/d of vitamin D supplements or
placebo. Nagpal et af*”? determined the effect vitamin D
supplementation (3 doses of 120000 IU) had on insulin
sensitivity compared to placebo in 71 healthy male
volunteers with central obesity. Insulin sensitivity was
seen to improve in the treatment arm™"”, However, there
have been other trials demonstrating no improvement
in insulin sensitivity. Luo et a/**® treated 21 Chinese
patients with type 2 diabetes and hypovitaminosis D
(< 50 nmol/L) with 2000 IU/d of vitamin D for a 3
mo period. No changes were observed in any of the
metabolic syndrome parameters, HbAlc or in insulin
requirements™®., George et af"'” published a systematic
review of 15 trials assessing the effects of vitamin D
supplementation compared to placebo on fasting glucose,

July 10, 2015 | Volume 6 | Issue 7 |



Strange RC et /. Vitamin D and the metabolic syndrome

glycaemic control and insulin resistance. When all the
studies were combined no significant improvement
in outcomes was observed. When the analyses were
restricted, to patients with diabetes or impaired glucose
tolerance, significant but small improvements were
observed in both fasting glucose and insulin sensitivity,
but no changes seen in HbA1c!*,

All the studies described above leave an impression
that vitamin D supplementation could potentially be
beneficial. However, current evidence does not allow us
to identify patient groups that would benefit maximally.

Vitamin D and type 2 diabetes

We have focussed this review on hypovitaminosis D in
the metabolic syndrome and its defining components as
well as CVD. We have described that hypovitaminosis
D appears to be related to the metabolic syndrome,
potentially a pre-diabetic state and its component
characteristics such as obesity and insulin resistance.
Thus, we would expect there to be a relationship
between vitamin D levels and type 2 diabetes. We
have also described current evidence as to the effects
of vitamin D supplementation on diabetes control. In
addition to actions that may be mediated via obesity
and insulin resistance which we have described above,
hypovitaminosis D appears to have a direct effect on
glycaemic control. It has been suggested that vitamin
D could have a role in ensuring calcium influx into cells
which may be essential to the actions of insulin in skeletal
muscle and adipocytes™®. There have been hints that
elevated parathyroid hormone levels may blunt the
actions of insulin™®4, Although outside the boundaries
of this review, an association between type 1 diabetes
and hypovitaminosis D also suggests at a direct action of
vitamin D on insulin action that may also be relevant to
type 2 diabetes!**?,

Vitamin D and non-alcoholic fatty liver disease
Individuals with the metabolic syndrome of long duration
are considered to be at greater risk of developing
hepatic steatosis'?!. A two or three hit hypothesis has
been proposed?". The first hit is considered to be the
damage caused by fatty infiltration associated with
insulin resistance and obesity™**. The second and third
hits are thought to be due to hepatic injury resulting
from mechanisms linked to oxidative stress and impaired
cellular regenerationt!!, Hepatic fatty infiltration could
progress through non-alcoholic steatohepatitis and liver
fibrosis to liver cirrhosis. Management of this spectrum
has focused on improving the metabolic syndrome
phenotype with weight reduction and management of
dyslipidaemia and hyperglycaemia®**,

As hypovitaminosis D is related to the metabolic
syndrome we would expect an association with non-
alcoholic fatty liver disease. A review of 6800 patients
on the NHANES Il database showed that those with an
elevated serum alanine transaminase activity were seen
to have lower vitamin D concentrations compared to
matched controls with normal enzyme levels, the analysis
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being corrected for the metabolic syndrome™®!. This
association (independent of age, gender, triglycerides
and insulin resistance) was also observed by Barchetta
et al””! in a study of 262 patients. Further, vitamin D
levels were lower in patients with non-alcoholic fatty liver
disease diagnosed by liver biopsy**®.. Hypovitaminosis
D has been associated with altered regulation of
inflammatory and anti-oxidant pathways in addition
to influencing the metabolic syndrome phenotype; all
the hits postulated in the aetiology of steatosis™. At
present there is no conclusive evidence that vitamin D
supplementation could lead to clinical improvement of
hepatic steatosis. Interestingly treatment with agents
such as ursodeoxycholic acid, which increases vitamin D
concentrations, has shown some improvement in non-
alcoholic steatohepatitis with alanine transaminase levels
used as the outcome!*”. However, ursodeoxycholic
acid may possess direct anti-inflammatory anti-oxidant
properties which may be significant confounding factors.

CONCLUSION

It is clear that hypovitaminosis D has extra-skeletal
effects that impact on the development of various
pathologies including those that make up a large majority
of morbidity and mortality; cancer, CVD and diabetes. In
this review we have focussed on the association between
hypovitaminosis D and the metabolic syndrome. Recently
there has been a significant increase in the number of
individuals with the metabolic syndrome. Indeed, as
much as 40% of the United States population suffers
from the condition comprising some or all of a cluster of
CVD risk factors. Although the metabolic syndrome does
not confer additional risk compared to the component
risk factors we believe it helpful to the clinician and
researcher to classify patients because it encourages a
holistic approach to CVD risk reduction and study of the
inter-relationships between the different relevant factors
respectively.

There is considerable confusion surrounding the
association between vitamin D and the metabolic
syndrome, its component factors, CVD and mortality.
Although studies have not been unanimous in their
findings we are left with the impression that hypovita-
minosis D is probably associated with all the above
outcomes. However, the nature of this relationship in
subgroups (e.g., gender, age groups, ethnicity, etc.)
is not clear. The risk associated with varying levels of
vitamin D has not been estimated. Mechanisms that
lead to increased prevalence of the components of the
metabolic syndrome and its associated risk have not
been worked out. Even more confusing is whether there
is any benefit in vitamin D replacement therapy as trials
have been contradictory.

However, there appears to be sufficient evidence
to make the unravelling of the association between
hypovitaminosis D and the metabolic syndrome a priority.
Today both conditions are of high prevalence. This
suggests that even if a modest decrease in CVD risk is
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observed following vitamin D replacement it will translate
to substantial overall benefits. Due to the modest price of
supplements and relative safety, the cost benefits could
be in favour of vitamin D replacement.

What is required are well designed studies, both

prospective and intervention. In addition to estimating
overall benefit, they must be sufficiently powered to
study subgroups as well as risk and benefits at varying
serum vitamin D concentrations as well as replacement
regimes. It is only following the availability of this data
that clear recommendations can be made with regards
vitamin D replacement in patients with the components
of the metabolic syndrome.

REFERENCES

1

10

11

JRaishideng®

Parker J, Hashmi O, Dutton D, Mavrodaris A, Stranges S,
Kandala NB, Clarke A, Franco OH. Levels of vitamin D and
cardiometabolic disorders: systematic review and meta-analysis.
Maturitas 2010; 65: 225-236 [PMID: 20031348 DOI: 10.1016/j.
maturitas.2009.12.013]

Talaei A, Mohamadi M, Adgi Z. The effect of vitamin D on insulin
resistance in patients with type 2 diabetes. Diabetol Metab Syndr
2013; 5: 8 [PMID: 23443033 DOI: 10.1186/1758-5996-5-8]

Kylin E. Studien uber das hypertonie-hyperglykamie-hyperuri-
kamiesyndrom. Zentrablfinnere Med Leipz 1923; 81: 105-127
Himsworth HP, Kerr RB. Insulin-sensitive and insulin-insensitive
types of diabetes mellitus. Clin Sci 1939; 4: 119-152

Vague J. The degree of masculine differentiation of obesities: a
factor determining predisposition to diabetes, atherosclerosis, gout,
and uric calculous disease. Am J Clin Nutr 1956; 4: 20-34 [PMID:
13282851]

Reaven GM. Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes 1988; 37: 1595-1607 [PMID: 3056758
DOI: 10.2337/diab.37.12.1595]

Balkau B, Charles MA. Comment on the provisional report from
the WHO consultation. European Group for the Study of Insulin
Resistance (EGIR). Diabet Med 1999; 16: 442-443 [PMID:
10342346 DOI: 10.1046/j.1464-5491.1999.00059.x]

International Statistical Classification of Diseases and Related
Health Problems 10th Revision. ICD-10 World Health Organisation.
2010. Available from: URL: http://apps.who.int/classifications/icd10/
browse/2010/en

Alberti KG, Zimmet PZ. Definition, diagnosis and classification
of diabetes mellitus and its complications. Part 1: diagnosis and
classification of diabetes mellitus provisional report of a WHO
consultation. Diabet Med 1998; 15: 539-553 [PMID: 9686693
DOI: 10.1002/(SICI)1096-9136(199807)15:7<539::AID-
DIA668>3.0.CO;2-S]

Einhorn D, Reaven GM, Cobin RH, Ford E, Ganda OP,
Handelsman Y, Hellman R, Jellinger PS, Kendall D, Krauss RM,
Neufeld ND, Petak SM, Rodbard HW, Seibel JA, Smith DA,
Wilson PW. American College of Endocrinology position statement
on the insulin resistance syndrome. Endocr Pract 2003; 9: 237-252
[PMID: 12924350]

National Cholesterol Education Program (NCEP) Expert
Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III). Third Report
of the National Cholesterol Education Program (NCEP) Expert
Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III) final report.
Circulation 2002; 106: 3143-3421 [PMID: 12485966]

Alberti KG, Zimmet P, Shaw J. The metabolic syndrome--a new
worldwide definition. Lancet 2005; 366: 1059-1062 [PMID:
16182882 DOI: 10.1016/S0140-6736(05)67402-8]

Zimmet P, Alberti KG, Serrano Rios M. A New International
Diabetes Federation (IDF) Worldwide Definition of the Metabolic

WJD | www.wjgnet.com

Strange RC et /. Vitamin D and the metabolic syndrome

907

14

15

17

20

21

22

23

24

25

26

27

28

Syndrome: the Rationale and the Results. Rev Esp Cardiol (Engl
Ed) 2005; 58: 1371-1375 [PMID: 16371194]

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman
JI, Donato KA, Fruchart JC, James WP, Loria CM, Smith SC.
Harmonizing the metabolic syndrome: a joint interim statement of
the International Diabetes Federation Task Force on Epidemiology
and Prevention; National Heart, Lung, and Blood Institute;
American Heart Association; World Heart Federation; International
Atherosclerosis Society; and International Association for the
Study of Obesity. Circulation 2009; 120: 1640-1645 [PMID:
19805654 DOI: 10.1161/CIRCULATIONAHA.109.192644]
Zimmet P, Alberti KG, Kaufman F, Tajima N, Silink M, Arslanian
S, Wong G, Bennett P, Shaw J, Caprio S. The metabolic syndrome
in children and adolescents - an IDF consensus report. Pediatr
Diabetes 2007; 8: 299-306 [PMID: 17850473 DOI: 10.1111/j.1399
-5448.2007.00271.x]

Ford ES. Prevalence of the metabolic syndrome defined by
the International Diabetes Federation among adults in the U.S.
Diabetes Care 2005; 28: 2745-2749 [PMID: 16249550]

Gami AS, Witt BJ, Howard DE, Erwin PJ, Gami LA, Somers
VK, Montori VM. Metabolic syndrome and risk of incident
cardiovascular events and death: a systematic review and meta-
analysis of longitudinal studies. J Am Coll Cardiol 2007; 49:
403-414 [PMID: 17258085 DOI: 10.1016/j.jacc.2006.09.032]
Eddy DM, Schlessinger L, Heikes K. The metabolic syndrome and
cardiovascular risk: implications for clinical practice. Int J Obes
(Lond) 2008; 32 Suppl 2: S5-10 [PMID: 18469838 DOI: 10.1038/
1j0.2008.28]

Bayturan O, Tuzcu EM, Lavoie A, Hu T, Wolski K, Schoenhagen
P, Kapadia S, Nissen SE, Nicholls SJ. The metabolic syndrome, its
component risk factors, and progression of coronary atherosclerosis.
Arch Intern Med 2010; 170: 478-484 [PMID: 20212186 DOI:
10.1001/archinternmed.2009.551]

Eckel RH, Alberti KG, Grundy SM, Zimmet PZ. The metabolic
syndrome. Lancet 2010; 375: 181-183 [PMID: 20109902 DOI:
10.1016/S0140-6736(09)61794-3]

Shetty C, Balasubramani M, Capps N, Milles J, Ramachandran
S. Paradoxical HDL-C reduction during rosiglitazone and fibrate
treatment. Diabet Med 2007; 24: 94-97 [PMID: 17227331 DOI:
10.1111/j.1464-5491.2007.02029.x]

Ramachandran S, Saraf S, Shetty C, Capps N, Bailey C.
Paradoxical decrease in HDL-cholesterol and apolipoprotein Al
with simvastatin and atorvastatin in a patient with type 2 diabetes.
Ann Clin Biochem 2011; 48: 75-78 [PMID: 21115572 DOI:
10.1258/acb.2010.010081]

Abbas A, Saraf S, Ramachandran S, Raju J, Ramachandran S.
Fibrates and estimated glomerular filtration rate: observations from
an outpatient clinic setting and clinical implications. Postgrad
Med J 2012; 88: 503-506 [PMID: 22460858 DOI: 10.1136/
postgradmed;j-2011-130594]

Ramachandran S, Abbas A, Saraf S, Raju J, Jewkes C, Jones
AF. Significant increase in high-density lipoprotein cholesterol
with fibrates is associated with low pretreatment high-density
lipoprotein cholesterol: findings from an outpatient clinic setting.
Metab Syndr Relat Disord 2012; 10: 189-194 [PMID: 22283634
DOI: 10.1089/met.2011.0112]

Reilly MP, Rader DJ. The metabolic syndrome: more than the sum
of its parts? Circulation 2003; 108: 1546-1551 [PMID: 14517150
DOLI: 10.1161/01.CIR.0000088846.10655.E0]

Gallagher EJ, Leroith D, Karnieli E. The metabolic syndrome-
-from insulin resistance to obesity and diabetes. Med Clin North
Am 2011; 95: 855-873 [PMID: 21855696 DOI: 10.1016/].
mcna.2011.06.001]

Reaven GM. Insulin resistance: the link between obesity and
cardiovascular disease. Med Clin North Am 2011; 95: 875-892
[PMID: 21855697 DOTI: 10.1016/j.mcna.2011.06.002]
Chrostowska M, Szyndler A, Hoffmann M, Narkiewicz K.
Impact of obesity on cardiovascular health. Best Pract Res Clin
Endocrinol Metab 2013; 27: 147-156 [PMID: 23731877 DOI:
10.1016/j.beem.2013.01.004]

July 10, 2015 | Volume 6 | Issue 7 |



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

JBaishideng®

Strange RC et /. Vitamin D and the metabolic syndrome

Durward CM, Hartman TJ, Nickols-Richardson SM. All-cause
mortality risk of metabolically healthy obese individuals in
NHANES III. J Obes 2012; 2012: 460321 [PMID: 23304462 DOI:
10.1155/2012/460321]

Patel P, Abate N. Body fat distribution and insulin resistance.
Nutrients 2013; 5: 2019-2027 [PMID: 23739143 DOI: 10.3390/
nu5062019]

Snel M, Jonker JT, Schoones J, Lamb H, de Roos A, Pijl H, Smit
JW, Meinders AE, Jazet IM. Ectopic fat and insulin resistance:
pathophysiology and effect of diet and lifestyle interventions.
Int J Endocrinol 2012; 2012: 983814 [PMID: 22675355 DOI:
10.1155/2012/983814]

Stern MP, Williams K, Gonzalez-Villalpando C, Hunt KJ, Haffner
SM. Does the metabolic syndrome improve identification of
individuals at risk of type 2 diabetes and/or cardiovascular disease?
Diabetes Care 2004; 27: 2676-2681 [PMID: 15505004 DOI:
10.2337/diacare.27.11.2676]

Lada AT, Rudel LL. Associations of low density lipoprotein
particle composition with atherogenicity. Curr Opin Lipidol 2004;
15: 19-24 [PMID: 15166804 DOI: 10.1097/00041433-200402000-
00005]

Hawley JA, Lessard SJ. Exercise training-induced improvements
in insulin action. Acta Physiol (Oxf) 2008; 192: 127-135 [PMID:
18171435 DOLI: 10.1111/j.1748-1716.2007.01783.x]

Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem
with health consequences. Am J Clin Nutr 2008; 87: 1080S-1086S
[PMID: 18400738]

Ramagopalan SV, Heger A, Berlanga AJ, Maugeri NJ, Lincoln
MR, Burrell A, Handunnetthi L, Handel AE, Disanto G, Orton SM,
Watson CT, Morahan JM, Giovannoni G, Ponting CP, Ebers GC,
Knight JC. A ChIP-seq defined genome-wide map of vitamin D
receptor binding: associations with disease and evolution. Genome
Res 2010; 20: 1352-1360 [PMID: 20736230 DOI: 10.1101/
2r.107920.110]

Whitfield GK, Hsieh JC, Jurutka PW, Selznick SH, Haussler
CA, MacDonald PN, Haussler MR. Genomic actions of
1,25-dihydroxyvitamin D3. J Nutr 1995; 125: 1690S-1694S [PMID:
7782928]

Jablonski NG. The evolution of human skin colouration and its
relevance to health in the modern world. J R Coll Physicians Edinb
2012; 42: 58-63 [PMID: 22441067 DOI: 10.4997/JRCPE.2012.114]
Diffey BL. Human exposure to solar ultraviolet radiation. J Cosmet
Dermatol 2002; 1: 124-130 [PMID: 17147711 DOI: 10.1046/j.147
3-2165.2002.00060.x]

Jablonski NG, Chaplin G. Human skin pigmentation, migration
and disease susceptibility. Philos Trans R Soc Lond B Biol Sci 2012;
367: 785-792 [PMID: 22312045 DOI: 10.1098/rstb.2011.0308]
Tandeter H. Challenging the present definition of “normal”
vitamin D levels obtained by a single blood test. Can we develop a
formula to predict vitamin D levels in the 4 seasons from a single
season’s measure? Med Hypotheses 2014; 83: 224-226 [PMID:
24854576 DOI: 10.1016/j.mehy.2014.04.025]

Kasahara AK, Singh RJ, Noymer A. Vitamin D (250HD) Serum
Seasonality in the United States. PLoS One 2013; 8: ¢65785 [PMID:
23805188]

Schéttker B, Jorde R, Peasey A, Thorand B, Jansen EH, Groot Ld,
Streppel M, Gardiner J, Ordofiez-Mena JM, Perna L, Wilsgaard
T, Rathmann W, Feskens E, Kampman E, Siganos G, Njelstad I,
Mathiesen EB, Kubinova R, Pajak A, Topor-Madry R, Tamosiunas
A, Hughes M, Kee F, Bobak M, Trichopoulou A, Boffetta P,
Brenner H. Vitamin D and mortality: meta-analysis of individual
participant data from a large consortium of cohort studies from
Europe and the United States. BMJ 2014; 348: g3656 [PMID:
24938302 DOI: 10.1136/bm;j.g3656]

Rukin NJ, Zeegers MP, Ramachandran S, Luscombe CJ, Liu S,
Saxby M, Lear J, Strange RC. A comparison of sunlight exposure
in men with prostate cancer and basal cell carcinoma. Br J Cancer
2007; 96: 523-528 [PMID: 17262085]

Moon SJ, Fryer AA, Strange RC. Ultraviolet radiation, vitamin
D and risk of prostate cancer and other diseases. Photochem

WJD | www.wjgnet.com

908

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Photobiol 2005; 81: 1252-1260 [PMID: 16022557]

Strange RC, Ramachandran S, Zeegers MP, Emes RD, Abraham
R, Raveendran V, Boggild M, Gilford J, Hawkins CP. The Multiple
Sclerosis Severity Score: associations with MCIR single nucleotide
polymorphisms and host response to ultraviolet radiation. Mult
Scler 2010; 16: 1109-1116 [PMID: 20670983 DOI: 10.1177/13524
58510373784]

Rukin NJ, Luscombe CJ, Strange RC. Vitamin D: new insights
into its broader role in disease pathogenesis. Retinoids 2005; 21: 1-5
Kamezaki F, Sonoda S, Tomotsune Y, Yunaka H, Otsuji Y. Seasonal
variation in metabolic syndrome prevalence. Hypertens Res 2010;
33: 568-572 [PMID: 20300109 DOI: 10.1038/hr.2010.32]

Chen SH, Chuang SY, Lin KC, Tsai ST, Chou P. Community-
based study on summer-winter difference in insulin resistance in
Kin-Chen, Kinmen, Taiwan. J Chin Med Assoc 2008; 71: 619-627
[PMID: 19114326 DOI: 10.1016/S1726-4901(09)70004-8]
Rintamiki R, Grimaldi S, Englund A, Haukka J, Partonen T,
Reunanen A, Aromaa A, Lonnqvist J. Seasonal changes in mood
and behavior are linked to metabolic syndrome. PLoS One 2008; 3:
¢1482 [PMID: 18213390 DOI: 10.1371/journal.pone.0001482]
Baynes KC, Boucher BJ, Feskens EJ, Kromhout D. Vitamin D,
glucose tolerance and insulinaemia in elderly men. Diabetologia
1997; 40: 344-347 [PMID: 9084975 DOI: 10.1007/s001250050685]
Chiu KC, Chu A, Go VL, Saad MF. Hypovitaminosis D is
associated with insulin resistance and beta cell dysfunction. Am J
Clin Nutr 2004; 79: 820-825 [PMID: 15113720]

Scragg R, Sowers M, Bell C. Serum 25-hydroxyvitamin D,
diabetes, and ethnicity in the Third National Health and Nutrition
Examination Survey. Diabetes Care 2004; 27: 2813-2818 [PMID:
15562190 DOI: 10.2337/diacare.27.12.2813]

Ford ES, Ajani UA, McGuire LC, Liu S. Concentrations of
serum vitamin D and the metabolic syndrome among U.S. adults.
Diabetes Care 2005; 28: 1228-1230 [PMID: 15855599 DOI:
10.2337/diacare.28.5.1228]

Ju SY, Jeong HS, Kim do H. Blood vitamin D status and metabolic
syndrome in the general adult population: a dose-response meta-
analysis. J Clin Endocrinol Metab 2014; 99: 1053-1063 [PMID:
24423309 DOLI: 10.1210/j¢.2013-3577]

Song HR, Park CH. Low serum vitamin D level is associated
with high risk of metabolic syndrome in post-menopausal women.
J Endocrinol Invest 2013; 36: 791-796 [PMID: 24317304 DOI:
10.1007/BF03346758]

Gagnon C, Lu ZX, Magliano DJ, Dunstan DW, Shaw JE, Zimmet
PZ, Sikaris K, Ebeling PR, Daly RM. Low serum 25-hydroxyvitamin
D is associated with increased risk of the development of the
metabolic syndrome at five years: results from a national, population-
based prospective study (The Australian Diabetes, Obesity and
Lifestyle Study: AusDiab). J Clin Endocrinol Metab 2012; 97:
1953-1961 [PMID: 22442263 DOI: 10.1210/jc.2011-3187]
Kayaniyil S, Harris SB, Retnakaran R, Vieth R, Knight JA, Gerstein
HC, Perkins BA, Zinman B, Hanley AJ. Prospective association of
25(OH)D with metabolic syndrome. Clin Endocrinol (Oxf) 2014;
80: 502-507 [PMID: 23452164 DOI: 10.1111/cen.12190]

Karatas S, Hekimsoy Z, Dinc G, Onur E, Ozmen B. Vitamin
D levels in overweight/obese adults with and without metabolic
syndrome. J Endocrinol Metab 2013; 3: 47-56 [DOI: 10.4021/
jeml166e]

Parikh SJ, Edelman M, Uwaifo GI, Freedman RJ, Semega-Janneh
M, Reynolds J, Yanovski JA. The relationship between obesity and
serum 1,25-dihydroxy vitamin D concentrations in healthy adults.
J Clin Endocrinol Metab 2004; 89: 1196-1199 [PMID: 15001609
DOI: 10.1210/j¢.2003-031398]

Lagunova Z, Porojnicu AC, Lindberg F, Hexeberg S, Moan J.
The dependency of vitamin D status on body mass index, gender,
age and season. Anticancer Res 2009; 29: 3713-3720 [PMID:
19667169]

Vimaleswaran KS, Berry DJ, Lu C, Tikkanen E, Pilz S, Hiraki LT,
Cooper JD, Dastani Z, Li R, Houston DK, Wood AR, Michaélsson
K, Vandenput L, Zgaga L, Yerges-Armstrong LM, McCarthy MI,
Dupuis J, Kaakinen M, Kleber ME, Jameson K, Arden N, Raitakari

July 10, 2015 | Volume 6 | Issue 7 |



63

64

65

66

67

68

69

70

71

72

73

74

75

76

JBaishideng®

O, Viikari J, Lohman KK, Ferrucci L, Melhus H, Ingelsson E,
Byberg L, Lind L, Lorentzon M, Salomaa V, Campbell H, Dunlop
M, Mitchell BD, Herzig KH, Pouta A, Hartikainen AL, Streeten
EA, Theodoratou E, Jula A, Warecham NJ, Ohlsson C, Frayling
TM, Kritchevsky SB, Spector TD, Richards JB, Lehtimidki T,
Ouwehand WH, Kraft P, Cooper C, Mérz W, Power C, Loos RJ,
Wang TJ, Jarvelin MR, Whittaker JC, Hingorani AD, Hypp&nen
E. Causal relationship between obesity and vitamin D status: bi-
directional Mendelian randomization analysis of multiple cohorts.
PLoS Med 2013; 10: 1001383 [PMID: 23393431 DOI: 10.1371/
journal.pmed.1001383]

Salehpour A, Hosseinpanah F, Shidfar F, Vafa M, Razaghi M,
Dehghani S, Hoshiarrad A, Gohari M. A 12-week double-blind
randomized clinical trial of vitamin D3 supplementation on body
fat mass in healthy overweight and obese women. Nutr J 2012; 11:
78 [PMID: 22998754 DOI: 10.1186/1475-2891-11-78]

Sato M, Hiragun A. Demonstration of 1 alpha,25-dihydroxyvitamin
D3 receptor-like molecule in ST 13 and 3T3 L1 preadipocytes
and its inhibitory effects on preadipocyte differentiation. J Cell
Physiol 1988; 135: 545-550 [PMID: 2840436 DOI: 10.1002/
jcp.1041350326]

Blumberg JM, Tzameli I, Astapova I, Lam FS, Flier JS,
Hollenberg AN. Complex role of the vitamin D receptor and its
ligand in adipogenesis in 3T3-L1 cells. J Biol Chem 2006; 281:
11205-11213 [PMID: 16467308 DOI: 10.1074/jbc.M510343200]
Guzey M, Jukic D, Arlotti J, Acquafondata M, Dhir R, Getzenberg
RH. Increased apoptosis of periprostatic adipose tissue in VDR
null mice. J Cell Biochem 2004; 93: 133-141 [PMID: 15352170
DOI: 10.1002/¢b.20172]

Blum M, Dolnikowski G, Seyoum E, Harris SS, Booth SL,
Peterson J, Saltzman E, Dawson-Hughes B. Vitamin D(3) in
fat tissue. Endocrine 2008; 33: 90-94 [PMID: 18338271 DOI:
10.1007/512020-008-9051-4]

Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF.
Decreased bioavailability of vitamin D in obesity. A4m J Clin Nutr
2000; 72: 690-693 [PMID: 10966885]

Pramyothin P, Biancuzzo RM, Lu Z, Hess DT, Apovian CM, Holick
MF. Vitamin D in adipose tissue and serum 25-hydroxyvitamin D
after roux-en-Y gastric bypass. Obesity (Silver Spring) 2011; 19:
2228-2234 [PMID: 21701564 DOI: 10.1038/0by.2011.170]

Kull M, Kallikorm R, Lember M. Body mass index determines
sunbathing habits: implications on vitamin D levels. Intern Med J
2009; 39: 256-258 [PMID: 19402866 DOI: 10.1111/j.1445-5994.2
009.01900.x]

Harris SS, Dawson-Hughes B. Reduced sun exposure does not
explain the inverse association of 25-hydroxyvitamin D with
percent body fat in older adults. J Clin Endocrinol Metab 2007; 92:
3155-3157 [PMID: 17535990 DOI: 10.1210/jc.2007-0722]
Karunakaran U, Kim HJ, Kim JY, Lee IK. Guards and culprits
in the endoplasmic reticulum: glucolipotoxicity and B-cell failure
in type II diabetes. Exp Diabetes Res 2012; 2012: 639762 [PMID:
21977023 DOI: 10.1155/2012/639762]

Kamycheva E, Jorde R, Figenschau Y, Haug E. Insulin sensitivity
in subjects with secondary hyperparathyroidism and the effect
of a low serum 25-hydroxyvitamin D level on insulin sensitivity.
J Endocrinol Invest 2007; 30: 126-132 [PMID: 17392602 DOI:
10.1007/BF03347410]

Manco M, Calvani M, Nanni G, Greco AV, laconelli A, Gasbarrini
G, Castagneto M, Mingrone G. Low 25-hydroxyvitamin D does
not affect insulin sensitivity in obesity after bariatric surgery. Obes
Res 2005; 13: 1692-1700 [PMID: 16286516]

Muscogiuri G, Sorice GP, Prioletta A, Policola C, Della Casa S,
Pontecorvi A, Giaccari A. 25-Hydroxyvitamin D concentration
correlates with insulin-sensitivity and BMI in obesity. Obesity (Silver
Spring) 2010; 18: 1906-1910 [PMID: 20150902 DOI: 10.1038/
oby.2010.11]

Gulseth HL, Gjelstad IM, Tierney AC, Lovegrove JA, Defoort C,
Blaak EE, Lopez-Miranda J, Kiec-Wilk B, Risérus U, Roche HM,
Drevon CA, Birkeland KI. Serum vitamin D concentration does
not predict insulin action or secretion in European subjects with

WJD | www.wjgnet.com

Strange RC et /. Vitamin D and the metabolic syndrome

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

909

the metabolic syndrome. Diabetes Care 2010; 33: 923-925 [PMID:
20067973 DOI: 10.2337/dc09-1692]

Forouhi NG, Luan J, Cooper A, Boucher BJ, Warecham NJ. Baseline
serum 25-hydroxy vitamin d is predictive of future glycemic status
and insulin resistance: the Medical Research Council Ely Prospective
Study 1990-2000. Diabetes 2008; 57: 2619-2625 [PMID: 18591391
DOI: 10.2337/db08-0593]

Mattila C, Knekt P, Ménnist6 S, Rissanen H, Laaksonen MA,
Montonen J, Reunanen A. Serum 25-hydroxyvitamin D concentration
and subsequent risk of type 2 diabetes. Diabetes Care 2007; 30:
2569-2570 [PMID: 17626891]

Sugden JA, Davies JI, Witham MD, Morris AD, Struthers AD.
Vitamin D improves endothelial function in patients with Type 2
diabetes mellitus and low vitamin D levels. Diabet Med 2008; 25:
320-325 [PMID: 18279409 DOL: 10.1111/j.1464-5491.2007.02360.x]
Jorde R, Figenschau Y. Supplementation with cholecalciferol does
not improve glycaemic control in diabetic subjects with normal
serum 25-hydroxyvitamin D levels. Eur J Nutr 2009; 48: 349-354
[PMID: 19370371 DOI: 10.1007/s00394-009-0020-3]

Pittas AG, Harris SS, Stark PC, Dawson-Hughes B. The effects
of calcium and vitamin D supplementation on blood glucose and
markers of inflammation in nondiabetic adults. Diabetes Care
2007; 30: 980-986 [PMID: 17277040]

von Hurst PR, Stonehouse W, Coad J. Vitamin D supplementation
reduces insulin resistance in South Asian women living in New
Zealand who are insulin resistant and vitamin D deficient - a
randomised, placebo-controlled trial. Br J Nutr 2010; 103: 549-555
[PMID: 19781131 DOI: 10.1017/S0007114509992017]

Jorde R, Figenschau Y, Hutchinson M, Emaus N, Grimnes G.
High serum 25-hydroxyvitamin D concentrations are associated
with a favorable serum lipid profile. Eur J Clin Nutr 2010; 64:
1457-1464 [PMID: 20823896 DOI: 10.1038/ejcn.2010.176]
Ponda MP, Huang X, Odeh MA, Breslow JL, Kaufman HW.
Vitamin D may not improve lipid levels: a serial clinical laboratory
data study. Circulation 2012; 126: 270-277 [PMID: 22718799
DOLI: 10.1161/CIRCULATIONAHA.111.077875]

Jorde R, Grimnes G. Vitamin D and metabolic health with
special reference to the effect of vitamin D on serum lipids. Prog
Lipid Res 2011; 50: 303-312 [PMID: 21640757 DOI: 10.1016/j.
plipres.2011.05.001]

Jiang W, Miyamoto T, Kakizawa T, Nishio SI, Oiwa A, Takeda
T, Suzuki S, Hashizume K. Inhibition of LXRalpha signaling by
vitamin D receptor: possible role of VDR in bile acid synthesis.
Biochem Biophys Res Commun 2006; 351: 176-184 [PMID:
17054913]

Chow EC, Magomedova L, Quach HP, Patel R, Durk MR, Fan
J, Maeng HJ, Irondi K, Anakk S, Moore DD, Cummins CL, Pang
KS. Vitamin D receptor activation down-regulates the small
heterodimer partner and increases CYP7AL1 to lower cholesterol.
Gastroenterology 2014; 146: 1048-1059 [PMID: 24365583 DOI:
10.1053/j.gastro.2013.12.027]

Schmidt DR, Holmstrom SR, Fon Tacer K, Bookout AL, Kliewer
SA, Mangelsdorf DJ. Regulation of bile acid synthesis by fat-
soluble vitamins A and D. J Biol Chem 2010; 285: 14486-14494
[PMID: 20233723 DOI: 10.1074/jbc.M110.116004]

Li T, Chiang JY. Nuclear receptors in bile acid metabolism. Drug
Metab Rev 2013; 45: 145-155 [PMID: 23330546 DOI: 10.3109/03
602532.2012.740048]

Rostand SG. Ultraviolet light may contribute to geographic and
racial blood pressure differences. Hypertension 1997; 30: 150-156
[PMID: 9260973]

Resnick LM, Miiller FB, Laragh JH. Calcium-regulating hormones
in essential hypertension. Relation to plasma renin activity and
sodium metabolism. Ann Intern Med 1986; 105: 649-654 [PMID:
3532893 DOI: 10.7326/0003-4819-105-5-649]

Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf
A, Luderer HF, Lieben L, Mathieu C, Demay M. Vitamin D
and human health: lessons from vitamin D receptor null mice.
Endocr Rev 2008; 29: 726-776 [PMID: 18694980 DOI: 10.1210/
er.2008-0004]

July 10, 2015 | Volume 6 | Issue 7 |



Strange RC et /. Vitamin D and the metabolic syndrome

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

JRaishideng®

Zhou C, Lu F, Cao K, Xu D, Goltzman D, Miao D. Calcium-
independent and 1,25(OH)2D3-dependent regulation of the
renin-angiotensin system in lalpha-hydroxylase knockout mice.
Kidney Int 2008; 74: 170-179 [PMID: 18385669 DOI: 10.1038/
ki.2008.101]

Somjen D, Weisman Y, Kohen F, Gayer B, Limor R, Sharon O,
Jaccard N, Knoll E, Stern N. 25-hydroxyvitamin D3-1alpha-
hydroxylase is expressed in human vascular smooth muscle
cells and is upregulated by parathyroid hormone and estrogenic
compounds. Circulation 2005; 111: 1666-1671 [PMID: 15795327
DOI: 10.1161/01.CIR.0000160353.27927.70]

Scragg R, Sowers M, Bell C. Serum 25-hydroxyvitamin D,
ethnicity, and blood pressure in the Third National Health and
Nutrition Examination Survey. Am J Hypertens 2007; 20: 713-719
[PMID: 17586404 DOI: 10.1016/j.amjhyper.2007.01.017]
Hintzpeter B, Mensink GB, Thierfelder W, Miiller MJ, Scheidt-
Nave C. Vitamin D status and health correlates among German
adults. Eur J Clin Nutr 2008; 62: 1079-1089 [PMID: 17538533
DOI: 10.1038/sj.ejen.1602825]

Hypponen E, Boucher BJ, Berry DJ, Power C. 25-hydroxyvitamin
D, IGF-1, and metabolic syndrome at 45 years of age: a cross-
sectional study in the 1958 British Birth Cohort. Diabetes 2008;
57:298-305 [PMID: 18003755 DOI: 10.2337/db07-1122]

Reis JP, von Miihlen D, Kritz-Silverstein D, Wingard DL, Barrett-
Connor E. Vitamin D, parathyroid hormone levels, and the
prevalence of metabolic syndrome in community-dwelling older
adults. Diabetes Care 2007; 30: 1549-1555 [PMID: 17351276
DOI: 10.2337/dc06-2438]

Snijder MB, Lips P, Seidell JC, Visser M, Deeg DJ, Dekker JM,
van Dam RM. Vitamin D status and parathyroid hormone levels in
relation to blood pressure: a population-based study in older men
and women. J Intern Med 2007; 261: 558-565 [PMID: 17547711
DOI: 10.1111/j.1365-2796.2007.01778 x]

Griffin FC, Gadegbeku CA, Sowers MR. Vitamin D and
subsequent systolic hypertension among women. Am J Hypertens
2011; 24: 316-321 [PMID: 21088670 DOI: 10.1038/ajh.2010.226]
Jorde R, Figenschau Y, Emaus N, Hutchinson M, Grimnes
G. Serum 25-hydroxyvitamin D levels are strongly related to
systolic blood pressure but do not predict future hypertension.
Hypertension 2010; 55: 792-798 [PMID: 20065152 DOI: 10.1161/
HYPERTENSIONAHA.109.143990]

Pfeifer M, Begerow B, Minne HW, Nachtigall D, Hansen C.
Effects of a short-term vitamin D(3) and calcium supplementation
on blood pressure and parathyroid hormone levels in elderly
women. J Clin Endocrinol Metab 2001; 86: 1633-1637 [PMID:
11297596]

Scragg R, Wishart J, Stewart A, Ofanoa M, Kerse N, Dyall L,
Lawes CM. No effect of ultraviolet radiation on blood pressure and
other cardiovascular risk factors. J Hypertens 2011; 29: 1749-1756
[PMID: 21720260 DOI: 10.1097/HJH.0b013e328349666d]
Witham MD, Nadir MA, Struthers AD. Effect of vitamin D on
blood pressure: a systematic review and meta-analysis. J Hypertens
2009; 27: 1948-1954 [PMID: 19587609 DOI: 10.1097/HJH.0b013
€32832f075b]

Yiu YF, Chan YH, Yiu KH, Siu CW, Li SW, Wong LY, Lee SW,
Tam S, Wong EW, Cheung BM, Tse HF. Vitamin D deficiency is
associated with depletion of circulating endothelial progenitor cells
and endothelial dysfunction in patients with type 2 diabetes. J Clin
Endocrinol Metab 2011; 96: E830-E835 [PMID: 21325459 DOI:
10.1210/j¢.2010-2212]

Jablonski KL, Chonchol M, Pierce GL, Walker AE, Seals DR.
25-Hydroxyvitamin D deficiency is associated with inflammation-
linked vascular endothelial dysfunction in middle-aged and older
adults. Hypertension 2011; 57: 63-69 [PMID: 21115878 DOI:
10.1161/HYPERTENSIONAHA.110.160929]

Harris RA, Pedersen-White J, Guo DH, Stallmann-Jorgensen
IS, Keeton D, Huang Y, Shah Y, Zhu H, Dong Y. Vitamin D3
supplementation for 16 weeks improves flow-mediated dilation in
overweight African-American adults. Am J Hypertens 2011; 24:
557-562 [PMID: 21311504 DOI: 10.1038/ajh.2011.12]

WJD | www.wjgnet.com

910

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

Witham MD, Dove FJ, Sugden JA, Doney AS, Struthers AD.
The effect of vitamin D replacement on markers of vascular
health in stroke patients - a randomised controlled trial. Nutr
Metab Cardiovasc Dis 2012; 22: 864-870 [PMID: 21194910 DOI:
10.1016/j.numecd.2010.11.001]

Gepner AD, Ramamurthy R, Krueger DC, Korcarz CE, Binkley N,
Stein JH. A prospective randomized controlled trial of the effects
of vitamin D supplementation on cardiovascular disease risk. PLoS
One 2012; 7: €36617 [PMID: 22586483 DOI: 10.1371/journal.
pone.0036617]

Witham MD, Dove FJ, Dryburgh M, Sugden JA, Morris AD,
Struthers AD. The effect of different doses of vitamin D(3) on
markers of vascular health in patients with type 2 diabetes: a
randomised controlled trial. Diabetologia 2010; 53: 2112-2119
[PMID: 20596692 DOI: 10.1007/s00125-010-1838-1]

Vacek JL, Vanga SR, Good M, Lai SM, Lakkireddy D, Howard
PA. Vitamin D deficiency and supplementation and relation to
cardiovascular health. Am J Cardiol 2012; 109: 359-363 [PMID:
22071212 DOI: 10.1016/j.amjcard.2011.09.020]

Gotsman I, Shauer A, Zwas DR, Hellman Y, Keren A, Lotan C,
Admon D. Vitamin D deficiency is a predictor of reduced survival
in patients with heart failure; vitamin D supplementation improves
outcome. Eur J Heart Fail 2012; 14: 357-366 [PMID: 22308011
DOLI: 10.1093/eurjhf/hfr175]

Wang L, Manson JE, Song Y, Sesso HD. Systematic review:
Vitamin D and calcium supplementation in prevention of
cardiovascular events. Ann Intern Med 2010; 152: 315-323 [PMID:
20194238 DOI: 10.7326/0003-4819-152-5-201003020-00010]
Avenell A, Cook JA, MacLennan GS, McPherson GC. Vitamin D
supplementation and type 2 diabetes: a substudy of a randomised
placebo-controlled trial in older people (RECORD trial, ISRCTN
51647438). Age Ageing 2009; 38: 606-609 [PMID: 19617604 DOI:
10.1093/ageing/afp109]

de Boer IH, Tinker LF, Connelly S, Curb JD, Howard BV,
Kestenbaum B, Larson JC, Manson JE, Margolis KL, Siscovick DS,
Weiss NS. Calcium plus vitamin D supplementation and the risk of
incident diabetes in the Women’s Health Initiative. Diabetes Care
2008; 31: 701-707 [PMID: 18235052 DOI: 10.2337/dc07-1829]
Mitri J, Dawson-Hughes B, Hu FB, Pittas AG. Effects of vitamin
D and calcium supplementation on pancreatic p cell function,
insulin sensitivity, and glycemia in adults at high risk of diabetes:
the Calcium and Vitamin D for Diabetes Mellitus (CaDDM)
randomized controlled trial. Am J Clin Nutr 2011; 94: 486-494
[PMID: 21715514 DOI: 10.3945/ajen.111.011684]

Nagpal J, Pande JN, Bhartia A. A double-blind, randomized,
placebo-controlled trial of the short-term effect of vitamin D3
supplementation on insulin sensitivity in apparently healthy,
middle-aged, centrally obese men. Diabet Med 2009; 26: 19-27
[PMID: 19125756 DOI: 10.1111/j.1464-5491.2008.02636.x]

Luo C, Wong J, Brown M, Hooper M, Molyneaux L, Yue DK.
Hypovitaminosis D in Chinese type 2 diabetes: lack of impact on
clinical metabolic status and biomarkers of cellular inflammation.
Diab Vasc Dis Res 2009; 6: 194-199 [PMID: 20368211 DOI:
10.1177/1479164109337974]

George PS, Pearson ER, Witham MD. Effect of vitamin D
supplementation on glycaemic control and insulin resistance:
a systematic review and meta-analysis. Diabet Med 2012; 29:
e142-e150 [PMID: 22486204 DOI: 10.1111/j.1464-5491.2012.036
72.x]

Ojuka EO. Role of calcium and AMP kinase in the regulation
of mitochondrial biogenesis and GLUT4 levels in muscle. Proc
Nutr Soc 2004; 63: 275-278 [PMID: 15294043 DOI: 10.1079/
PNS2004339]

McCarty MF, Thomas CA. PTH excess may promote weight gain
by impeding catecholamine-induced lipolysis-implications for the
impact of calcium, vitamin D, and alcohol on body weight. Med
Hypotheses 2003; 61: 535-542 [PMID: 14592784 DOI: 10.1016/
S0306-9877(03)00227-5]

Vitamin D supplement in early childhood and risk for Type I
(insulin-dependent) diabetes mellitus. The EURODIAB Substudy

July 10, 2015 | Volume 6 | Issue 7 |



123

124

125

126

JRaishideng®

2 Study Group. Diabetologia 1999; 42: 51-54 [PMID: 10027578
DOI: 10.1007/s001250051112]

Marchesini G, Brizi M, Bianchi G, Tomassetti S, Bugianesi
E, Lenzi M, McCullough AJ, Natale S, Forlani G, Melchionda
N. Nonalcoholic fatty liver disease: a feature of the metabolic
syndrome. Diabetes 2001; 50: 1844-1850 [PMID: 11473047]
Dowman JK, Tomlinson JW, Newsome PN. Pathogenesis of
non-alcoholic fatty liver disease. QJM 2010; 103: 71-83 [PMID:
19914930 DOI: 10.1093/qjmed/hcp158]

Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM,
Cusi K, Charlton M, Sanyal AJ. The diagnosis and management
of non-alcoholic fatty liver disease: practice guideline by the
American Gastroenterological Association, American Association
for the Study of Liver Diseases, and American College of
Gastroenterology. Gastroenterology 2012; 142: 1592-1609 [PMID:
22656328 DOI: 10.1053/j.gastro.2012.04.001]

Liangpunsakul S, Chalasani N. Serum vitamin D concentrations
and unexplained elevation in ALT among US adults. Dig Dis Sci
2011; 56: 2124-2129 [PMID: 21503677 DOI: 10.1007/s10620-
011-1707-x]

WJD | www.wjgnet.com

Strange RC et /. Vitamin D and the metabolic syndrome

911

127

128

129

130

Barchetta I, Angelico F, Del Ben M, Baroni MG, Pozzilli P,
Morini S, Cavallo MG. Strong association between non alcoholic
fatty liver disease (NAFLD) and low 25(OH) vitamin D levels in
an adult population with normal serum liver enzymes. BMC Med
2011;9: 85 [PMID: 21749681 DOI: 10.1186/1741-7015-9-85]
Targher G, Bertolini L, Scala L, Cigolini M, Zenari L, Falezza
G, Arcaro G. Associations between serum 25-hydroxyvitamin D3
concentrations and liver histology in patients with non-alcoholic
fatty liver disease. Nutr Metab Cardiovasc Dis 2007; 17: 517-524
[PMID: 16928437]

Kwok RM, Torres DM, Harrison SA. Vitamin D and nonalcoholic
fatty liver disease (NAFLD): is it more than just an association?
Hepatology 2013; 58: 1166-1174 [PMID: 23504808 DOI: 10.1002/
hep.26390]

Ratziu V, de Ledinghen V, Oberti F, Mathurin P, Wartelle-
Bladou C, Renou C, Sogni P, Maynard M, Larrey D, Serfaty L,
Bonnefont-Rousselot D, Bastard JP, Riviere M, Spénard J. A
randomized controlled trial of high-dose ursodesoxycholic acid
for nonalcoholic steatohepatitis. J Hepatol 2011; 54: 1011-1019
[PMID: 21145828 DOI: 10.1016/j.jhep.2010.08.030]

P- Reviewer: Kluge M S- Editor: Tian YL
L- Editor: A E- Editor: Liu SQ

July 10, 2015 | Volume 6 | Issue 7 |



wJ D

World Journal of
Diabetes

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/ esps/helpdesk.aspx
DOI: 10.4239/wjd.v6.i7.912

World ] Diabetes 2015 July 10; 6(7): 912-926
ISSN 1948-9358 (online)
© 2015 Baishideng Publishing Group Inc. All rights reserved.

REVIEW

Mechanisms of hypoglycemia unawareness and implications

in diabetic patients

Iciar Martin-Timon, Francisco Javier del Cafiizo-Gomez

Iciar Martin-Timén, Francisco Javier del Canizo-Gémez,
Section of Endocrinology, Hospital Universitario Infanta Leonor,
Facultad de Medicina, Universidad Complutense, 28031 Madrid,
Spain

Author contributions: Martin-Timoén I and del Cafiizo-Gomez
FJ contributed equally to this work.

Conflict-of-interest statement: None.

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: Dr. Francisco Javier del Cafizo-
Gomez, Professor, Chief, Section of Endocrinology, Hospital
Universitario Infanta Leonor, Facultad de Medicina, Universidad
Complutense, Avda Gran Via del Este 80, 28031 Madrid,

Spain. fjcanizog@salud.madrid.org

Telephone: +34-91-1918000

Fax: +34-91-1918878

Received: August 1, 2014
Peer-review started: August 2, 2014
First decision: December 17, 2014
Revised: December 30, 2014
Accepted: March 30, 2015

Article in press: April 2, 2015
Published online: July 10, 2015

Abstract

Hypoglycemia unawareness (HU) is defined at the onset
of neuroglycopenia before the appearance of autonomic
warning symptoms. It is a major limitation to achieving
tight diabetes and reduced quality of life. HU occurs
in approximately 40% of people with type 1 diabetes
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mellitus (T1DM) and with less frequency in T2DM.
Though the aetiology of HU is multifactorial, possible
mechanisms include chronic exposure to low blood
glucose, antecedent hypoglycaemia, recurrent severe
hypoglycaemia and the failure of counter-regulatory
hormones. Clinically it manifests as the inability to
recognise impeding hypoglycaemia by symptoms, but
the mechanisms and mediators remain largely unknown.
Prevention and management of HU is complex, and
can only be achieved by a multifactorial intervention
of clinical care and structured patient education by
the diabetes team. Less know regarding the impact of
medications on the development or recognition of this
condition in patients with diabetes. Several medications
are thought to worsen or promote HU, whereas others
may have an attenuating effect on the problem. This
article reviews recent advances in how the brain senses
and responds to hypoglycaemia, novel mechanisms
by which people with insulin-treated diabetes develop
HU and impaired counter-regulatory responses. The
consequences that HU has on the person with diabetes
and their family are also described. Finally, it examines
the evidence for prevention and treatment of HU,
and summarizes the effects of medications that may
influence it.

Key words: Hypoglycemia unawareness; Impaired
awareness of hypoglycemia; Hypoglycemia associated
autonomic failure; Diabetes mellitus; Counter-regulation
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Core tip: This review describes novel mechanisms by
which people with insulin-treated diabetes develop
hypoglycemia unawareness (HU), the consequences
that HU has on the person with diabetes and their
family, the evidence for prevention and treatment of
HU, and the effects of medications that may influence
it.
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INTRODUCTION

Hypoglycemia is usually defined as a plasma glucose
level < 70 mg/dL (3.9 mmol/L)™. Since the brain is
permanently dependent on glucose, strong counter-
regulatory mechanisms exists to quickly increase glucose
levels to protect the human body from the negative
consequences of hypoglycemia. Counter-regulatory
response to hypoglycemia (Figure 1) includes inhibition
of the endogenous insulin secretion and stimulation of
glucagon, catecholamines (norepinephrine, epinephrine),
cortisol and growth hormone secretion, which all together
stimulate hepatic glucose production and cut down
glucose utilization in peripheral tissues, increasing in this
way plasma glucose levels. As glycaemia comes down,
the activation of the autonomic nervous system leads to
neurogenic symptoms (palpitations, sweating, hunger,
anxiety, tremors, etc.), which allows the perception of
hypoglycaemia (hypoglycaemia awareness) (Figure 2).

Hypoglycemia unawareness (HU) is defined as the
onset of neuroglycopenia before the appearance of
autonomic warning symptoms™ or as the failure to sense
a significant fall in blood glucose below normal levels™., In
patients with type 1 (T1DM) or type 2 diabetes mellitus
(T2DM), recurrent hypoglycemia has been shown to
reduce the glucose level that precipitates the counter-
regulatory response necessary to restore euglycemia
during a subsequent episode of hypoglycemia™*.,

HU was observed in 40% T1DM patients'™ and
less frequently in T2DM patients with low C-peptide
levels. The presence of HU increases the risk of severe
hypoglycaemia (six-fold for TIDMY! and 17-fold for
T2DM™), HU is more common in individuals with longer
duration of diabetes, history of recent and/or recurrent
hypoglycaemic events, patients with intensive glycemic
therapy and in advanced age®.

Presently, the major risk factors for the development
of HU are duration of the disease and improved
metabolic control. The severity of HU was associated
with longer diabetes duration and with a history of
frequent low glycemic levels'™, whereas aging and
the blood glucose decreasing rate using professional
continuous glucose monitoring systems (CGMS), which
falls from near blood glucose level, were risk of severe
HUM®, Data from Pittsburgh Epidemiology of Diabetes
Complications™™" showed that diabetes duration, HbA1lc
and intensive insulin therapy predicted HU in men,
whereas severity and frequency of hypoglycemia, QTc
interval and hypertension predicted HU in women. Thus,
women are more likely to have HU, which unlike in men,
is also marginally related to hypertension, QTc interval
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and hypoglycemia. On the other hand, in patients with
T1DM, HU was 3.4-fold more common among patients
homozygous for Gly1l6 than among patients with other
variants of the Argl6Gly polymorphism, so that TIDM
patients who carry two alleles of the Gly16 variant
of ADRB2 are at increased risk of developing HU™?,
Finally, in both T1 and T2DM patients with impaired HU,
hypoglycemia-induced electroencephalogram changes,
such increased theta band amplitude, were not affected
by antecedent of hypoglycemia™*?.

This article reviews recent advances in how the brain
senses and responds to hypoglycemia, novel mechan-
isms by which people with insulin-treated diabetes
develop HU and impaired counter-regulatory responses.
The consequences that HU had on the person with
diabetes and their family is also described. Finally, it
examines the evidence for prevention and management
of HU, and summarizes the effects of medications that
may influence it.

MECHANISMS OF HU

Aberrant glucose counter-regulation (as a result of a
failure in the reduction of insulin production and an
increase in glucagon release), and HU (as the result of
an attenuated increase in sympathoadrenal activity) are
the components of hypoglycemia-associated autonomic
failure (HAAF) in diabetics patients. HAAF is most often
caused by recent/recurrent iatrogenic hypoglycemia,
and indeed HAAF is maintained by recurrent hypog-
lycemia™*** (Figure 3).

Diverse causes of HAAF and HU in diabetes™™

Catecholamines: Previous hypoglycemia leads to a
blunted catecholamine response to a following episode of
hypoglycemia. These has been demonstrated in several
studies; for example Ramanathan et af''”! showed that
intravenous infusion of adrenergic blockers on one
day of a hypoglycemia prevent the counter-regulatory
failure in the response on the next day of hypoglycemia.
This study implicates that HAAF needs a previous
hypoglycemia (with its sympathoadrenal responses).
If we use this hypothesis to think in a possible pharma-
cologic treatment, we can concluded that blocking the
action of catecholamines we can limit the development
of HAAF and protect against subsequent hypoglycemias;
but unfortunately, blocking the action of catecholamines
in periphery we would tend to an increase in the severity
of hypoglycemia. We would need to develop a selective
adrenergic receptor modulators that favourably change
central nervous system response without modify the
beneficial peripheral effects of the sympathoadrenal
response.

Sleep: Sleep is a peripheral mediator of HAAF linked
with catecholamine response. Patients with T1DM, while
they are sleeping, they have a significantly decreased
epinephrine response to hypoglycemia™®, and also a

July 10, 2015 | Volume 6 | Issue 7 |



Martin-Timén I ef a/. Hypoglycemia unawareness in diabetic patients

Hypoglycemia

=

| J

1 Cortisol

1 Epinephrine

Muscle fat

| Glucose utilization

Autonomic nervous system

N

1 Glucose output

Brain glucose Pancreas
sensing a-cell ——————— > 1 Glucagon
Hypothalamus
brain stem B-cell —————— > | Insulin
‘ Sensor ‘ ‘ Effector organs ‘ ‘ Counterregulatory hormones ‘ ‘ Target organs

Figure 1 Counter-regulatory response to hypoglycemia.

Blood glucose (mg/dL)

80 ‘ Decrease insulin secretion

Eﬂ ‘ Increase glucagon, epinephrine, ACTH, cortisol and GH

Eﬂ ‘ Palpitation, sweating

Eﬂ ‘ Decrease cognition, aberrant behavior, seizures, coma

‘ 20-10‘ ‘ Neuronal cell death

Figure 2 Symptoms and signs associated with progressive hypoglycemia.
ACTH: Adrenocorticotropic hormone; GH: Growth hormone.

reduced awakening from sleep during hypoglycemia™.

So, because of the HU and the impaired adrenomedullary
response, we can explain some of the overnight deaths
of healthy young people with TIDM.

Cortisol: Hypoglycemia is associated with an elevation in
systemic corticosteroids, and this has been proposed to
feedback to the hypothalamus contributing to HAAF?*%%,
However it remains controversial if the endogenous
hypercortisolemia is of sufficient magnitude to blunt de
counter-regulatory response to hypoglycemia™?>¥, It
have been shown that corticotrophin releasing hormone
agonist impair the counter-regulatory response to a
subsequent hypoglycemia, suggesting a possible role in
HAAF?,

Opioids: Preclinical and clinical studies with opioids
demonstrated a rise in endogenous opioids during
hypoglycemia, for example naloxone (an opioid receptor
blocker), increased the sympathoadrenal response to
hypoglycemia, and when is infused during previous
hypoglycemia, it prevent HAAF?**, Hence there is a
potential therapeutic function for opioid receptor blockade
to protect against HAAF.
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Exercise: The inability to reduced circulating insulin
during exercise, lead T1DM patients, at an increased risk
for hypoglycemia during or after exercise. In addition
to, during exercise the opioid beta endorphin is released
to activate the sympathoadrenal response. In a recent
study, healthy individuals who exercised and elevated
endorphin levels, they had reduced catecholamine res-
ponse during hypoglycemia in the next day™, suggesting
that endogenous opioids, again, play a role in HAAF, and
that blocking their action may protect against exercise-
autonomic failure.

Recurrent hypoglycemia and HU

Clinically HAAF can be viewed as both, maladaptative
or adaptative response!®. At one end, patients with
T1DM and HU make tests of cognitive function during
hypoglycemia better than patients with HU. Additionally,
the time necessary for complete cognitive recovery
after restoration of normoglycemia is faster in patients
who have HUPY. HAAF in humans may be similar than
in rats; rats with recurrent moderate hypoglycemia
had less brain cell death®™" and less mortality during
or following marked hypoglycemia than those without
recurrent hypoglycemia. On the other hand, HAAF is
without doubt a maladaptive response if we consider that
defective glucose counter-regulation and HU rise the risk
of severe hypoglycemia with its morbidity and potential
mortality™,

Although it is well established that recurrent hypog-
lycemia leads to HU, the mechanism responsible for this
are unknown. Several current mechanistic hypotheses
are discussed below.

The brain glucose transport or glucose metabolism
hypothesis: Several studies have identified specific
brain regions that exhibit decrease glucose uptake.
In diabetic patients with and without HU, the effects
of acute moderate hypoglycemia and the condition
of HU on regional brain uptake of the labeled glucose
analog [(18)F]fluorodeoxyglucose (FDG) using positron
emission tomography were examined™***, In the group
with hypoglycemia awareness, there was an increase
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in the normalized FDG uptake in a subthalamic brain
region®”, in left amygdale and in bilateral ventral
striatum®* in response to hypoglycemia; whereas in
the group with HU the uptake in these brain regions
fell significantly™>*. Reduced responses in these brain
regions in HU, suggest habituation of higher behavioral
responses to hypoglycemia as a basis for unawareness,
and demonstrated a change in its metabolic function
associated with the failure to trigger a counter-regulatory
response. On the other hand, in subjects with TIDM and
HU a positive correlation was observed between thalamic
response and epinephrine response to hypoglycemia,
suggesting that this brain region may be involved in
the coordination of the counter-regulatory response
to hypoglycemia®!. During recurrent hypoglycemia,
cerebral blood flow reduced significantly in the thalamus
and hypothalamus of T1DM subjects, compared to
healthy controls®®®, suggesting that there is reduced
neuronal activation in these brain regions that participate
in glucose sensing and/or coordination of counter-
regulation response in subjects with T1IDM that likely
contributes to the development of HU.

It has been hypothesized that recurrent hypoglycemia
leads to HU through an alteration in the glucose transport
or metabolism. Altered glucose transport or metabolism
as a cause of HU is less substantiated in humans.
Subjects with T1IDM and HU had significantly higher
brain glucose concentrations compared to that in controls
under the same conditions™”), These date suggest that
changes in brain glucose transport or metabolism may
occur as a result of recurrent hypoglycemia.
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The brain glycogen supercompensation hypo-
thesis: It has been hypothesized that increased brain
glycogen contributes to the development of HU and
impaired sympathoadrenal responses by providing energy
for the brain during periods of systemic hypoglycemia.
Experimental studies and in humans have shown that
after one or more episodes of hypoglycemia, increased
glycogen content in the brain®**?, Subsequent studies
indicated lower glycogen content in brain of humans with
T1DM, implying that glycogen supercompensation does
not contribute to the development of HU™, The most
important question to resolve is whether changes to
brain glucose levels, physiologically or pharmacologically
induced, may provide people who suffer from recurrent
hypoglycemia a therapeutic benefit to preserve both the
sympathoadrenal response and HU.

The brain fuel hypothesis: When there is a decrease
in the supply of glucose from the periphery, the brain
may be able to keep your metabolic processes by
increasing uptake of alternative carbon fuels such as
lactate or ketones. Plasma lactate concentrations are
approximately tenfold higher than those of acetate,
making it a primary candidate as an alternative brain fuel
during hypoglycemia. On the other hand, increased of
blood-brain barrier monocarboxylic acid (MCA) transport
and metabolism among T1DM individuals with HU may
be a mechanism to supply the brain with non-glucose
fuels during episodes of acute hypoglycemia and may
contribute to the maintenance of brain energetic during
hypoglycemia and to the syndrome of HU, independent
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of diabetes!*". Finally, in TLDM patients with HU, upregu-
lation of the MCA transporter promotes increased brain
lactate uptake™?.

The brain neuronal communication hypothesis:
Neuronal communication relies on the release of classical
neurotransmitters, such as Gamma-Aminobutyric Acid
(GABA), a potent inhibitory neurotransmitter. GABA levels
in ventromedial hypothalamus (VMH) interstitial fluid
are decreased during acute hypoglycemia™®, Recurrent
hypoglycemia leads to a significant increase in VMH
GABA concentrations™, that fail to decrease normally
during subsequent hypoglycemia, and which correlates
with the reduced glucagon and epinephrine responses'*®.
These data suggest that recurrent hypoglycemia results
in increased VMH GABA inhibitory tone, and that altered
GABA tone may be an important common mediator in
the development of HAAF, especially in diabetic patients.

CONSEQUENCES OF HU

Consequences of HU on morbidity, mortality, and
cardiovascular outcomes

People who have HU have a much greater risk of
severe hypoglycemia, up to six fold, with its attendant
morbidity™®*, HU may result in many serious forms of
morbidity including seizure, coma, fractures and joint
dislocation and cardiac arrhythmias, and is occasionally
fatal.

Severe episodes of hypoglycemia or HU requiring the
assistance of another have been shown to be associated
with an increased risk of mortality in both the Action to
Control Cardiovascular Risk in Diabetes (ACCORD)™ and
the Action in Diabetes and Vascular Disease'*” studies.
On the other hand, post hoc analysis of the ACCORD
study cohort, to examine the relationship between
frequent and unrecognized hypoglycemia and mortality,
10096 ACCORD study participants were included. In
this study, recognized and unrecognized hypoglycemia
was more common in the intensive group than in the
standard group; and in the intensive group, a small but
statistically significant inverse relationship was identified
between the number of hypoglycemic episodes and the
risk of death among participants™. This latter finding
does not mean that we should change our clinical practice
and include frequent episodes of hypoglycemia in the
targets of T2DM patients and cardiovascular risk factors.
Instead, we must strive to achieve optimal glycemic
control in our patients, without episodes of hypoglycemia.

Consequences of HU on adults with TIDM
Several prospective studies as the Diabetes Control
and Complications Trial®! and the Stockholm Diabetes
Intervention Study®™” suggests that cognitive function
does not deteriorate in patients with TIDM who suffer
recurrent hypoglycemia, at least less than 10 years of
these studies.

Gold et al®® to compare the degree of cognitive
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dysfunction experienced by T1DM patients who had
normal awareness of the onset of hypoglycemia with
patients who had history of impaired awareness of hypo-
glycemia, found that T1DM patients with HU exhibited
more profound cognitive dysfunction during acute
hypoglycemia which persisted for longer following blood
glucose recovery. Intellectual activity is likely to be
affected and cause sub-optimal performance during this
recovery period. Recent investigations with advanced
imaging techniques have demonstrated that adults with
T1DM appear to call upon a greater volume of the brain to
perform a working memory task during hypoglycemia™".
These findings suggest that adults with TLIDM must
recruit more regions to preserve cognitive function during
hypoglycemia than adults without the disease.

Evidence of clinical audit in TIDM patients with
intensive insulin therapy with HU showed that these
patients had less adhesion to changes in insulin regimens
to compare them with patients with hypoglycemia
awareness, despite the observed increase in clinical
contacts™. Neuroimaging studies have shown that
patients with HU showed a reduced activation in appe-
titive motivational networks associated with integrated
behavioral responses to hypoglycemial®", This may
suggest that in some patients with HU behavioral
strategies are more important than educational strategies;
however treatment of HU will require a combination of
both strategies, behavioral and educational, along with
the use of technology, such as therapy with continuous
insulin pump and online glucose monitoring™®.

Consequences of HU in children and adolescents with
T1DM

A significant proportion of children and adolescents
with T1DM have HU. Screening for HU is an important
component of routine diabetes care and can identify
patients at increased risk of severe hypoglycemic
events®™’, The youngest patients are most vulnerable
to the adverse consequences of hypoglycemia. Ongoing
maturation of the central nervous system puts these
children at greater risk for cognitive deficits as a con-
sequence of HU™®., HU is a significant problem for
children and adolescents with TIDM and the major
risk factor for development of hypoglycemia®”. Those
children with T1DM diagnosed before age of 6, who
suffer repeated and severe episodes of hypoglycemia
may have more increased range of cognitive dysfunction,
brain abnormalities’™, structural brain changes®”, lower
mental abilities latter on in life, and behavior problems
than those who do not have HU until latter®"®?,

Consequences of HU on subjects with T2DM

HU is less common in T2DM patients. Two retrospective
surveys of subjects with insulin-treated T2DM showed
that only 8% and 9.8% respectively had HU estimated
by a validated scoring system'™*!, However, in the
patients with HU the incidence of severe hypoglycemia
was nine-fold and 17-fold higher respectively than
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those with normal hypoglycemia awareness®*. In

several studies, using continuous monitoring system,
asymptomatic hypoglycemia was detected in 47%'"®*
and 56%"* of subjects with T2DM, treated with
different treatment regimes. These findings suggest
that HU may be more prevalent in T2DM than is
appreciated.

Severe hypoglycemia, due to HU, was associated
in T2DM patients with cardiovascular and neurological
complications™*®, In patients with T2DM and coronary
artery disease, severe hypoglycemia was associated
with ischemic electrocardiogram changes and chest
pain, and may account for sudden mortality®®>*?!, In a
retrospective study in T2DM subjects, the patients who
experienced outpatient severe hypoglycemia were also
shown to have a 79% higher odds ratio of experiencing
acute cardiovascular events than patients without
severe hypoglycemia'®”’; and a case-control study in
patients with T2DM showed a 65% increase in the
odds of myocardial infarction with severe hypoglycemia
within the previous two weeks; the risk of myocardial
infarction persisted elevated for up to six months
following a hypoglycemic event™®,

Behavioral changes, cognitive impairment, seizures,
coma and a mortality rate estimated at between 4.9%
and 9% are well-known neurological complications
of severe and prolonged hypoglycemia secondary to
HU™71, Severe hypoglycemia secondary to HU can
cause neuronal cell death and may damage regions
of the brain that oversea memory, especially in older
people with T2DMYZ,

Finally, a frequently problem in T2DM is nocturnal
hypoglycemia. Undetected nocturnal hypoglycemia
often contributes to HU. Nocturnal hypoglycemia has
been associated with cardiac arrhythmias resulting in
sudden death?.

Consequences of HU on the elderly

Patients in the older age-groups are especially vulnerable
to HU. Aging modifies the cognitive, symptomatic,
and counter-regulatory hormonal responses to hypo-
glycemia*. Older adults with diabetes are at much
higher risk for the geriatric syndrome, which includes
falls, incontinence, frailty, cognitive impairment and
depressive symptoms”., In the elderly subjects, epis-
odes of severe hypoglycemia are more likely to be
followed by changes in the blood brain circulation which
may further increase the risk of neurological damage
in this population'”®’”), In older patients with T2DM,
Whitmer et al’” found a significant association between
the number of severe hypoglycemic episodes and
dementia; with = 3 episodes almost doubling the risk
more episodes of severe hypoglycemia secondary to
HU had increasing likelihoods of being subsequently
diagnosed with dementia. Another authors also found an
association between severe hypoglycemia and cognitive
impairment in these patients”®. These reports suggest
that severe hypoglycemia and HU in older people with
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diabetes may be associated with cognitive decline”®.

Consequences of HU during pregnancy

Pregnancy is associated with a high risk of severe
hypoglycemia in diabetic subjects. History of HU has
been documented as risk factors of severe hypoglycemia
during pregnancy®®. Reduced sympathoadrenal
responses during hypoglycemia may contribute to
defective glucose counter-regulation and HU™®®, In
pregnant woman severe hypoglycemia episodes and
HU occur three to five times more frequently in first
trimester than third trimester when compared with the
incidence in the year preceding the pregnancy®®®"%!
and may lead to severe morbidity and even death!®.

Consequences of HU on quality of life and social impact
Hypoglycemia and HU are associated with significant
reductions in quality of life measures in both TIDM and
T2DM patients®®!, The wellbeing of patients may be
affected both from the effects of hypoglycemia and from
fear of recurrence™*®?, A positive association was found
between severity and/or frequency of hypoglycemic
events and greater fear of hypoglycemic episodes’*!.
As a result fear of hypoglycemia makes the patients
to promote compensatory behaviors in a way to have
less episodes of hypoglycemia such as decreased
insulin doses resulting in negative glycemic control, and
an increased risk of serious health consequences™.
Patients with recurrent hypoglycemia and HU were more
likely to have a lower quality of life in several parameters
including depression and anxiety®®°*®!, increased
pain and limitations in mobility and usual activities™”,
and decline in the quantity and quality of sleep™. On
the other hand, young adults with T1DM reported the
presence of interpersonal conflict, and difficulty talking
about issues related to hypoglycemia with significant
others®, that may carry over to their work life, where
hypoglycemia has been linked to reduced productivity™®,
Despite that many countries require documentation
that severe hypoglycemia and HU is not occurring before
persons with diabetes are permitted to have a license to
operate a motor vehicle; HU has not consistently been
associated with an increased risk of car collisions™°%,

Consequences of HU on family members

In the subjects with diabetes, HU can have a profound
impact on the lives of their family members, and are
often reliant on immediate relatives or partners to detect
and treat hypoglycemia episodes. A recent study based
in-depth interviews with 24 adult family members
of persons with TIDM and HU, showed that family
members restricted their own lives in order to help the
person with HU to detect and treat hypoglycemia®®.
In this study, some family members of people with
HU, report that they are afraid of their partners, during
episodes of hypoglycemia because of their aggressive
behavior and their personality changes, making it difficult
managing their treatment. The study showed that family
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members of patients with HU restricted their own lives
in order to help the person with HU to detect and treat
hypoglycemia, and felt anxious about the safety of the
person with HU; which sometimes leads family members
to neglect their own health, leading to resentment over
time™. On the other hand, personality changes during
hypoglycemia events of the person with diabetes, such
as aggression, also caused, in some family members,
physical fear of your partner or relative, and made
treatment difficult. Family members emphasized that
there is an unmet need for information and emotional
support for caregivers, and the researchers suggest
that proactive support for the families of patients with
diabetes and HU should be considered and provided by
healthcare professionals™.

Psychological consequences of HU

The psychological consequences of HU include subse-
quent fear to hypoglycemia, and secondary poor
treatment compliance, increased anxiety and decreased
levels of satisfaction and happiness. Fear of hypoglycemia
will be a barrier to achieving good glycemic control.
The hypoglycemia fear survey (HFS) used to measure
behaviors (HFS-B) and worries (HFS-W) related to
hypoglycemia in adults with T1DM, such as maintaining
higher blood glucose levels than recommended, and
limiting exercise or physical activity, or concerns may
have about hypoglycemic episodes, such as nocturnal
episodes; have been shown to be significantly higher
in women than in men and among patients who have
experienced severe hypoglycemia in the past compared
with those that have not!*®, If patients experience
repeated severe hypoglycemic events, both the patient’s
and the physician’s subsequent treatment policy are
affected. In one study that reviewed hospital records and
examined daily insulin doses and HbA1c levels before and
after and episode of severe hypoglycemia in patients with
insulin-dependent diabetes, it was found that, in 69%
of these cases, either the physician or patient or both
decreased the daily insulin dose. Furthermore, physicians
decreased the insulin dose in a third of patients in whom
the cause of hypoglycemia was preventable and due to
a cause other than erroneous administration of excess
insulin*®Y,

Economic consequences of HU

The economic consequences of severe hypoglycemia
events and HU in patients with diabetes are higher than
that of a mild episode and have been examined in a
number of studies in Europe and United States!®"%!,
Reported costs of a severe hypoglycemic event varied
from approximately $80 to $5000, depending on the
requirement for resources including hospitalization,
emergency services, healthcare professionals and
diagnostic test.

A United Kingdom study estimated the total cost
of emergency treatments of 244 episodes of severe
hypoglycemia in 160 patients with TLDM and T2DM over
the course of one year. The total cost was approximately
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£92078 (£400 per episode)'®. On the other hand, in
a Swedish study the total cost (direct and indirect) of
severe hypoglycemia in T2DM patients was between
$12.90 and $14.10 for one month period™®”.

An analysis of several United States studies, the
estimated annual total cost attributable to severe
hypoglycemia was between $1400 and $1500"%, In this
analysis the estimated work days lost per hypoglycemic
event was between 0.22 and 6.60 d"'*. A recent study
estimated that in patients with diabetes who experienced
severe hypoglycemia, the lost of productivity ranged
from $15.26 to $93.47 per severe hypoglycemic event,
representing 8.3-15.9 h of lost work time per month!%,
Among the patients who experimented a severe hypo-
glycemic event at work, 18.3% missed work for a mean
duration of 9.9 h, whereas the patients who had severe
hypoglycemic event outside working hours, 22.7%
arrived late for work or missed a full day™**. If the hypo-
glycemia has occurred during the night, the number of
working hours lost increased to 14.7 h™*,

PREVENTION AND MANAGEMENT OF
HU

Prevention of HU

Prevention of HU is an important part of modern day
intensive diabetes therapy. To prevent HU, the goal
is the complete avoidance of hypoglycemia, which is
very difficult to achieve®. Blood glucose monitoring,
individualized targets and educational programs are
important in the bid to prevent and manage HU.

Blood glucose monitoring: CGMS, that can detect
hypoglycemia, represents an important technological
advance on the methods used for self-monitoring of
blood glucose, and they are welcome to both patients
and clinicians!*®®., The ability of CGMS systems is to
advise patients when glucose levels fall too low or rise
too high, and has the potential to reduce de duration of
hypoglycemia and hyperglycemia events!®'%, Also,
CGMS can be used for objective detection of patients
with HU™®, In adult patients with long-standing T1DM,
a fasting level of C peptide of < 0.6 ng/mL, and a HbAlc
< 9%, hypoglycemic episodes with a duration more than
90 minutes detected by CGMS, identified patients who
had HU with an 88% specificity and 75% sensitivity!'*".
On the other hand, the epinephrine response to hypo-
glycemia in adolescents patients with TIDM with HU
was greater after the use of real-time CGMS with low
glucose alarms than with standard medical therapy
alone™?, This suggests that real-time CGMS is a useful
clinical tool to improve HU in adolescents with TLDM™?!,
Choudhary et af*'! assessed the effect of CGMS on the
frequency of severe hypoglycemia episodes, using the
Gold scoring method™® in 35 people with TIDM who
have HU, via retrospective audit. A significant decline
was observed in the mean rate of severe hypoglycemia
(8.1 to 0.6 events per year) and also in HbA1c level
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(8.1% to 7.6%), between its initiation and the end of
the 1-year follow-up period; while the mean Gold score
did not change significantly™", These results support
previous reports that CGMS can lower the incidence of
severe hypoglycemia in patients with TIDM and HU,
with no impact on the severity of HU over a 1-year
period. A randomized cross-over study to assess the
effects of CGMS use on glycemic levels and quality of
life in patients with T1IDM and HU, using the change in
the Gold scoring as one of the secondary endpoints, is
currently in progress and the results will not be available
until 2015™%,

The impact of closed-loop CGMS, which link CGM
technology with insulin pumps, whereby insulin infusion
is programmed to stop automatically when glucose levels
drop below a pre-determined glycemic threshold, on
reducing the incidence of hypoglycemia events appears
to be limited and so their usefulness in improving HU is
debatable!®.

Individualized targets: In diabetic patients with
HU blood glucose targets should be relaxed but not
abandoned. Appropriate targeting of plasma glucose
may help patients and practitioners achieve HbA1lc
goals, reduce excessive self-testing and minimize the
occurrence of severe hypoglycemic events!*?!, Glycemic
goals should be individualized with some degree of
safety particularly for patients with long duration of
diabetes, patients who have a high risk of HU and
severe hypoglycemia development, and/or subjects with
multiple co-morbidities™****!, Basically, an HbAlc goal of
less than 7% remains recommended, but is there a safe
range for HbA1c? In patients with TIDM undertaking
insulin therapy, the rates of severe hypoglycemia were
increased among those with HbAlc < 6% and therefore
it was suggested that using current therapy, an HbA1c
of between 6%-7% represents the best compromise
between the risk of severe hypoglycemia and that of
developing microvascular complications™®.

Educational programs: The central objective of a
hypoglycemia-reversal program is to prevent any period
of hypoglycemia for at least four weeks. In diabetic
patients with HU an appropriate educational program
includes an emphasis on regular snacks at right times,
warnings to take special care at periods of greater risk
such as before lunch, moderation in alcohol intake
and about the danger of delayed hypoglycemia after
heavy alcohol intake or prolonged exercise. Diabetes
self-management education can have physical and
psychosocial benefits, and results in behavior changes
with positive influence in outcome. A self-awareness
intervention of 8 sessions, each lasting 3 h, was designed
to determine whether there are psychosocial and physical
benefits of self-awareness intervention in 29 adults
with TIDM and HU. Post-intervention the participants
detected more cues of euglycemia and hypoglycemia
and experienced significant increases in integration and
metabolic control!*'”,
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In a randomized, prospective multi-centre trial, the
effect of a specific training program for patients with
hypoglycemia problem was compared with a control
group receiving a standardized education program aiming
of at avoidance of hypoglycemia by optimization of insulin
therapy!''®. Compared to control group, the specific
training program demonstrates additional benefits in
terms of improving HU, reducing mild hypoglycemia,
and detecting ant treating low blood glucose!**®. In
the Dose Adjustment for Normal Eating-Hypoglycemia
Awareness Restoration study, a 6-wk pilot intervention
using motivational interviews and cognitive behavioral
techniques around hypoglycemia, in 23 people with
HU; support the importance of educational programs
to improve HU. One year after the intervention HU had
improved, mean rates of severe hypoglycemia fell from
3 to 0 per person per year, and worry and behavior
around hypoglycemia improved™®. In a sub-study of
HypoCOMPaSS trial aimed to assess the restoration
of impaired hypoglycemia awareness and defective
hypoglycemia counter-regulation by an educational
strategy targeted at hypoglycemia avoidance, in 18 adults
patients with T1DM; following the 6-mo intervention the
mean glucose concentration at which participants first
experienced symptoms of hypoglycemia significantly
increased from baseline (from 2.6 to 3.1 mg/dL), and
counter-regulatory responses to hypoglycemia were also
enhanced™,

Jointly, the results of these three studies suggest
that interventions that include education around hypo-
glycemia avoidance may help to decrease HU.

Treatment of HU
The treatment options for the management of HU are
listed in Table 1.

Optimizing insulin treatment: It is important that in
patients with a history of recurrent hypoglycemia and
HU, the time of episodes be identified and the treatment
regimen be adjusted accordingly™*). Compared with
regular insulin, rapid-acting insulin analogs have a more
rapid onset of action, higher peak action, and shorter
duration of action, which more closely approximates
endogenous mealtime insulin response, allowing more
flexibility in the time of meals and exercise, and, conse-
quently, a lower risk of severe hypoglycemic events™?,
Similarly, long-acting insulin analogs exhibit a more
consistent, longer, and flatter action profile than NPH
insulin, and demonstrate a lower risk of hypoglycemia,
particularly nocturnal™®**%, In diabetic patients with HU
substitution of regular insulin with rapid-acting insulin
analogs (aspart, lispro or glulisine) reduces frequency
of daytime hypoglycemia; and substitution of long-
acting insulin analogues (detemir or glargine) for
intermediate-acting insulin (NPH or premix) reduces the
frequency of nocturnal and day time hypoglycemia!****),
Compared with insulin glargine, the newest basal analog
insulin degludec offers a more constant time-action
profile, a long duration of action, and a lower risk of

July 10, 2015 | Volume 6 | Issue 7 |



Martin-Timén I ef a/. Hypoglycemia unawareness in diabetic patients

Table 1 Treatment options for the management of hypoglycemia unawareness and mechanisms of action

Treatments options

Mechanism of action

Optimizing insulin treatment
Pharmacological therapy
B2-adrenergic agents
Methylxanthine derivates (caffeine, theophylline)
Serotonin reuptake inhibitors (fluoxetine, sertraline, paroxetine)

Avoidance of hypoglycemia

Enhancement of adrenaline effect
Central nervous system stimulation

Unknown. It has been hypothesized that the effect could be mediated by an atypical

presentation of serotonin syndrome that will lead to autonomic dysfunction

KATP channel modulators
Other treatments

Islet cell transplantation

Fructose

Modulation of hypoglycemia sensing

Improving metabolic control
Modulation of hypoglycemia sensing

hypoglycemia!*?**#”), While clinical experience with insulin
degludec is limited, a meta-analysis evaluating 5 clinical
trials of 3372 subjects with T2DM demonstrated a 17%
lower rate of overall hypoglycemia and a 32% lower
rate of nocturnal hypoglycemia with insulin degludec,
compared with insulin glargine®!. These characteristics
may facilitate the achievement of glycemic control with
insulin degludec with fewer hypoglycemic events in
patients with HU.

An alternative approach is to use continuous sub-
cutaneous insulin infusion (CSII). A study was designed
by Giménez et al** to evaluate the effect of CSII on
hypoglycemia awareness and on glucose profile in a
cohort of T1DM subjects in which 95% had established
HU and had experienced two or more episodes of severe
hypoglycemia in the preceding two years, for a 24-mo
period. Severe hypoglycemic episodes fell from 1.25
per subject-year to 0.05 after 24 mo, an improvement
in all the aspects of quality of life, and an improved
symptomatic response to experimentally-induced
hypoglycemia was observed"*”. Previous studies™***
have also shown a reduction in hypoglycemia with CSII,
particularly when a short-acting insulin analogue is
used®**, The decrease is partly due to better pharma-
cokinetic delivery of insulin and a 15%-20% reduction
in insulin requirements compared with multiple doses of
insulint***, Substitution of CSII for NPH insulin in patients
with T1DM, especially at bedtime, resulted in a lower
frequency of hypoglycemic episodes, and improved
counter-regulatory and symptomatic responses during
subsequent acute hypoglycemia™®. On the other hand,
administration of bolus doses of glucagon at times
of impeding hypoglycemia during CSII lowered the
frequency of hypoglycemia™®,

Pharmacological therapy: p-adrenergic antagonists
or B-blockers alter the effects of epinephrine and could
have potential effects on glucose homeostasis and the
hypoglycemic counter-regulatory system. The more
troubling concern regarding B-blockers is their potential
effect on HU and blunting of the return to euglycemic
levels after hypoglycemia has occurred, through the
suppression of all adrenergically mediated symptoms
of hypoglycemia. In patients with TIDM without HU,
adrenergic symptoms did occur at lower glucose levels
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when subjects were treated with B-blockers!*”. Cardio-
selective B-blockers cause less alteration in the perception
of hypoglycemia and may have an effect on correction
of hypoglycemia than do their noncardioselective coun-
terparts™®. These agents should not be avoided in
patients with diabetes but should be used with the same
caution as when any new medication is added to a
patient’s therapeutic regime.

It has been suggested that people with HU may
have reduced B-adrenergic sensitivity, and this can
be reversed by strict avoidance of hypoglycemia™*,
In T1DM patients, the use of B-adrenergic agonist
terbutaline was associated with statistically significant
higher glucose levels compared to control subjects
during the first half and second half of the night, and
with reduction of nocturnal hypoglycemic episodes (22
in the control group vs 1 in the group of terbutaline).
B-adrenergic agonist had therefore been suggested
as possible therapeutic options for HU, at the cost of
inducing morning hyperglycemia. One of the concerns
about using p-adrenergic agonist for the treatment of HU
was associated with reduced Bz sensitivity observed in
vitro. A recent study from De Galan et at**! showed that
sensitivity to Bz2-adrenergic receptor agonist stimulation
is preserved in T1IDM patients with HU. No long-term
clinical trials to evaluate the usefulness of B-adrenergic
agonist in the prevention of HU have been reported.

Several studies have evaluated the effects of the
methylxantines derivatives caffeine and theophylline on
HU and the counter-regulatory response to hypoglycemia.
Both have been shown to augment symptom intensity
and improve counter-regulatory responses in patients
with TIDM with and without HU™**"), Using functional
magnetic imaging, caffeine can restore regional brain
activation normally lost during acute hypoglycemia™**..
In another trial designed to assess the impact of caffeine
on the frequency and perception of hypoglycemia over a
3-mo period; patients receiving caffeine (200 mg/twice-
daily) had statistically significant more symptomatic
hypoglycemia episodes and more intense warning
symptoms than patients receiving placebo™*!. These
results suggest that modest amounts of caffeine enhance
the sensitivity of hypoglycemia warning symptoms in
patients with T1DM without increasing the incidence of
severe hypoglycemia. de Galan et ai™** planned one
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study to evaluate the impact of theophylline on the
response to hypoglycemia in 15 patients with TIDM who
had a history of HU and 15 matched healthy control
subjects. When compared with placebo, theophylline
(2.8 mg/kg) improves de counter-regulatory response
to a perception of hypoglycemia in the group with T1DM
with HUM™*, Although modest doses of caffeine and
theophylline may be effective at reducing HU in patients
with T1IDM at a low cost and without significant toxicity,
larger doses may carry risk, and large trials are needed
to determine efficacy, toxicity and dose-response curves.

The development of HU was associated with the
use of selective serotonin reuptake inhibitors (SSRIs) in
three patients with TIDM treated with different SSRIs
(fluoxetine, sertraline and paroxetine) for depression
and who were previously able to recognize and treat
hypoglycemia symptoms!***!. HU occurred in all three
patients within weeks of starting SSRI therapy. HU
reversed after discontinuation of SSRI therapy™*. The
mechanism by which SSRIs might be associated with
HU is unknown, but it has been hypothesized that the
effect could be mediated by an atypical presentation
of serotonin syndrome that will lead to autonomic
dysfunction™®. These observations suggest that in some
patients, treatment with SSRIs may alter the perception
of hypoglycemia, and should be used with caution in
diabetic subjects with HU.

Infusion of the opioid-receptor antagonist naloxone
increases the plasma epinephrine response to hypogly-
cemia and, when administered during hypoglycemia
prevents attenuation of the plasma epinephrine response
to subsequent hypoglycemia in humans®**”.,

Administration of a selective Kir6.2/SUR-1 Kare-
channel agonist increases the epinephrine response
to hypoglycemia in rats!**”), However, systemic admini-
stration of the nonselective Karr-channel agonist diazoxide
suppresses the glucagon response and has no effect on
the epinephrine response to hypoglycemia in nondiabetic
humans**®, These results suggest that Kar-channel
modulators are not effective in humans, possibly due to
inability to cross blood-brain barrier.

Other treatments: Islet cell transplantation (ICTx)
prevents severe hypoglycemia™*”, and restores some
counter-regulatory hormone secretion**”. In a retro-
spective study conducted in 31 T1DM recipients of ICTx,
HU was assessed using the Clark hypoglycemic score
(minimum = 0; maximum = 7; no hypoglycemia
0; HU = 4)™Y twice. A reduction in the proportion of
patients with HU was observed post-ICTx (pre vs post-
ICTx: 87% vs 13%) and a significant increase in glucose
threshold that resulted in symptoms (pre vs post-ICTx:
41.4 mg/dL vs 58.4 mg/dL)"™. These results were
sustained even after the patient’s stratification based
in islet function, graft dysfunction and graft failure!***,
These results suggests that improved metabolic control
achieved with ICTx can restore hypoglycemia awareness
in patients with T1DM, persisting even after islet graft
failure.
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Fructose infusion amplifies epinephrine and glucagon
responses and increases glucose production during
hypoglycemia in humans!***!. Fructose is a promising
treatment but has not been tested in clinical trials.

CONCLUSION

HU is a complex, difficult-to-study phenomenon that
carries with it great risk to patients. HU is common in
people with TIDM and is observed with less frequency
in insulin-treated T2DM. Exposure to antecedent
hypoglycemia, especially repeated episodes, is an
important factor in the pathogenesis of HU. Although
enormous advances have been made in our knowledge
of the mechanisms of HU, further research is needed
to elucidate the pathophysiology of counter-regulatory
impairment and HU, and enable the development of
more targeted strategies that support glucose counter-
regulation and consequently reduce hypoglycemia.
Numerous research studies have begun to uncover
the mechanisms by which the central nervous system
responds and adapts to hypoglycemia. Understanding
these mechanisms will lead to better management
and therapies that reduce the risk for hypoglycemia.
Studies aiming to improve or even reverse HU have
met with variable success and a number of research
groups are considering new candidate pathways to
develop a therapy. Therefore, until effective measures
are developed to reverse HU, part of the role of the
healthcare professional should be to educate people
with diabetes on the risks associated with HU and
should discuss hypoglycemia prevention strategies with
their patients, so that they can have a better chance of
achieving their glucose controls goals while avoiding the
morbidity and mortality associated with hypoglycemia.
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Abstract

Periodontal disease is a high prevalent disease. In
the United States 47.2% of adults = 30 years old
have been diagnosed with some type of periodontitis.
Longitudinal studies have demonstrated a two-way
relationship between diabetes and periodontitis, with
more severe periodontal tissue destruction in diabetic
patients and poorer glycemic control in diabetic subjects
with periodontal disease. Periodontal treatment can be
successful in diabetic patients. Short term effects of
periodontal treatment are similar in diabetic patients and
healthy population but, more recurrence of periodontal
disease can be expected in no well controlled diabetic
individuals. However, effects of periodontitis and its
treatment on diabetes metabolic control are not clearly
defined and results of the studies remain controversial.

Key words: Diabetes; Diabetes mellitus; Periodontitis;
Periodontal disease; Periodontal treatment; Scaling
and root planning; Non surgical periodontal treatment;
Antibiotic; Glycosylated hemoglobin; C-reactive protein
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Core tip: Longitudinal studies have demonstrated a two-
way relationship between diabetes and periodontitis, with
more severe periodontal tissue destruction in diabetic
patients and poorer glycemic control in diabetic subjects
with periodontal disease. Periodontal treatment can
be successful in diabetic patients, but more recurrence
of periodontal disease can be expected in non well
controlled diabetic individuals. However, effects of perio-
dontitis and its treatment on diabetes metabolic control
are not clearly defined and results of the studies remain
controversial. Recommendations for future investigations
are included in this review.

Llambés F, Arias-Herrera S, Caffesse R. Relationship between
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diabetes and periodontal infection. World J Diabetes 2015;
6(7): 927-935 Available from: URL: http://www.wjgnet.
com/1948-9358/full/v6/i7/927.htm DOI: http://dx.doi.org/10.4239/
wjd.v6.i17.927

PERIODONTAL DISEASE

What is periodontal disease?

Periodontal disease is the destruction of the tissues that
support the tooth by accumulation and maturation of
oral bacteria on teeth.

Periodontal diseases include two major entities,
gingivitis and periodontitis. Gingivitis is characterized
by reversible inflammation of periodontal tissues
whereas periodontitis also presents destruction of tooth
supporting structures, and may lead to tooth loss.
Exiting evidence indicates that gingival inflammation
(gingivitis) is required for periodontitis, however some
gingivitis never transform to periodontitis'?. This is
because bacterial plaque accumulation is necessary for
the onset of both entities but individual susceptibility is
required to develop periodontitis'>™,

The currently used classification of periodontal
diseases was introduced by the 1999 International
Workshop for a Classification of Periodontal Diseases
and Conditions™. Since the current classification has
been used only in the last years, a substantial part of
the existing literature on the prevalence and extent of
periodontal diseases in various populations is still based
on earlier classification systems.

Due to its high prevalence in current populations,
it has become a public health priority. Epidemiologic
studies have determined that about 50% of the po-
pulation suffer from gingivitis and approximately 14%
show periodontitis™. This percentage was higher in a
recent study on United States population, which showed
that 47.2% of adults = 30 years old had periodontitis.
Prevalence of periodontitis increased with age up to
the point that 70.1% of adults = 65 years old were
affected by periodontal disease'®. Men exhibit worse
periodontal status than women [(56.4% vs 38.4%),
as well as those with limited education (66.9%) and
income (65.4%)]. These factors, together with cigarette
smoking are increased risk factors for periodontal

progression’”’,

Etiology and pathogenesis of periodontal disease
Microorganisms in combination with individual host
susceptibility and environmental factors are the main
etiologic factors of periodontal diseases.

Plaque accumulation on teeth produces gingivitis,
but the degree of inflammation and destruction of the
alveolar bone that supports teeth depend on the host
susceptibility™.

Oral bacteria can damage periodontal tissues through
the action of matrix-degrading enzymes and molecules
that affect host cells. The transition from gingivitis to
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periodontitis involves the spreading of the inflammatory
front to deeper areas in the connective tissue. However
the reason why this happens is not well established. One
etiopathogenic mechanism could involve the presence of
bacteria or their products, such as lipopolysaccharides,
in the periodontal connective tissue. They may induce
an immune response with production of interleukins and
tumor necrosis factor (TNF), which play an important
role in the regulation of inflammatory processes. This
inflammation stimulates the production of secondary
mediators, which amplify the inflammatory response.
Simultaneously, the presence of these cytokines reduces
the ability to repair damaged tissue by cells such as
fibroblasts, and finally, bacterial products and this
inflammatory cascade stimulate osteoclastogenesis,
leading to alveolar bone destruction®™* (Figure 1).

Several studies have shown how gingival inflammation
can be modulated by a number of conditions. Systemic
diseases, steroid hormones variations, nutritional defi-
ciency, the intake of drugs, diabetes, tobacco smoking
and other conditions have comprehensive and profound
effects on the host, resulting in an increased response to
bacterial plaque accumulation™.

The high prevalence of Helicobacter pylori (H. pylori)
among the microorganisms isolated from the oral
environment induce to think that it may have an effect
in the development of periodontal disease. Umeda et
al"! determined that periodontal patients showed a
higher level of H. pylori than healthy subjects but, there
was no significant correlation between the presence of H.
pylori and the severity of periodontitis'*?!, The addition
of periodontal treatment to eradication therapy may
reduce H. pylori recurrence compared with eradication
therapy alone in periodontal patients suffering from
gastric diseases associated with H. pylorit*>.

Clinical manifestation of periodontal disease

Clinical signs of gingival inflammation (gingivitis) involve
enlarged gingival contours due to edema or fibrosis,
color transition to a red and/or bluish red hue, elevated
sulcular temperature, bleeding upon probing and,
increased gingival exudates (Figure 2).

Periodontitis clinical features include clinical atta-
chment loss (CAL), alveolar bone loss (BL), periodontal
pocketing and gingival inflammation. In addition, en-
largement or recession of the gingiva; increase tooth
mobility, drifting, and even tooth exfoliation may occur
(Figure 3)*4,

Diagnosis of periodontal disease

Clinical evaluation includes periodontal probing (Figure
4) to evaluate: (1) Probing depth: the distance a
periodontal probe penetrates into a periodontal pocket
measured from the gingival margin to its bottom;
(2) Clinical attachment level: The distance from the
cemento-enamel junction to the bottom of the perio-
dontal pocket; (3) Bleeding on probing. Bleeding after
probing to the base of the periodontal pocket has been
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Figure 1 Etiology and pathogenesis of periodontal diseases. Adapted from: Page RC, Kornman KS. The pathogenesis of human periodontitis: an introduction.
Periodontol 2000 1997; 14: 9-11.

Figure 2 Clinical features of plaque-induced gingivitis associated with
systemic diseases (diabetes mellitus-associates gingivitis).
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Figure 4 Clinical diagnosis of periodontitis.

a common way to identify presence of subgingival
inflammation; and (4) Tooth mobility and furcations.
The movement of a tooth in its socket resulting from
an applied force can be classified into three categories.
Furcation involvement is defined as BL affecting the base
of the root trunk of a tooth where two or more roots
meet.

Radiographic evaluation will show if alveolar bone
that support tooth roots is lost. In a healthy situation
alveolar bone will remain 1-2 mm below the crown of
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Figure 3 Clinical features of chronic periodontitis in diabetic subject.

the teeth. If bone is located further from the crown, it
means that loss has occurred (Figure 5).

Classification of periodontal disease

In 1999, the American Academy of Periodontology
organized an international symposium with the aim
of reaching a consensus regarding the classification of
periodontal diseases and disorders, resulting in eight
categories: gingival diseases, chronic periodontitis,
aggressive periodontitis, periodontitis as manifestation
of systemic diseases, necrotizing periodontal diseases,
periodontal abscesses, periodontitis associated with
endodontic lesions and, developmental or acquired
deformities and conditions™*>**,

It is possible to include in this classification additional
subcategories such as “diabetes mellitus-associated
chronic periodontitis” and “diabetes mellitus-associated
aggressive periodontitis” under the category of perio-
dontitis as manifestation of systemic diseases.

INTERRELATIONSHIP BETWEEN
PERIODONTITIS AND DIABETES

Investigations have demonstrated associations between
periodontitis and various systemic diseases'”*® such as
cardiovascular disorders!®?”, respiratory diseases®*,
osteoporosis’*!, immunodeficiencies’® and also diabetes
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Figure 6 Clinical features of acute pseudomembranous candidiasis.

mellitus®®.

As already mentioned, longitudinal studies have
demonstrated a two-way relationship between diabetes
and periodontitis, with more severe periodontal tissue
destruction in diabetic patients and poorer glycemic
control in diabetic subjects with periodontal disease!* ",

Effect of diabetes on periodontal disease and
periodontal treatment
Diabetes has been associated to different oral diseases
such as salivary and taste dysfunction, oral bacterial
and fungal infections (i.e., candidiasis), and oral mucosa
lesions (i.e., stomatitis, geographic tongue, traumatic
ulcer, lichen planus,...)***%. Diminished salivary flow and
burning mouth are other oral characteristics in diabetic
patients with poor glycemic control. Also, different oral
pathologies such as, lichen planus, leukoplakia and
lichenoid reactions are associated to diabetic subjects
due to immunosuppression and/or drugs used. In
addition, delayed mucosal wound healing, mucosal
neuro-sensory disorders, decay lesions and tooth loss
have been reported in diabetic patients'®®. Xerostomia
is a frequent symptom found in diabetic patients on oral
hypoglycemic agents, and it may facilitate the onset
of some fungal opportunistic infection. Candidiasis has
been reported in patients with poorly controlled diabetes
(Figure 6).

Evidence suggests that diabetes leads to worsening of
periodontal disease, and a significant association between
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diabetes and periodontitis has been demonstrated.
Periodontal disease has a higher incidence in diabetic
patients, and it is more prevalent and severe if compared
with a healthy population™>". Lalla et a** determined
the prevalence of periodontitis in different age cohorts. It
was 4.8 times higher among diabetic patients compared
to non diabetics when the 15 to 24-year age cohort
was considered, and 2.3 higher in the 25-34 year
group. Also, CAL was higher in diabetic patients when
the 15 to 55-year age cohort was considered. Lim et
al*® estimated that the glycemic control was the most
important risk factor related to severity and extent of
periodontitis. Other authors like Lalla et af*” established
that the rate of periodontal destruction is related to
inappropriate glycemic control in diabetic patients so that
accurate metabolic control could be important to prevent
periodontal complications. Thus, glycemic control and the
diabetes onset are critical factors in periodontal disease
progression but it should be considered that substantial
heterogeneity exists within diabetics™.

Glycosylated hemoglobin (HbA1c) allows the control
of serum glucose levels in an interval of 120 d and is
a useful decision-making tool. Diabetes micro- and
macrovascular complications are related to increased
levels of HbA1lc. The risk of periodontitis is 3-fold times
higher among diabetic patients™, being its prevalence
and severity even greater in diabetic patients presenting
elevated HbA1c levels™”,

Different hypotheses have been proposed to explain
the influence of diabetes mellitus on periodontitis but
they are all currently under investigation and remain
somewhat controversial. Two similar but distinct patho-
genic pathways may justify the biologic plausibility,
a possible common origin of the two diseases which
results in a host susceptible to either diseases'*", or a
direct causal relationship in which, through the effects of
advanced glycosylation end products (AGEs), diabetes
triggers an increased inflammatory phenotype in
cells®*”, Studies have shown how chronic hyperglycemia
produces AGEs that can bind to specific receptors (RAGE)
on different cells such as fibroblast, endothelial cells and
macrophages'*?. Thereby, macrophages are transformed
into hypereactive cells that produce pro-inflammatory
cytokines such as interleukins 18 and 6 (IL-1B, IL-6)
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Figure 7 How diabetes mellitus could contribute to the development of
periodontal disease (Llambés F, Caffesse R, Arias S). TNF: Tumor necrosis
factor; IL-1B: Interleukins 1pB; AGE: Advanced glycosylation end product;
RAGE: Receptors AGE.

and TNF-a. AGEs can also alter endothelial cells which
will become hyperpermeable and hyperexpressive
for adhesion molecules, while fibroblasts will show
decreased collagen production®®. Therefore, AGEs
produced by chronic hyperglycemia can produce hyper
inflammatory responses, vascular modifications, altered
healing and increased predisposition to infections
(Figure 7). Lalla et ai** supported the hypothesis that
the activation of RAGE contributes to pathogenesis of
periodontitis in diabetic patients. Increased accumulation
of AGEs and their interaction with RAGE in diabetic
gingiva leads to hyper production of proinflammatory
cytokines, vascular dysfunction, and loss of effective
tissue integrity and barrier function.

Despite these facts, periodontal treatment can be
successful in diabetic patients. Short term effects of
periodontal treatment are similar in diabetic patients
and healthy population™**”! but, more recurrence of
periodontal disease can be expected in non well con-
trolled diabetic individuals®®®.

Effect of periodontal disease and its treatment on
diabetes

The National Health and Nutrition Examination Survey
2009-2010 reported that prevalence of diabetes was
12.5% among periodontal patients, but only 6.3% in
subjects without periodontitis'®.

If diabetic individuals are at a higher risk for
periodontitis, it is also important to determine what
effects periodontitis and its treatment may have on
diabetes. It would be reasonable to think that perio-
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dontal inflammation, as any other infections, can
have an adverse effect on diabetes glycemic control,
compromising diabetes management in these individuals.
Most evidence on this issue is derived from interventional
and observational studies, indicating that periodontitis
affects the glycemic control of diabetic patients. HbAlc
values < 7% are related with proper glycemic levels
whilst > 8% values represents poorly controlled
glycemia.

Longitudinal studies have demonstrated that severe
periodontitis is associated with poorly controlled glycemia,
higher HbA1lc levels and development of diabetic
systemic complications!*%**, It also has been reported
that periodontitis is associated with a slight elevation
of HbA1lc in non-diabetic subjects (periodontitis may
potentially increase the incidence of diabetes), although a
clear-cut association could not be established™.

Studies assumed that periodontal infection may
impair glycemic control by increasing insulin tissue
resistance'®®. Hence, glycemic level could be improved
by non-surgical periodontal treatment removing
bacterial plaque accumulation and decreasing gingival
inflammation. This assumption is based on studies
that observed an improvement in diabetes glycemic
control following periodontal therapy™®*". It should
be considered that other studies did not find such
causal relationship, maybe due to inadequate time for
periodontal tissues healing, or because periodontitis had
not been properly resolved™***, Ancther reason may be
the influence of factors such as diet, physical exercise
or use of antidiabetics that can alter significantly HbA1lc,
and make more difficult to observe the metabolic effect
of periodontal treatment™’.

Effect of non-surgical periodontal therapy on diabetes
glycemic control

Several studies have investigated the effect of non-
surgical periodontal therapy on the glycemic control
of diabetic patients. Both non-diabetic and diabetic
patients show similar short-term outcomes after non-
surgical periodontal therapy in terms of probing depth
reductions, gain in CAL and changes in subgingival
microbiota®?!. If glycemic control is considered as
treatment outcome after non-surgical periodontal
therapy, results vary (Table 1).

Different studies on patients with type 1 diabetes
mellitus have not found an additional beneficial effect
of periodontal treatment in glycemic control. Llambés
et al*! obtained changes in mean HbA1lc of about
0.07%, without statistical significant difference after
non-surgical periodontal treatment in type 1 diabetic
patients after 3-mo. Similarly, Seppéla et a/*" reported
that in poorly-controlled type 1 diabetic patients, non-
surgical periodontal therapy had no effect on HbAlc.
The same results were observed in the study performed
by Aldridge et al*® who stated no changes in HbAlc
levels after non-surgical periodontal therapy in 22 type
1 diabetics with severe periodontitis.

On the other hand, Faria-Almeida et a*® reported
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Table 1 How periodontal therapy affects diabetes glycemic control

Ref. Design Sample Follow-up Outcome Results
Type 1 Aldridge et al™ Randomized clinical trial 23 subjects 2 mo HbAlc No changes
Smith et al”) Controlled clinical trial 18 subjects 2 mo HbAlc No changes
Christgau et al®™ Cohort study 7 subjects 4 mo HbAlc No changes
Llambés et al*” Randomized clinical trial 30 subjects 3 mo HbAlc 0.06% reduction (no changes)
Type 2 Stewart et al” Controlled clinical trial 72 subjects 10 mo HbAlc 6% reduction
Kiran et al™ Randomized clinical trial 44 subjects 3 mo HbAlc 0.8% reduction
Faria-Almeida et al*” Cohort study 20 subjects 6 mo HbAlc 5.7% reduction
Da et al™ Controlled clinical trial 45 subjects 3 mo HbAlc No changes
Auyeung et al®™ Cohort study 75 subjects 12 mo HbAlc No changes
Engebretson et al"™ Randomized clinical trial 257 subjects 6 mo HbAlc No changes
Gay et al™ Randomized clinical trial 126 subjects 4 mo HbAlc No changes

that non-surgical periodontal therapy significantly
reduce HbA1c levels about 5.7% in type 2 diabetics,
while Dag et al®® and Auyeung et al®” reported that
this therapy alone significantly reduced HbAlc levels
only in well-controlled diabetics. Smith et al*” reported
that mechanical periodontal therapy alone did not
produce a significant change in glycemic control in
diabetic patients.

Recently, Engebretson et a/®® indicated that
non-surgical periodontal therapy in type 2 diabetics
with chronic periodontitis did not improve diabetes
glycemic control. According to these findings the use
of nonsurgical periodontal treatment in order to reduce
levels of HbA1c would not be justified. Lately, Gay
et al® in a randomized clinical trial where 152 type
2 diabetic patients with periodontitis were treated,
determined that no statistically significant differences
were found in the changes of HbA1c levels.

Furthermore, current systematic reviews report
glycemic control improvement, with a HbA1c reduction
of approximately 0.4%, after non-surgical periodontal
treatment™’. A mean reduction of -0.36% of glycosylated
HbAlc in subjects with type 2 diabetes has been
determined recently’®!. However, the dlinical significance
of this effect is still unknown. It has been reported
that each 1% reduction of HbAlc may be associated
with 35% reduction in the risk of microvascular com-
plications™®”. To the best of our knowledge, no studies
have evaluated changes in HbA1lc levels in non-diabetic
patients after non-surgical periodontal therapy.

Effect of non-surgical periodontal therapy in
combination with antimicrobials on diabetes glycemic
control
Two studies have examined the added benefit of
chlorhexidine as adjunct to non-surgical periodontal
therapy in diabetic patients. Christgau et a/** demon-
strated that non-surgical periodontal therapy in
combination with subgingival irrigation with 0.2%
chlorhexidine did not improve HbAlc levels. The same
results were achieved when 0.12% chlorhexidine was
considered™®,

Iwamoto et al®” demonstrated a 0.8% reduction in
HbA1c in type 2 diabetics after non-surgical periodontal
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therapy and subgingival use of minocycline gel.

Studies in which systemic antibiotics were used
along with mechanical therapy showed a significant
improvement in glycemic control in diabetic patients.
This may be due to the additional benefits of systemic
antibiotics, such as their antimicrobial and host modu-
lation effects, as well as their inhibition of non-enzymatic
glycosylation™®*¢>%7,

Non-surgical periodontal therapy combined with
100 mg doxycycline is associated with a mean HbAlc
reduction of 0.6% in type 2 diabetics patients’®. There is
not enough evidence about the use of tetracyclines but it
seems to play a role in limiting tissue destruction. Lately,
a modest improvement in glycemic control was detected
after nonsurgical therapy plus azithromycin®®. However,
Llambés et al* show that non-surgical periodontal
treatment combined with systemic doxycycline has no
effect on HbA1c of type 1 diabetic patients*?,

Effect of surgical periodontal therapy on diabetes
glycemic control

Scarce available evidence makes it impossible to
determine the response after periodontal surgical
treatment in diabetic patients. Diabetic subjects usually
show improved periodontitis after surgical periodontal
treatment. However, if poor diabetic control is present,
more recurrence of periodontal pockets and unfavorable
long term response is expected after surgical treat-
ment®**?], Effects of surgical periodontal treatment on
HbA1c are currently unknown.

The exact mechanism linking periodontitis/periodontal
inflammation and HbA1c levels is still not clearly known.
In periodontitis, there is an increased production of
pro-inflammatory mediators, such as TNF-a, IL-6, IL-
18 and interferon gamma (IF-a), and increased levels
of acute-phase proteins, such as C-reactive protein
(CRP). All these mediators have important effects on
glucose and lipid metabolism. TNF-a, IL-6 and IL-1p are
insulin antagonist and lipid metabolism is hampered by
TNF-o. Elevated levels of CRP lead to insulin resistance.
IF-o. induces apoptosis of pancreatic g cells””. Non-
enzymatic glycosylation of hemoglobin is not induced
by inflammation, but rather results from hyperglycemia
caused by insulin resistance™*!. Thus, this could explain
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why subjects with periodontitis have high HbA1c levels.

According to these reports, it can be presumed that
control of periodontal inflammation after therapy may
reduce the levels of local and circulatory mediators,
such as IL-6 and TNF-a.. Both may trigger acute phase
proteins such as CRP, and impair intracellular insulin
signaling. Consequently, if these mediators were reduced
by periodontal treatment, this could theoretically, help
in diabetes control. However, this mechanism remains
to be confirmed. Some studies have shown that perio-
dontal disease severity is correlated with blood CRP
levels in diabetic patients”””?, however CRP levels are
not reduced after periodontal treatment!’>”*,

CONCLUSION

Within the limits of this review we can conclude that:
Periodontitis is a highly prevalent infectious disease that
relates to some systemic disorders, including diabetes
mellitus.

Diabetes has been associated to different oral
diseases such as: xerostomia, neuro-sensory disorders,
several oral mucosa diseases, tooth decay and perio-
dontal disease. It is well documented in the literature
that periodontal disease is more prevalent and severe in
diabetic individuals than in healthy subjects. However, it
has to be kept in mind that the level of metabolic control
and duration of diabetes appear to influence the risk
for periodontal disease, with a significant heterogeneity
among diabetic individuals.

Periodontal treatment is effective in diabetic patients,
but more long-term recurrence can be expected when
diabetes is not well controlled.

Severe periodontitis is more frequently found in
diabetic subjects with high HbAlc levels and systemic
diabetic complications; however, the influence of
periodontal treatment on HbA1c is not that well esta-
blished. The beneficial effects of periodontal treatment
on HbA1lc levels seem to be more apparent in type 2
diabetics and when antibiotics are associated to local
periodontal therapy, although other reports did not find
any improvement in diabetes control after periodontal
treatment. More research on type 1 and type 2 diabetic
subjects will be needed to know how periodontal
treatment affects diabetes metabolic control. In those,
it will be paramount to control other factors that may
affect HbA1c levels, such as diabetic medication, diet and
physical exercise.

HbA1c reduction after periodontal treatment is usually
less than 0.5%. New studies are needed to evaluate the
clinical significance of this improvement.

Additionally, it may be necessary to explore the
effects of different modalities of periodontal therapy in
patients with different types of diabetes and different
degrees of metabolic control.

Further analysis of inflammatory mediators, such
as CRP, may help to explain the relationship between
diabetes and periodontal disease, and the individual
variations detected in samples from different severities
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of diabetes and periodontal disease.

Any improvement in the control of diabetes and/
or periodontal disease has the potential to improve
significantly the quality of life in diabetic subjects.
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Abstract

Polycystic ovary syndrome (PCOS) is a common endocrine
disorder that affects up to 6.8% of reproductive age
women. Experimental research and clinical observations
suggest that PCOS may originate in the very early stages
of development, possibly even during intrauterine life.
This suggests that PCOS is either genetically-transmitted
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or is due to epigenetic alterations that develop in the
intrauterine microenvironment. Although familial cases
support the role of genetic factors, no specific genetic
pattern has been defined in PCOS. Several candidate
genes have been implicated in its pathogenesis, but
none can specifically be implicated in PCOS development.
Hypotheses based on the impact of the intrauterine
environment on PCOS development can be grouped
into two categories. The first is the “thrifty” phenotype
hypothesis, which states that intrauterine nutritional
restriction in fetuses causes decreased insulin secretion
and, as a compensatory mechanism, insulin resistance.
Additionally, an impaired nutritional environment can
affect the methylation of some specific genes, which can
also trigger PCOS. The second hypothesis postulates that
fetal exposure to excess androgen can induce changes
in differentiating tissues, causing the PCOS phenotype to
develop in adult life. This review aimed to examine the
role of fetal programming in development of PCOS.

Key words: Polycystic ovary syndrome; Androgens;
Fetal programming; Intrauterine growth retardation;
Genetic

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

Core tip: Polycystic ovary syndrome (PCOS) is a highly
complex and heterogeneous disorder that is significantly
influenced by genetic and environmental factors. There
is some evidence that the development of PCOS may
begin during the intrauterine period. Fetuses exposed
to intrauterine nutritional restriction often have lowered
insulin secretion and, as a compensatory mechanism,
insulin resistance, which is known as the “thrifty” pheno-
type. Additionally, an impaired intrauterine nutritional
environment can affect the methylation of some specific
genes, which can trigger PCOS. The other hypothesis
postulates that fetal exposure to excess androgen can
induce changes in differentiating tissues, causing the
PCOS phenotype and related disorders to develop in
adult life.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a complex disorder
characterized by defects in primary cellular control
mechanisms that can result in hyperandrogenemia,
hyperinsulinemia, insulin resistance, and chronic ano-
vulation. PCOS is the most common endocrinologic
disorder among women of reproductive age. Its pre-
valence typically ranges between 4% and 8% in diverse
populations, but it has been reported to be as high as
25%!Y, The variations in the reported prevalence of PCOS
have been attributed to the use of different diagnostic
criteria. Three main diagnostic criteria systems that are
currently accepted for PCOS are those from the National
Institutes of Health (NIH, 1990), Rotterdam (ASRM/
ESHRE, 2003), and Androgen Excess Society (AES,
2006). According to the Rotterdam criteria, the diagnosis
of PCOS is based on the presence of at least two of
the following three clinical features: polycystic ovarian
morphology, oligo/amenorrhea and hyperandrogenism.
However, the NIH criteria require only oligo/amenorrhea
and hyperandrogenism for a diagnosis, while the AES
criteria require a combination of biochemical or clinical
hyperandrogenism along with chronic anovulation or
polycystic ovarian morphology'?. Although it is consi-
dered to be a disorder of reproductive age women (based
on its classical symptoms of amenorrhea, hirsutism, and
infertility), it can affect a woman any time during her
life. Affected persons have a lifetime risk of disorders,
including glucose metabolism, cardiovascular diseases,
endometrial hyperplasia and/or cancer”.

The underlying causes of PCOS are not known.
However, its signs and symptoms typically appear during
or close to the onset of puberty. Signs of precocious
pubarche and adolescent hyperandrogenemia with or
without insulin resistance may indicate the early stages
of PCOS®. Further, epidemiologic studies have shown
that adolescents with the aforementioned signs of
PCOS had lower birth weights than those of controls™.
These results suggest the hypothesis that PCOS is a
continuum of a process that begins during intrauterine
life.

PCOS is also believed to be caused by several genetic
and environmental factors. The prevalence of PCOS
has risen in populations where the gene pool has been
relatively constant, which indicates that environmental
factors may be playing a more important role in its
development™, Further, obesity has been linked to the
development of PCOS in susceptible individuals. A recent
study revealed that, when compared with matched
controls, non-obese women with PCOS had higher levels
of glycotoxins, hyperandrogenemia, and advanced
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glycation end products, which were positively correlated
with insulin resistance indices®. Some recent animal
studies and observational human studies have suggested
that impaired nutrition and steroidal environment
during intrauterine life may play an important role in the
development of PCOS",

GENETICS OF PCOS

Although case reports indicate that PCOS clusters within
families, genetic studies have been inconclusive™®. Twin
studies have shown a heritability of 79% for PCOS with
a correlation of 0.71 between monozygotic twins and
0.38 between dizygotic twins!'*’. The clinical presentation
of PCOS varies widely and there is currently no con-
sensus on its diagnostic criteria>**, Studies aimed at
determining a genetic model of PCOS have produced
different results when varying diagnostic criteria were
used. For instance, some studies accepted hirsutism
and ovaries with a polycystic appearance as diagnostic
criteria (Rotterdam criteria) for the disease; these studies
suggested that PCOS may have an autosomal dominant
or X-linked simple Mendelian trait. Other studies using
oligomenorrhea and hirsutism as the diagnostic criteria
(NIH criteria) have reported lower genetic penetration
rates’™*”), On the other hand, some other recent studies
have shown that the genetic aspect of insulin resistance
is more prominent than that of hyperandrogenism in
PCOS patients'®. In conclusion, there is not yet a clearly
established genetic model of PCOS. This is due to the
diversity of both the diagnostic criteria and the clinical
presentations of the disease, differences in its prevalence
among various ethnic populations, and the limitations
of some prior studies with respect to the number of
subjects and statistical analyses used”.

While the etiology of PCOS remains unclear, in-
trinsic abnormalities in the synthesis and secretion of
androgens, insulin and gonadotropins provide a plausible
basis for the syndrome. Therefore, it has been suggested
that specific primary enzyme abnormalities in these
steroidogenic pathways may be an important cause of
PCOS. Many different genes encoding these enzymes
have been studied to determine the etiology of PCOS;
these genes have altered expression, suggesting that the
genetic abnormalities in PCOS affects signal transduction
pathways controlling steroidogenesis, steroid hormone
action, gonadotropin action and regulation, insulin action
and secretion, energy homeostasis, chronic inflam-
mation, and more (Table 1)™%”), These genes may each
contribute separately, or they might act collectively.
Moreover, different variation in the same gene (allelic
heterogeneity) and possible gene-environment interac-
tions may have different effect on gene function. Data
suggests that as of yet, there are no gene defects
considered to be responsible for the etiology of PCOS;
however, several studies have looked at many candidate
genes and have suggested that alterations in these
genes may contribute to the development of PCOS.
Nevertheless, future studies are needed to determine
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Table 1 Genetics of polycystic ovary syndrome

The genes associated with PCOS

Genetic mutation (specific enzyme, protein or receptor)

Genes involved in ovarian and adrenal steroidogenesis

CYP11A (P450 cytochrome)
CYP21 (21-hydroxylase)
CYP17 (17a-hydroxylase and 17,20-lyase)

CYP19 (the enzyme complex aromatase: cytochrome P450 aromatase, the NADPH cytochrome

Genes involved in steroid hormone actions

Genes involved in gonadotropin action and regulation
Genes involved in insulin action and secretion

P450 reductase 30, and P450 arom)
AR-VNTR polymorphism (the androgen receptors)

4-kb gene - A pentanucleotide repeat polymorphism (SHBG)

Trp8Arg and Ilg15Thr (the B-subunit of LH)
INS -VNTR (insulin)
INSR-SNP (insulin receptor)

Gly972Arg for IRS1, Gly1057Asp for IRS2 (insulin receptor substrates)

Genes involved in energy homeostasis
Genes involved in chronic inflammation

112/121 haplotype of CAPN10 (calpain-10)
Apal; rs680-SNP (IGF-1, IGF-2)
T45G in exon 2 and G276T in intron 2 (adipocytokines)
Mutation 308 A alleles (TNF-o)

TNEFR2, IL-6 signal transducer gp 130, IL-6 receptor genes (type-2 TNF receptor, IL-6)

Polymorphism 4G/5G (PAI-1)

PCOS: Polycystic ovary syndrome; PAI-1: Plasminogen activator inhibitor-1; IL-6: Interleukin-6; TNF-o: Tumor necrosis factor o; IRS: Insulin receptor

substrates; INSR: Insulin receptor.

which genes are the most appropriate PCOS biomarkers.
In addition, more recent genetic approaches, namely
genome-wide association studies, may begin a new era
in PCOS research™.,

EXPERIMENTAL ANIMAL STUDIES

Experimental evidence supports the hypothesis that the
phenotypic expression of PCOS is strongly influenced
by the intrauterine environment. Initial studies on rats
have shown that elevated testosterone (T) levels early
in intrauterine life are related to anovulatory sterility and
ovarian polycystic changes in offspring®>". Prenatally
T-treated monkeys and sheep serve as good models of
PCOS because follicular differentiation in these species
is similar to that in humans™. The results of studies on
prenatally androgenized rhesus monkeys are summarized
as follows: (1) Following cessation of maternal testo-
sterone treatment in the early period (beginning on
days 40-44 of gestation; term 165 £ 10 d), fetuses of
these mothers had irregular ovulatory menstrual cycles,
ovarian hyperandrogenism, enlarged polyfollicular
ovaries and luteinizing hormone (LH) hypersecretion,
insulin resistance, diminished insulin secretion, increased
incidence of type 2 diabetes, visceral adiposity, and
hyperlipidemia. These conditions may be related to an
increase in Gonadotropin-releasing hormone (GnRH)
secretion, a reduced negative feedback effect of steroids
on LH release and/or increased gonadotropin response
to GnRH™*%, Normally, healthy fetuses undergo a
“critical hypothalamic hormonal period” during sexual
differentiation. During this period, a sufficient androgenic
stimulus in the brain allows for tonic gonadotropin release
and contributes to male-type development; on the
other hand, an insufficient androgenic stimulation level
promotes the development of a female-type synaptology
that is characterized by cyclic GnRH release™. An
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increased frequency and amplitude of GnRH release
increases LH levels and impairs folliculogenesis, resulting
in the anovulatory clinical picture that is characteristic
of PCOS. Female offspring of monkeys that were
androgenized during fetal life and have high LH levels
have hormonal profiles similar to those of the normal
male-type hormonal profile; (2) female monkeys similarly
exposed to androgen excess during late gestation
(100-110 gestation days) also exhibit an adult PCOS-like
phenotype, but they do not have obvious abnormalities
in LH and insulin secretion or in insulin action®”; (3)
prenatally androgenized monkeys have high blood
levels of androstenedione at birth and their androgens
of adrenal origin continue to increase for a period of
4-25 mo after birth, suggesting that prenatal androgen
exposure may permanently alter adrenal androgen pro-
duction®¥; (4) fetuses that are androgenized during
the prenatal period have an increased number of
primary, growing preantral, and small antral follicles
and an accelerated proliferation of granulosa cells. In
addition, an excess of prenatal androgen increases
the mRNA expression of follicle-stimulating hormone
receptor, insulin-like growth factor I (IGF-1) and the
IGF- I receptor in granulosa cells. These morphological
changes are similar to the increased follicular develop-
ment from the primordial follicle pool that is seen in
PCOS patients. Furthermore, prenatally androgenized
fetuses have increased 5a-reductase and decreased
aromatase activities, which are similar to mechanisms
involved in the impaired follicular maturation of PCOS
patients®’*®); (5) prenatally androgenized female
monkeys exhibit enhanced insulin secretion in both the
fetal and infant zona reticularis. Therefore, an excess of
fetal androgen may induce relative insulin hypersecretion
in exposed female fetuses and infants, which in turn
programs adrenal hyperandrogenism. In addition, the
amelioration of impaired insulin action has beneficial
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Maternal (i.e., PCOS) Fetal (genetic predisposition)

\ /

Prenatal excess androgen

/ N

Fetal reproductive system Fetal metabolic system
Hypothalamic effect: 1 LH Insulin resistance at target cells
Adrenal effect: 1 androstenedione 1 Insulin secretion
Impaired folliculogenesis 1 Visceral adiposity

IUGR
Impaired nutritional milieu (thrifty hypothesis)
Epigenetic modifications

Figure 1 Possible effects of prenatal excess androgen on the fetus. PCOS:
Polycystic ovary syndrome; LH: Luteinizing hormone; IUGT: Intrauterine growth
restriction.

glucoregulatory effects in both PCOS patients and in
prenatally androgenized female monkeys. Treatment with
Pioglitazone (a thiazolidinedione-based insulin sensitizer)
in prenatally androgenized female monkeys diminishes
the aspects of adrenal androgen excess and normalizes
menstrual cydicity™”; (6) the hypothesis that metabolic
disorders are programmed during the fetal stage is
supported by the finding that, despite normal T levels
after birth, prenatally androgenized male fetuses have
insulin resistance and pancreatic beta-cell defects similar
to those observed in females™; and (7) T excess, when
introduced prenatally, decreases birth weight in rodent
and sheep offspring. In addition, in humans, impaired
placental aromatization is accompanied by diminished
uteroplacental perfusion and low infant birth weight“®**,
It has been suggested that matemal T excess may reduce
fetal growth and birth weight via impaired placental
function (Figure 1).

CLINICAL OBSERVATIONS FOR THE
DEVELOPMENTAL ORIGIN OF PCOS

There is some evidence that female fetuses exposed
to high androgen levels during the intrauterine period
develop the clinical features of PCOS later in life.
In humans, it is not possible to perform controlled
studies to observe the fetal consequences of maternal
androgens; this is left to animal research. However,
some observations have been made in humans to
support the validity of this hypothesis. Female fetuses
having a congenital virilizing tumor or congenital adrenal
hyperplasia due to 21-hydroxylase deficiency have been
shown to display features of PCOS later in life, even
after eliminating the hyperandrogenemia with postnatal
therapies™™!. Similarly, it has been reported that female
fetuses of women with defects in the p-450 aromatase
gene and sex hormone-binding globulin gene, which are
rare conditions that cause androgenization, also develop
PCOS later in life™®. Furthermore, it has been shown that
exposure to androgen-like chemicals (e.g., Bisphenol A)
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can lead to PCOS™"*,

Another study showed that the maternal androgen
level is significantly higher in pregnant mothers with
PCOS compared to that in healthy pregnant women™®,
While the reason for elevated androgen levels in
pregnant women with PCOS has not yet been clarified,
it is hypothesized that it may be due to hCG-stimulated
androgen production in maternal theca cells or the
placenta. Under normal conditions, maternal androgens
or fetal adrenal androgens are rapidly converted to
estrogens by the activity of the placental enzyme aro-
matase. However, when the activity of this enzyme is
inhibited, the availability of androgens may increase.
Insulin has been shown to inhibit aromatase activity
in human cytotrophoblasts and can stimulate 3-hydro-
xysteroid dehydrogenase activity™. Therefore, hyperin-
sulinemia appears to coincide with elevated maternal
androgen levels in the development of PCOS in offspring
of pregnant women with the same disease. Furthermore,
this hypothesis may be supported by the observation
that the fetuses of diabetic mothers using insulin have
increased levels of macrosomia and fetal pancreatic g-cell
hyperplasia, as well as hirsutism, ovarian theca-lutein
cysts, ovarian theca cell hyperplasia, and high T and hCG
levels in the amniotic fluid®*.

In addition to having increased androgen levels during
pregnancy, women with PCOS may also deliver small-
for-gestational age newborns at a higher prevalence than
do normal control mothers®!. It is hypothesized that
prenatal exposure to androgens in the offspring of women
with PCOS may cause the development of the PCOS
phenotype later in life, and it may also be the reason
for low birth weight during the intrauterine period. With
this in mind, recent studies in girls have shown that low
birth weight is related to the development of premature
pubarche followed by functional hyperandrogenism,
insulin resistance with hyperinsulinism, and dyslipidemia
during adolescence. It has been suggested that these
manifestations may have a common early origint**%, A
study in which the authors followed pregnant women
during their entire pregnancies reported that pregnant
women with PCOS had a progressive increase in both
maternal androgens (testosterone and androstenedione)
and insulin resistance during their pregnancies, and
that these women were exposed to adverse pregnancy-
related events significantly more often than those in
the control group with a similar body mass index**’.
Fetuses of mothers with PCOS can have developmental
delay, which may be related to an elevated T level and
insulin resistance. It has been shown that increased
insulin resistance during pregnancy is related to adverse
pregnancy outcomes including gestational diabetes,
preeclampsia, preterm labor, and intrauterine growth
restriction (IUGR)™***. This hypothesis is also supported
by the fact that male children of mothers with PCOS also
have increased prevalence of impaired glucose tolerance,
insulin resistance, type-2 diabetes, dyslipidemia and
pancreatic beta-cell defects later in life"®,

Another possible mechanism related to the fetal
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programming of PCOS involves an impaired intrauterine
environment. Independent of elevated androgen levels,
intrauterine nutritional insufficiency for any reason
may lower insulin secretion and insulin resistance in
target tissues as an adaptive mechanism (the thrifty
hypothesis). The development of insulin resistance is
believed to be directly related to the body “predicting” a
life of starvation for the developing fetus. This fetus or
infant will have retarded growth and will likely develop
PCOS when exposed to nutritional surplus later in life.
Epidemiologic studies have demonstrated that babies
born with IUGR have an increased prevalence of meta-
bolic syndrome, type-2 diabetes, and hypertension later
in life, A recent study showed that urine from neonatal
infants with IUGR contained significantly increased levels
of metabolic syndrome-associated markers®. Although
conclusive evidence is lacking, it has been suggested that
an impaired intrauterine nutritional environment causes
epigenetic changes that trigger metabolic disorders
in adult life. The best evidence for this is that there is
hypomethylation in the 11p15 imprinting center region
that is responsible for the etiology of Silver-Russell
syndrome, which is characterized by severe IUGR, lack of
catch-up after birth, and specific dysmorphisms®”.

CONCLUSION

In conclusion, PCOS is a highly complex and hetero-
geneous disorder that is significantly influenced by
both genetic and environmental factors. Environmental
factors may play a role in the early stages of human
development by helping to convert a predisposed
genotype to the phenotypic expression of PCOS. In this
review, the possible roles of intrauterine environmental
factors in PCOS were summarized. Experimental animal
studies suggest that maternal hyperandrogenism at a
critical stage of fetal development may cause permanent
changes in fetal physiology that can trigger PCOS
development later in adult life. In humans, it is not
possible to perform controlled studies to observe the fetal
consequences of maternal androgens; however, some
observations have been made in humans to support the
validity of this hypothesis. In addition to having increased
androgen levels during pregnancy may also deliver small-
for-gestational age newborns at a higher prevalence that
do normal control mothers. Furthermore, an insufficient
intrauterine nutritional environment may also affect
PCOS development by affecting cellular metabolism in
target tissues or by causing epigenetic alterations to
specific genes.

Mechanisms triggering PCOS may be eliminated by
making improvements to the maternal hormonal environ-
ment and to the intrauterine nutritional environment.
Future studies are necessary in order to determine
whether insulin-sensitizing treatment of pregnant
women with PCOS, or prenatally androgenized animals,
will prevent postnatal PCOS in their daughters/female
offspring. Results from such studies may help to identify
a specific programming mechanism for PCOS.
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Abstract

Diabetes mellitus significantly increases the risk of
cardiovascular disease and heart failure in patients.
Independent of hypertension and coronary artery
disease, diabetes is associated with a specific cardio-
myopathy, known as diabetic cardiomyopathy (DCM).
Four decades of research in experimental animal
models and advances in clinical imaging techniques
suggest that DCM is a progressive disease, beginning
early after the onset of type 1 and type 2 diabetes,
ahead of left ventricular remodeling and overt diastolic
dysfunction. Although the molecular pathogenesis of
early DCM still remains largely unclear, activation of
protein kinase C appears to be central in driving the
oxidative stress dependent and independent pathways
in the development of contractile dysfunction. Multiple
subcellular alterations to the cardiomyocyte are now
being highlighted as critical events in the early changes
to the rate of force development, relaxation and stability
under pathophysiological stresses. These changes include
perturbed calcium handling, suppressed activity of
aerobic energy producing enzymes, altered transcriptional
and posttranslational modification of membrane and
sarcomeric cytoskeletal proteins, reduced actin-myosin
cross-bridge cycling and dynamics, and changed myofila-
ment calcium sensitivity. In this review, we will present
and discuss novel aspects of the molecular pathogenesis
of early DCM, with a special focus on the sarcomeric
contractile apparatus.
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Core tip: Pathological changes in cardiac muscle under-
lie diabetic cardiomyopathy (DCM) independent of
hypertension and atherosclerosis. In advanced diabetes,
fibrosis, hypertrophy and apoptosis, reduce myocardial
compliance, which leads to increased diastolic filling
pressures and overt left ventricular diastolic dysfunction.
However, detrimental changes in sarcomeric and other
cytoskeletal proteins in the cardiomyocytes of animal
models of diabetes precede remodeling of the cardiac
extracellular matrix, which has until now been considered
the main contributor to diabetic diastolic dysfunction.
An important target for preventing early DCM are the
protein kinase C/rho-kinase pathways that drive oxidative
stress and reduce myosin head cycling and prolong Ca**
transients.

Waddingham MT, Edgley AJ, Tsuchimochi H, Kelly DJ, Shirai
M, Pearson JT. Contractile apparatus dysfunction early in the
pathophysiology of diabetic cardiomyopathy. World J Diabetes
2015; 6(7): 943-960 Available from: URL: http://www.wjgnet.
com/1948-9358/full/v6/i7/943.htm DOI: http://dx.doi.org/10.4239/
wjd.v6.17.943

INTRODUCTION

Diabetes mellitus is a rapidly escalating global epidemic
with the International Diabetes Federation predicting
that the incidence of diabetes will rise to 552 million
people worldwide by 2030". Diabetes is a metabolic
disorder characterized by hyperglycemia, insulin defi-
ciency and or resistance. Type 1 diabetes mellitus
(T1DM) is triggered by an autoimmune mechanism and
accounts for approximately 5%-10% of diabetes cases.
Type 2 diabetes mellitus (T2DM) represents 90%-95%
of diabetes cases and is initiated by the interaction of
genetic, environmental and lifestyle factors'.

Diabetes is associated with a number of compli-
cations such as retinopathy™, nephropathy', peripheral
neuropathy™ and cardiovascular disease, which are
similar in their pathophysiological mechanisms in both
T1DM and T2DM. Cardiovascular disease is the most
common complication of diabetes and a leading cause
of morbidity and mortality in patients®™. Several lines
of evidence have established that chronic diabetes is
associated with pathological changes to the cardiac
muscle”™, coronary vasculature®*¥ and cardiac
autonomic nerves™**! all of which contribute to the
increased risk of cardiovascular disease!*"”’,

Independent of other cardiovascular complications,
a large body of evidence indicates that diabetes is
associated with a specific cardiomyopathy known as
diabetic cardiomyopathy (DCM)**2%, In the long term,
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people with diabetes more frequently have cardiovascular
complications and double the mortality rate®®". Moreover,
we have known for some time from the Framingham
Heart study that diabetic men and women are 2 and 5
times more likely to develop heart failure respectively,
independent of hypertension and coronary artery
disease™.

Initially, DCM was recognized by impaired myocardial
relaxation and left ventricle (LV) stiffening with pro-
gressive development of LV interstitial fibrosis and
cardiomyocyte hypertrophy™®®. Although the natural
history of DCM has never been directly studied, extensive
research utilizing experimental animal models of T1DM
and T2DM and advances in clinical cardiac imaging over
the past four decades support the notion that DCM is a
progressive disease, beginning in the early time course
of diabetes™.

Clinical investigations indicate that features of DCM
are present early after the onset of TIDM. In T1DM
patients, early DCM is identified by subtly reduced
peak myocardial systolic velocity and early diastolic
velocity preceding overt diastolic dysfunction™!. Early
abnormalities in diastolic function are also apparent in
patients with well-controlled T2DM in the absence of LV
hypertrophy™.. Similarly, in one of the most common
animal models, the streptozotocin (STZ) induced diabetic
rat, depressed rates of pressure development and decay,
reduced end systolic developed pressure and prolonged
relaxation times are evident as early as 2-3 wk post
diabetes induction™”*®!, prior to LV remodeling®®®..

In the advanced stages of diabetes, a myriad of
cellular signaling pathways are chronically activated within
the heart, leading to fibrosis, hypertrophy and apoptosis,
resulting in inadequate myocardial compliance, increased
diastolic filling pressures and the development of overt
LV diastolic dysfunction. There is strong evidence from
prevention and intervention studies using animal models
that specifically targeting the structural manifestations
of advanced DCM improves LV function®>", However,
in the clinical setting, there is still uncertainty as to
whether structural remodeling is a cause or consequence
of DCMP, Functional abnormalities in isovolumetric
contraction and relaxation rates, as well as reduced
systolic developed pressure are common to both early
and advanced DCM. Moreover, it is not easy to diagnose
when structural change has occurred. As these cardiac
indices reflect the functional status of mechanisms
regulating intracellular events within cardiomyocytes
including the initiation and regulation of contraction and
relaxation, there is sufficient evidence that demonstrates
that subcellular changes to the cardiomyocytes can
account for the functional abnormalities observed in early
DCM.

In this review, we will focus on and discuss the
multiple cellular biochemical derangements, intracellular
signaling cascades as well as the structural and fun-
ctional changes to the cardiomyocyte and sarcomere
that establish the beginnings of contractile dysfunction
in DCM ahead of myocardial remodeling and overt LV
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diastolic dysfunction.

EARLY BIOCHEMICAL DYSFUNCTION
AND THE CELLULAR SIGNALING
PATHWAYS INVOLVED IN DCM

Diabetes is associated with hyperglycemia, hyper-
lipidemia, hyperinsulinemia and or insulin resistance.
However, unlike T1DM, abnormal glucose homeostasis,
hyperinsulinemia and insulin resistance frequently
precede development of T2DMP?!, Regardless of the
etiology of the disease, diabetes results in multiple
cellular metabolic derangements, including increased
production and accumulation of advanced glycation
end-products in the extracellular space, increased polyol
and hexosamine pathway flux and activation of various
protein kinase C (PKC) isoforms®* (Figure 1). In the
myocardium, these biochemical derangements drive the
generation of oxidative stress, a key contributor to the
development of DCMP™! (Figure 1A).

Oxidative stress

The development of oxidative stress has long been
recognized as a cardinal molecular event in the initiation
and progression of DCM. Importantly, in the long-
term, diabetes and insulin resistance induce myocardial
oxidative stress from a number of sources leading to
enhanced production of reactive oxygen species (ROS)
and reactive nitrogen species, whilst also diminishing
the heart’s antioxidant defense system (reviewed by”®).
The specific mechanisms of how each of these sources
generate oxidative stress are beyond the scope of this
review and are described in detail by Huynh et af*”.,

In the setting of chronic experimental diabetes,
oxidative stress has been consistently implicated in
myocardial remodeling and diastolic dysfunction. Studies
conducted by our group and others demonstrate that
elevated ROS expression and compromised antioxidant
defense are associated with myocardial fibrosis,
hypertrophy and diastolic dysfunction in STZ induced
T1DM rats®**), Similar findings have been reported in
genetic models of advanced T2DM including the db/db
mouse!™”, the Goto Kakizaki (GK) rat’® and the Otsuka
Long-Evans Tokushima Fatty (OLETF) rat™*".

A role for oxidative stress in the initiation of DCM
has also been shown to occur early after the induction
of diabetes in animals. One source of myocardial
oxidative stress that certainly plays a role in early
DCM is nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase. Inhibition of NADPH oxidase shortly
after the onset of diabetes attenuates subsequent
interstitial fibrosis and completely restores systolic and
diastolic function in diabetic rats™*”. Three to five weeks
post induction of diabetes in rats, there is a significant
increase in myocardial oxidative stress (nitrotyrosine
and lipid peroxidation), which is associated with con-
tractile dysfunction®*%, Antioxidant treatment with
N-acetylcystine (NAC) significantly improved the pro-
longed rates of LV pressure decay, but not the rates of
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pressure development™®. While myocardial remodeling

was not directly assessed by Cheng et al"**, the
improvements in LV diastolic indices they observed are
most likely caused through actions on cardiomyocyte and
sarcomeric function (Figure 1A).

Oxidative stress has been widely reported to induce
posttranslational modifications of a large variety of
contractile proteins within the sarcomere with redox
modifications of such proteins playing a pivotal role
in the evolution of heart failure (reviewed extensively
by references'***®). Therefore, in early DCM, cardiac
contractile dysfunction is likely to arise in some part as a
consequence of oxidative stress, through posttranslational
modifications of contractile proteins as opposed to
myocardial structural alterations derived from the in-
creasing burden of chronic oxidative stress associated
with advanced DCM. Two distinct cellular signaling
cascades that drive generation of oxidative stress through
NADPH production are the renin angiotensin aldosterone
system (RAAS)**® and the PKCB: pathway*>” (Figure
1A). Both have been implicated in the early pathogenesis
of DCM.

RAAS
It has been known for many years that the RAAS is a
key contributor to the development and progression
of renal®™, vascular® and cardiac™™ complications
in diabetic patients, mainly by its effector molecule,
angiotensin 1T (ANGII). Since systemic RAAS activity is
unchanged or downregulated in diabetes®™**, local RAAS
in the heart is thought to be responsible for the local
production of ANGII. All the components of the classic
RAAS have been identified in the heart including renin,
angiotensinogen, ANG I , angiotensin converting enzyme
(ACE), ANGII and ANGII type 1 receptors (AT:R)™®,
Traditionally, it is accepted that chronic activation of the
RAAS in advanced T1DM and T2DM diabetes increases
myocardial levels of ANGII. In addition to its potent
vasoconstrictor actions, ANGII promotes myocardial
remodeling by driving collagen production, extracellular
matrix protein accumulation®®”, fibrosis, myocyte hyper-
trophy, apoptosis, impaired calcium handling, myofibrillar
dysfunction and oxidative stress, all of which combine to
evoke overt LV diastolic dysfunction®*®*®**! (Figure 1B).
Newer evidence suggests that in addition to the activation
of classic RAAS, diabetes sequesters the activity of the
cardiac ACE2-ANG-(1-7)-Mas receptor axis (Figure 1B),
which opposes the pressor, fibrotic and hypertrophic
effects of ANGII (reviewed in references® ). Although
RAAS research in the context of DCM is in its infancy,
the few studies conducted have reinforced the notion
that diabetes suppresses cardiac ACE2-ANG-(1-7)-Mas
receptor pathway in the hearts of rodents with chronic
T1DMP®®! and T2DM™?, resulting in myocardial remode-
ling and diastolic dysfunction in the long term (Figure
1B). Therefore, restoring the balance of the pathological
and cardioprotective arms of local RAAS in chronic
DCM has been proposed as a novel and more effective
therapeutic strategy™®®,

In prediabetic, insulin resistant and early T1DM
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Figure 1 Cellular signaling pathways. A: Cellular signaling pathways driving contractile dysfunction in early diabetic cardiomyopathy; B: Cellular signaling pathways
involved in the development of overt LV diastolic dysfunction in diabetes. ANG I : Angiotensin II; DAG: Diacylglycerol; NADPH: Nicotinamide adenine dinucleotide
phosphate; PKC: Protein kinase C; RAAS: Renin angiotensin aldosterone system; ROCK: Rho kinase; AGE: Advanced glycation end products; ANG1-7: Angiotensin 1-7;
ETC: Electron transport chain; iNOS: Inducible nitric oxide synthase; NF-kB: Nuclear factor-xB; NO: Nitric oxide; SOD: Superoxide dismutase; LV: Left ventricle.

animal models, there is also a potential role for elevated
myocardial ANGII and activation of the classic RAAS
arm in the initiation of cardiomyopathy. AT:R-dependent
NADPH oxidase-mediated oxidative stress is apparent
in the hearts of insulin resistant, prediabetic OLETF
rats”””. Normal myocardial nitric oxide production is
restored after AT:R blockade in a dietary induced rat
model of obesity and insulin resistance”". Moreover,
one week of STZ diabetes in rats significantly increases
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intracellular ANGII content in cardiomyocytes and
is associated with myocardial oxidative stress and
apoptosis’?. Unfortunately, as cardiac function was
not assessed in these studies, it is not possible to say if
the activation of the classic RAAS is responsible for LV
contractile dysfunction documented in these early stages
of diabetes. However, in support of this possibility, other
studies have shown that increased RAAS activity in the
hearts of diabetic animals is associated with impaired
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calcium handling™”* and reduced myofibrillar ATPase
activity™®*. Thus, there is a strong possibility for an early
involvement of the RAAS in the pathogenesis of DCM as
these subcellular alterations are often associated with
early LV contractile dysfunction in diabetes (Figure 1A,
broken line). Further studies are needed to clarify the
involvement of classic RAAS and the ACE2-ANG-(1-7)-
Mas receptor axis in contractile dysfunction at this time
point, and if other angiotensin peptides” and the ATzR
have any role in DCM development.

PKCpj: pathway

There are multiple PKC isoforms in existence (a, Bt, B2,
v, 8, & m, 0, & I/A), which all regulate a large variety of
cellular functions. In diabetes, hyperglycemia causes
de novo synthesis of diacylglycerols, in turn activating
several PKC isoforms in various tissues including the
eye, kidney, vasculature and heart (reviewed extensively
elsewhere”*”®) (Figure 1A). Of particular interest is
the PKCB2 isoform, which is found in the right and left
ventricles of the heart””. In rodent models of chronic
STZ-induced T1DM, increased PKCpz2 expression and
activity results in cardiomyocyte hypertrophy, fibrosis and
impaired cardiomyocyte calcium handling capabilities,
ultimately prolonging active diastolic relaxation and
reducing passive compliance”®®! (Figure 1B). Elevated
myocardial PKCB2 expression levels are also reported
in @ rat model of dietary induced insulin resistance and
T2DM™,

In the context of early DCM, one month after STZ
induced diabetes in pigs, both cardiac PKCB2 mRNA and
protein expression is significantly increased compared
to euglycemic controls®. Consistent with this finding,
two weeks post STZ diabetes induction, PKCB2 protein
activity is significantly increased in the hearts of rats®®'.
Furthermore, selective PKCB: inhibition from shortly after
the onset of STZ diabetes prevented cardiomyocyte
hypertrophy and NADPH oxidase mediated oxidative
stress and thereby restored cardiac function to that of
control rats®®. A significant finding of that study was
antioxidant treatment with NAC had comparable effects to
PKCB2 inhibition in attenuating NADPH induced myocardial
oxidative stress and hypertrophy. However, PKCp2
inhibition was superior in preventing cardiac dysfunction
by completely restoring isovolumetric relaxation timest®.
This suggests that PKCp: also acts through oxidative
stress independent pathways in the development of LV
contractile dysfunction in early diabetes.

The Rhoa/Rho kinase pathway axis - a possible
mechanism for oxidative stress independent contractile
dysfunction in early DCM

The Rho Kinases (ROCK), ROCK1 and ROCK2, are
Rho-associated kinases activated by the small GTP-
binding protein RhoA. ROCK1 is ubiquitously expressed,
whereas ROCK2 appears to be brain and cardiac
specific®, The RhoA/ROCK pathway controls a diverse
range of cellular processes in the cardiovascular system
(see review™), but primary actions of ROCK that are
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pertinent to this review are the regulation of actin-
myosin interactions™ and maintenance of cytoskeletal
structure®™,

A large body of evidence has established that ROCK
is a key mediator of diastolic dysfunction in various
rodent models of heart disease including hypertensive
cardiomyopathy™® ¥, pressure-overload hypertrophy®"
and myocardial infarction in mice®’, as well as in patients
with chronic heart failure®. As a consequence, ROCK
has gained attention as a promising therapeutic target for
diabetic patients with diastolic dysfunction and preserved
ejection fraction™”. In a small cohort of T2DM patients,
daily administration of fasudil, a specific ROCK inhibitor,
for two weeks significantly improved isovolumetric
relaxation time, deceleration time, E/A wave ratio and
E/e’ wave ratio in comparison to baseline measures and
placebo treated patients®”), Although not specifically
identified in the aforementioned clinical study, elevated
ROCK activity leads to diastolic dysfunction in chronic
diabetes by inducing fibrosis, hypertrophy and cardiac
ultrastructural remodeling®®®*®!. However, considering
that ROCK is pivotal in regulating contractility at the level
of the sarcomere and given the marked improvement
in active diastolic indices in patients treated with fasudil,
we speculate that elevated ROCK activity primarily
drives diastolic dysfunction by modulation of sarcomeric
proteins.

Early ROCK activation may also contribute to the
initiation of DCM. Acute inhibition of ROCK in diabetic
rats rapidly alleviates cardiac contractile dysfunction and
increases developed force!'®, confirming ROCK has a
direct interaction with the cardiomyocyte’s contractile
apparatus. Work conducted by our group demonstrates
depressed actin-myosin dynamics and LV contractile
dysfunction®" is associated with modestly elevated
myocardial ROCK1 and ROCK2 expression''® suggesting
that in the early diabetic rat heart, ROCK may drive
contractile dysfunction by impairing actin-myosin interac-
tion. Interestingly, we found all of these changes to occur
largely independent of oxidative stress™™®?, Given the
recent studies describing complex interactions between
PKCp2 and ROCK in chronic experimental DCM™*** and
the hypothesis that PKCp: is able to modulate cardiac
function by oxidative stress independent mechanisms™,
it is conceivable that PKCB2 may indeed be acting through
ROCK to prolong diastolic relaxation times (Figure 1A).
Thus, there is strong evidence that implicates the PKCRz/
RhoA/ROCK pathway in the pathogenesis and progression
of DCM™®, Future investigations that examine the roles
of ROCK at the level of the sarcomere in early diabetes
may provide a clearer understanding of the initiating
factors involved in DCM.

EARLY STRUCTURAL AND FUNCTIONAL
CHANGES TO THE CONTRACTILE
APPARATUS IN DCM

It has been widely held for some time that the diastolic
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Figure 2 Subcellular alterations in various compartments of the cardiomyocyte in diabetic cardiomyopathy. PLB: Phospholamban; SERCA: Sarcoplasmic

reticulum Ca”-ATPase; SR: Sarcoplasmic reticulum; RyR: Ryanodine receptor.

dysfunction associated with DCM is primarily attributed
to increased LV fibrosis and hypertrophy, causing sti-
ffening of the myocardium. However, a growing number
of research findings provide evidence that insulin
resistance and hyperglycemia also alter cardiomyocyte
intracellular processes responsible for initiating and
regulating cardiac contraction and force development on
a beat-to-beat basis (see reviews!'**'%!), These include
declines in cardiomyocyte calcium handling abilities,
aerobic energy producing enzyme activity, integrity of
cytoskeletal structures as well as sarcomeric dysfunction
(Figure 2). In the following section we will discuss
how all of these subcellular alterations contribute to
contractile dysfunction in early DCM in both T1DM and
T2DM (Table 1).

Alterations in calcium handling proteins and excitation-
contraction coupling

Sufficient and timely transport of calcium ions (Ca**)
in and out of the cardiomyocyte and sarcoplasmic
reticulum (SR) is vital for the maintenance of normal
cardiac function. During systole, Ca** enters through
sarcolemma L-type Ca** channels and Ca** clusters
are released spontaneously from the SR Ca®* stores
via the ryanodine receptor (RyR). The release of Ca**
clusters causes Ca** sparks and initiates contraction
by excitation-contraction coupling. In diastole, Ca®* is
pumped back into the SR via SR Ca’*-ATPase (SERCA)
and out of the cytosolic spaces by the Na*/Ca®* ex-
changer, driving myocardial relaxation.

Systolic and diastolic Ca®* handling impairment
is characteristic of TIDM, even in the early stages.
Three weeks post STZ, SR Ca®* reuptake is prolonged
and SERCA activity is decreased in comparison to the
control group of normoglycemic rats™®”. Slowed rates
of contraction and relaxation in diabetic rats were
attributed to prolonged Ca®* transients and SR reuptake
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in isolated papillary muscle preparationsi'®, In the whole
heart, Takeda et al'**' also reported that prolonged
myocardial relaxation in early diabetes was associated
with depressed sarcolemma Ca®* extrusion and SR Ca**
reuptake, and reduced SERCA activity. More recently,
it has been demonstrated that a progressive loss of
cardiomyocyte Ca®* handling abilities occurs ahead of LV
contractile dysfunction in diabetic ratst*'”,

Whether impaired Ca** handling is also an early
event in the insulin resistant state and early T2DM is
unclear. For example, in sucrose fed rats with insulin
resistance™! and early T2DM"*?, impaired ventricular
and cardiomyocyte relaxation is associated with de-
creases in SERCA and RyR expression and prolonged
SR Ca®" reuptake. However, in young prediabetic GK
rats, appreciable changes in gene expression of Ca**
handling proteins only resulted in moderate prolongation
of shortening and a slower decay of Ca** transients™,
Similarly, in cardiomyocytes from young Zucker diabetic
fatty (ZDF) rats, prolonged relaxation times cannot
be fully explained by disruptions in Ca** handling™.
In stark contrast, Fredersdorf et al''**! have reported
increased SERCA expression and Ca** sequestration
in ZDF rats with early DCM, suggesting enhanced Ca**
handling capabilities may be a compensatory mechanism
to preserve cardiac function in the presence of hyper-
glycemia. Thus, subtle or moderately compromised
cardiac contractile performance is not always attributable
to changes in Ca** handling, except in early T1DM.
Altered Ca** handling appears to be more important later
in the course of diabetes.

Myosin heavy chain, myofibrillar/myosin ATPases and
energy depletion

For cardiac contraction to occur, ATP bound to myosin
must be hydrolysed to ADP and phosphate. Once the
phosphate is released, ADP causes myosin to be strongly
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Table 1 Reported subcellular alterations to cardiomyocyte structure and function in early type 1 and type 2 diabetes and gaps in

our current knowledge

Cardiomyocyte function change

Type 1 diabetes

Type 2 diabetes

Excitation-contraction )1
coupling, calcium release-
reuptake and calcium l

sensitivity

11 cTnl phosphorylation

() cTnl phosphorylation, Ca*" sensitivity’

1 PKCB2 mediated AGE increase, Ca”" release™
| SERCA activity"”'®!""

[181] [113]

1 Ca” transient times
1 SERCA expression, SR Ca’* reuptake™”!
| SERCA, RyR expression!""™
1 SR Ca* reuptake time!"""

[123]

| SERCA and RyR expression""

| Diastolic Ca®" extrusion!
1 SR Ca* reuptake time
(-) ATP turnover'"® ?

Aerobic energy production
Sarcomere organization
Contractile force development

l | Myosin, myofibrillar ATPase activity'
| CB cycling, myosin-actin proximity’

(-) Myofibrillar, sarcomeric order

[109]

[108,109]

[130] ?
1 Systolic LV pressure, CB formation"*”!
117-120,143] 7

[101,123,124]

| MLC2 phosphorylation, (-) cMyBP-C phosphorylation!™™!

1 ROCK expression, (-) nitrosylation

1 Va myosin isozyme expression

| Myosin head extension

| Relaxation rate

| MLC2 phosphorylation, (-) cMyBP-C phosphorylation
1 Nitrosylation, lipid peroxidation, prolonged relaxation!*”
1T ANGII mediated oxidative stress'

1 PKCB2 mediated oxidative stress, apoptosis™

Contractile force transmission, 1
sliding velocity and

compliance

Cardiomyocyte hypertrophy 1

and apoptosis

[102]

[117,122-124] 139]

1 Diastolic myosin head separation!
1 Ventricular, myocyte relaxation"""”
1 Shortening time!"!

1 Relaxation time

[101]
[101,123,124]

[123]
44]
[72]

1 ANGII mediated NADPH Ox™

1 PKCB: mediated oxidative stress, hypertrophy'™

References quoted as they appear in text. 'Study conducted in humans; (-): No change compared to controls; AGE: Advanced glycation endproducts;
ANGII: Angiotensin II; CB: Cross-bridge; cMyBP-C: Cardiac myosin binding protein C; ¢Tnl: Cardiac troponin I; MLC2: Myosin light chain 2; NADPH
Ox: Nicotinamide adenine dinucleotide phosphate oxidase; PKC: Protein kinase C; ROCK: Rho kinase; RyR: Ryanodine receptor; SERCA: Sarcoplasmic

reticulum Ca”>"-ATPase; SR: Sarcoplasmic reticulum; LV: Left ventricle.

bound to actin and induces the force-producing power
stroke. Therefore, the rate-limiting step of cardiac
contraction is ATP hydrolysis by myofibrillar and myosin
ATPase!', It has been known for several decades now
that reduced myosin and myofibrillar ATPase activity is
associated with contractile dysfunction in early diabetes.
Three to four weeks post induction of T1DM, myosin and
myofibrillar ATPase activities are significantly reduced in
diabetic rats compared to normoglycemic, age-matched
controls!”**¥1, Other studies have demonstrated that
decreased myosin and myofibrillar ATPase activity is
associated with in vivo contractile dysfunction in early
diabetes in rats!*®! and reduced force development in
isolated muscle preparationst'*!. Depression of myosin
and myofibrillar ATPase activity in the diabetic heart is
due to myosin isozyme switching from Vi to Vs. Myosin
isozyme expression is determined by the predominant
myosin heavy chain (MHC) dimer™?., In the adult rodent
heart, the Vi (MHC.. homodimer, a-MHC) is present'®,
however isozyme switching to the Vs (MHCg homodimer,
B-MHC) is commonly exhibited in diabetic rodents.
Such a Vs isozyme shift has been reported along with
depressed myosin ATPase activity in early diabetic rats,
with some demonstrating a concomitant prolongation
of tension development (without change in net tension
development) and contraction times in isolated papillary
muscle preparations™*”**?!, Notably, it has been shown
that marked expression of B-MHC slows actin-myosin
kinetics and thereby contributes to contractile dysfunction
in early diabetes™#24,

Despite these convincing studies using animal
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models, clinical experiments utilizing phosphorus
magnetic resonance spectroscopy in T2DM patients
with early DCM have found no association between
diastolic dysfunction and ATP turnover™™®!, Thus, it is
unclear if altered energetics of contraction is a cause or
consequence of diabetes.

Changes in the structural compliance and order of the
cardiomyocyte cytoskeleton network
The cardiomyocyte cytoskeleton is a highly organized
and complex subcellular structure. The cytoskeleton
can be divided into four main structures, this being
the sarcomeric, extra-sarcomeric, membrane-sub-
membrane and nuclear cytoskeleton*. Although the
cytoskeleton is considered a unified structure throughout
the cardiomyocyte, there is a clear functional division
between the contractile part, the sarcomere, and the
non-contractile parts that transmit the developed power
and ensures structural integrity of the cell and the
functional syncytium!*?”), Arguably, the extra-sarcomeric
cytoskeleton, comprising of microtubules, actin myofi-
laments and intermediate desmin filaments are as
important for myocyte contraction as the sarcomeres,
since these structures transfer the power produced by
the sarcomeres through tethering of the sarcomere at
the Z-disc to the submembrane skeleton and sarcolemma.
In the diabetic heart, there are inconsistent findings
concerning the possible involvement of structural
alterations to the sarcomere in the development of
contractile dysfunction. One study using electron
microscopy reported that hearts with advanced DCM
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exhibited disarray of normal sarcomeric order, which
was assodiated with contractile dysfunction!*®!. However,
others have been unable to corroborate this finding.
In contrast, ventricular ultrastructure, and especially
the contractile apparatus, remained largely unchanged
8 mo post T1DM induction in rats™*. Jackson et af**”
demonstrated that in the initial stages of DCM sarcomeric
and myofibrillar assembly remain unchanged from that of
age-matched, normoglycemic controls, despite depressed
contractile function. A unique feature of the sarcomeric
cytoskeleton is the interaction of a myriad of proteins that
provide exceptional stability. One of the major scaffolding
proteins within the sarcomere is titin, a giant protein
that spans half of the sarcomere from the Z-disc to the
M-line, which provides spring-like recoil of the sarcomere
to its relaxed length and facilitates power transmission
of the sarcomere through the Z-disc. Titin exists in two
isoforms; the stiffer N2B and the more elastic N2BA™",
The expression ratio and phosphorylation state of both
isoforms are tightly controlled to regulate myocyte
compliance and sarcomeric order'®?, In the adult heart,
the N2B isoform is predominantly expressed'**?, although
a transition toward the N2BA isoform has been observed
during the progression to heart failure!*. Indeed,
titin isoform switching from N2B to N2BA has been
demonstrated in the hearts of rats with advanced T1DM
and diastolic dysfunction™*', Interestingly, in obese rats
with T2DM, titin N2B hypophosphorylation contributes
to contractile dysfunction in the absence of a change
of isoform composition'*”. Nevertheless, it is plausible
that changes in composition and or phosphorylation of
sarcomeric cytoskeletal proteins may be more responsible
for contractile dysfunction in diabetes as opposed to overt
disruption of sarcomeric order and organization.

Diabetes also affects microtubule function in the
extra-sarcomeric compartment of the cytoskeleton.
Microtubules are hollow protein cylinders created by the
polymerization of o and B tubulin heterodimers. Amongst
other functions, microtubules regulate the flexibility of
the cytoskeleton and thus the contractile capacity'**”.
In the hearts of diabetic rats, microtubule flexibility
is diminished****®!, The lack of microtubule flexibility
impedes adequate transfer of the power generated
by the sarcomere and thus, contributes to contractile
dysfunction™”**, Polymerization of cytoskeletal actin
filaments is increased in diabetes and essential for
activation of the PKCBz2/RhoA/ROCK pathways'' .
The contribution of the extra-sarcomeric cytoskeleton
is commonly overlooked in the pathogenesis of DCM
and warrants further investigation, not only in areas of
mechanical power translation but signal transduction
between the sarcolemma, sarcomeres and the nucleus.

Actin-myosin cross-bridge dysregulation

The formation and dissociation of the actin-myosin
cross-bridges (CBs) in the cardiac sarcomere is a pivotal
determinant of force development and contractility.
Various experimental approaches including X-ray diffrac-
tion™*, simultaneous recording of heat generation!*”!
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and the measurement of the work of isolated muscle!***

have been used to investigate cardiac performance at
the level of the sarcomere and cardiomyocyte. These
approaches show that impaired cyclic transfer of myosin
heads to actin filaments contributes to contractile
dysfunction at the sarcomere level at the onset of
diabetes. Moreover, CB dysregulation is also observed
in the prediabetic state in the heart of insulin resistant
animals.

A significant reduction in CB cycling has been
reported in isolated cardiac muscle from early diabetic
rats, due to a preferential shift to the less efficient
B-MHC isoform!****¥, Indeed the time required for CB
detachment is inversely related to the proportion of
a-MHC expression in isolated ferret papillary muscle,
attesting to a clear role for p-MHC content in prolonging
CB kinetics'*?, Joseph et af***! demonstrated a reduced
rate of CB attachment and detachment due to diabetes
in ex vivo papillary muscle, as well as a significant
reduction in the total number of CBs recruited, without a
change in force developed per CB. Impaired CB dynamics
in this preparation was attributed to a slower myosin
ATPase turnover™, Accordingly, T1IDM is claimed to
have no discemible effect on CB mechanical efficiency in
isolated trabeculae from rats™**\. Although it is important
to recognize that in contrast to Joseph et a'*!, the
estimated number of CBs attached during contraction
did not differ between control and diabetic rats in the
study of Han et al™*. Recent X-ray diffraction studies
conducted by our group affirm these previous findings
when CB dynamics are determined across the different
layers of the ventricular muscle in situ, in the hearts of
early diabetid™® and prediabetic insulin resistant rats™*.
We demonstrated significant myosin head displacement
from actin filaments throughout the cardiac cycle, but
especially at end diastole, in the rat heart three weeks
post STZ induction™, Reduction in the proximity of
myosin heads to actin filaments at end diastole was
directly correlated with a prolonged LV pressure decay
rate in diabetic rats. Further, a transmural gradient was
found in actin-myosin separation, being most pronounced
in the deeper subendocardial layer™®!. However, we
also found that the change in CB transfer to actin under
B-adrenergic stimulation was comparable in control
and diabetic rats suggesting that the impairment of the
contractile apparatus precedes that of the p-adrenoceptor
signaling''®". In young prediabetic GK rats, we also found
significant myosin head displacement from actin at end
diastole in the subendocardial layer of the LV wall'*?. It
is still unclear if these altered CB dynamics translate to
significant LV dysfunction, but fiber shortening and Ca®*
transients are reported to be more prolonged in young
GK ratst*?,

It is noteworthy that X-ray diffraction recordings
from the in situ beating heart demonstrate in both STZ
induced diabetic rats and young prediabetic GK rats that
myosin-myosin separation (interfilament spacing) does
not differ from that of controls, and therefore altered
myosin head distribution cannot be explained by a
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\
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Myosin heavy MD<— M-domain
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Myosin light Myosin binding
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!

| Titin

Z-disc

Figure 3 lllustration of the cardiac sarcomere indicating the location of actin thin-filament and myosin thick-filament accessory proteins involved in the
regulation of actin-myosin cross-bridge dynamics and kinetics. C0-C10: Immunoglobulin-like and fibronectin-like domains of myosin binding protein C; MD:
M-domain of myosin binding protein C containing protein kinase phosphorylation sites.

difference in sarcomere length™, Since alterations in
thin filament complex cannot explain changes in myosin
head extension (despite being a critical determinant of
Ca’* sensitivity and CB cycling rates), this implies that
modifications to thick filament proteins that regulate
myosin head extension are likely to be involved in the
impaired CB dynamics and contractile dysfunction in
early DCM.

The thick filament accessory proteins - regulators of
myosin head extension

Two major proteins reside within the myosin thick
filament complex that regulate myosin head extension,
namely myosin light chain-2 (MLC2), otherwise known
as regulatory light chain and cardiac myosin binding
protein-C (cMyBP-C) (Figure 3). Detailed information
on the complex molecular structure and broader phy-
siological functions of both these proteins is beyond the
scope of this paper but has been reviewed extensively by
others (see reviews!***),

It is well accepted that MLC2 and cMyBP-C regu-
late myosin head extension by means of kinase
phosphorylation. In the case of MLC2, phosphorylation
is tightly regulated by MLC kinase and Ca®*/calmodulin-
dependent protein kinase (CaMK), and is dephos-
phorylated by MLC phosphatase (see review!™). X-ray
diffraction experiments conducted by Colson et a/'**!!
reveal that the negative charge created on the myosin
neck when MLC2 is phosphorylated, repels the negative
charge of the myosin backbone and thus, subsequently
the myosin heads are displaced toward the actin
filament.

cMyBP-C is a multifunctional protein within the
sarcomere that is primarily involved in the regulation of
contractility!*****! and the organization and structural
maintenance of the sarcomere!**™*®, cMyBP-C prevents
myosin head projection toward actin by a “tethering”
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mechanism™**®, however, upon phosphorylation, the

molecular tether mechanism is released and myosin
heads are freed to be displaced towards actint**4,
As protein kinase A (PKA) is the primary kinase that
phosphorylates cMyBP-C, it is thought that under
B-adrenergic stimulation, cMyBP-C works in cooperation
with the troponin complex to maintain force development
and adequate relaxation and LV filling at higher heart
rates!’®™. In support of this proposed role, cMyBP-C
phosphorylation by PKA evokes radial displacement of
myosin heads toward actin in isolated cardiac muscle!®?,
To date, seventeen phosphorylation sites have been
identified on cMyBP-C'"®*! however three (Ser273,
Ser282, Ser302)™ have been identified as crucial
regulators of contractility, which are all located within the
M-domain of cMyBP-C (Figure 3). CaMK is also able to
phosphorylate cMyBP-C at these sites in a Ca** dependent
manner and thereby play a potentially important role in
regulating contractile function independent of changes in
intracellular Ca** transients!**>'*,

Several studies have demonstrated diminished
phosphorylation of cMyBP-C in experimental®*®’**®® and
humant*®*¢%1%%l hon-diabetic cardiac disease. Although
there is paucity of information in the literature, some
evidence suggests that MLC2 and cMyBP-C phosph-
orylation are also reduced in DCM. In the hearts of
diabetic rats, a significant depression of MLC2 phospho-
rylation is reported, accompanied by prolonged LV
pressure development and decay rates’®’. Diabetic
swine also exhibit significantly reduced cMyBP-C
phosphorylation”", Most recently, in a rat model of early
DCM, MLC2 phosphorylation was significantly reduced in
comparison to normoglycemic controls while cMyBP-C
phosphorylation remained unchanged™*.

It should also be appreciated that other kinases
including PKCB2 and ROCK can directly phosphorylate
cMyBP-C, and thus, potentially impact on contractile
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function, without appreciably altering pan phosphory-
lation state. In isolated rat cardiomyocytes, increased
PKCp2 expression did not change pan phosphorylation
of cMyBP-C despite prolonging rates of shortening and
relaxation, but phosphorylation of Ser302 in particular
was significantly increased™’?!. Taken together with
the finding that phosphorylation Ser302 on cMyBP-C
modulates CB kinetics!*”®, this suggests that the
contractile dysfunction observed in the isolated cardio-
myocytes may, in part, be a result of altered CB dy-
namics. Others have also demonstrated active ROCK
directly phosphorylates cMyBP-C in cardiomyocytest’?,
Therefore, it is possible that cMyBP-C phosphorylation
by PKCpz2 and ROCK may not alter pan phosphorylation,
but may indeed impair CB dynamics by displacing
myosin heads from the thin filaments and slowing rates
of CB attachment and detachment. At the very least,
thick filament accessory proteins probably play a role
in contractile dysfunction in early DCM, although this
requires further investigation.

The actin thin filament troponin complex-could changes
in calcium sensitivity contribute to early DCM?

Much of our previous discussion has focused on diabetes
impact on the myosin thick filament, however we cannot
overlook the importance of the actin thin filament in
modulating cardiac contractile properties. The hetero-
trimeric cardiac troponin (cTn) complex is comprised
of ¢TnC (Ca®* reception site), cTnT and cTnl, the latter
two are involved in the transduction of the Ca**-binding
signal (Figure 3). The multiple interactions of cTnl and
cTnT with actin and tropomyosin regulate CB kinetics
and the number of recruited CBs (reviewed in™”*") (Figure
3).

CTnI is widely recognized to be the principle regulator
of CB kinetics and myofilament sensitivity of the thin
filament. Under physiological conditions, increased cTnl
phosphorylation at Ser23/24 by PKA (which usually occurs
under B-adrenergic stimulation) leads to decreased
myofilament Ca** sensitivity and accelerated CB
dissociation, and thus hastened relaxation”®. However,
under pathophysiological conditions when expression
and activity of PKC isoforms are elevated, PKC rather
than PKA predominantly phosphorylates cTnIt'’”). Ca**
sensitivity is decreased by PKC phosphorylation at
Ser23/24 of cTnl in @ manner similar to physiological
phosphorylation by PKA, but in contrast, phosphorylation
of other sites (Ser44/45 and Thr144) slow CB cycling
and sliding velocity and impair relaxation’®, Thus,
PKC-mediated phosphorylation of cTnl may partly
explain contractile dysfunction in advanced DCM. Many
studies have demonstrated that depressed myofilament
Ca”" sensitivity and PKC-induced increases in cTnl
phosphorylation are observed in the hearts of rats after
eight to twelve weeks of T1DM!7880),

In early DCM however, there are some conflicting
findings regarding the contribution of cTnl. One study
found that cellular PKCe translocation paralleled a 5-fold
increase in cTnI phosphorylation™®". Importantly, neither
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cardiomyocyte function nor myofilament Ca®* sensitivity
was examined in this study. Conversely, others reported
no changes in cTnl phosphorylation or myofilament
calcium sensitivity four weeks post TIDM induction™*?,
Therefore, there are some uncertainties as to the role of
cTnI changes in early DCM. Given the strong evidence
implicating cTnl in chronic diabetes models, this may
only be a prominent driver of contractile dysfunction in
the advanced stages of DCM.

Interestingly, ROCK is able to phosphorylate multiple
sarcomeric proteins. Vahebi et af'”* revealed a direct role
for ROCK activation in depressing myofilament tension
development and ATPase activity via phosphorylation of
CTnT of the thin filament complex, independent of MLC2
phosphorylation. A possible limitation of these findings
is that the authors used constitutively active ROCK2,
and whilst many other studies have demonstrated
functional changes in diabetes with selective ROCK
inhibition, not all have found an increase in ROCK phos-
phorylation!>'®?1, Nonetheless, there is evidence to
suggest an increase in ROCK activation in diabetes could
contribute to reduced CB cycling through modulation of
the thin filament, as well as the thick filament.

OTHER EXACERBATING RISK FACTORS
OF DCM

In the clinical setting, DCM is rarely diagnosed inde-
pendent of any additional risk factors, however, the
cumulative effects of multiple risk factors in insulin
resistance and diabetes has been rarely considered in
preclinical studies. Risk factors that have been shown
to exacerbate these disease states include hypertension
and obesity, both commonly present with T2DM in pa-
tients (reviewed by reference!*®). Hypertension alone
is a serious risk factor for the development of diastolic
heart failure. Raised systolic blood pressure associated
with hypertension evokes an increase in cardiac afterload
and accordingly, vascular remodeling and LV hypertrophy
ensue as pathophysiological adaptations to maintain
cardiac output. Several decades earlier, Factor et a*®"
showed that diabetes combined with hypertension
increased microvessel tortuosity, microaneurysms and
focal constrictions more than either disease state alone,
which would increase the risk of myocardial ischemia.
Activation of the RAAS and sympathetic nervous system
(SNS) in the hypertensive state leads to fibrosis and
cardiomyocyte hypertrophy, ultimately leading to
diastolic dysfunction (see review!®), In the context of
early DCM where LV structural remodeling is normally
absent, the additive effect of hypertension may acce-
lerate cardiomyocyte subcellular dysfunction. Jeong
et al"® have demonstrated that diastolic dysfunction
in deoxycorticosterone acetate treated hypertensive
mice is driven by oxidative stress modifications to
cMyBP-C, which subsequently suppresses CB kinetics™®,
Further, chronic activation of ROCK plays a central role
in most forms of hypertension and diabetic coronary
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dysfunction®*®, Thus, hypertension may exacerbate
the development of cardiac dysfunction in early DCM
by redox modifications of various sarcomeric proteins,
disturbed CB dynamics and increased oxidative stress.

Obesity (in particular abdominal obesity) is a risk
factor for the development cardiac dysfunction and
heart failure, independent of diabetes®”), Several
metabolic and neurohormonal mechanisms have been
postulated to contribute to obesity-induced cardio-
myopathy (see review!'®). Of particular interest, is
the interplay of the SNS and the RAAS, which occurs
during obesity™®**°), Classically, obesity leads to
activation of the SNS, which in turn rapidly activates
the production of renin from the renal juxtaglomerular
apparatus as well as angiotensinogen from adipocytes
and thus, promotes the excessive production of ANGII.
Consequently, systemic hypertension ensues (reviewed
int*®), Given our previous discussion on hypertension-
induced modulation of sarcomeric proteins leading
to diastolic dysfunction!'®, it is plausible that obesity
may exacerbate DCM in patients via the promotion of
systemic hypertension. On the other hand, obesity may
also exacerbate DCM by directly increasing SNS outflow
to the heart. In normotensive obese patients, increased
LV mass correlates with elevated cardiac SNS activity!'*!..
Considering the hypertrophic and fibrotic actions of ANG
II, elevated local RAAS activity driven by activation
of the cardiac SNS could, in part, explain increased
LV mass in obese patients. In addition, one study has
shown that a high fat diet induced mitochondrial lesions
and depressed mitochondrial density in the hearts of GK
rats'®?, Therefore, obesity induced activation of the SNS
in combination with diabetes may indeed exacerbate
DCM.

Lastly, gender must also be considered as an
additional risk factor for the development, progression
and severity of DCM (reviewed in detail by"'**). Indeed,
the Framingham Heart study revealed that diabetic
women had twice the frequency of heart failure in
comparison to diabetic men'. More recent clinical
evidence suggests that although non-diabetic women
appear to have more pronounced endothelium-
mediated dilation (due to higher rates of nitric oxide
production), T2DM abrogates these sex differences
in vascular function!*®. Female mice also lose this
vascular protection with T2DM™, Although, similar
vascular dysfunction is observed in both sexes, the
molecular mechanisms underlying this dysfunction in
males appears to be elevated ROCK activity, however
this does not appear to be the case in female mice™?.
The impact of sex on myocardial function in diabetes
is less clear. Early in the time course of experimental
T1DM, it appears that male rats are more vulnerable to
cardiac dysfunction. Five to six weeks of STZ induced
diabetes in rats caused greater prolongation of the rates
of pressure development and decay in diabetic male
rats in comparison to their female counterparts!®"?",
However, others have demonstrated that female rats
after four weeks from STZ induction exhibit significantly
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lower MLC2 phosphorylation compared to diabetic males
despite equivalent impairment in cardiac muscle tension
development in both male and female diabetic rats™*!.
Sex differences in the loss of cardiomyocytes may
contribute to differential changes in contractile function
in diabetes. Females respond to metabolic stresses with
greater myocardial glycogen accumulation and elevated
glycogen-induced autophagy than males™®**’], Thus, the
underlying mechanisms of sex differences in DCM require
a great deal of research to appreciate which of the
factors we have identified in this review differ between
sexes and how the pathophysiology of diabetes might be
compounded by other risk factors in females.

CONCLUSION

In summary, DCM is a progressive disease beginning
with contractile dysfunction ahead of LV remodeling. A
number of subcellular alterations to the cardiomyocyte
contribute to contractile dysfunction in early DCM. While
changes in Ca’* handling protein expressions are evident
and likely contribute to the prolongation of systole and
relaxation, diminished intracellular Ca** transients appear
to be associated only with advanced DCM. Diastolic LV
dysfunction has its origins in changes in sarcomeric and
other cytoskeletal proteins, both due to transcription and
posttranslation changes. Upregulation of PKCB: activity
is proposed as a central factor in the development of
DCM, promoting the activity of both oxidative stress
dependent and independent pathways to drive contractile
dysfunction in early DCM. Independent of oxidative stress
we suggest that hyperglycemia alters modulation of the
sarcomeric thick-thin filaments through PKCB2/ROCK
activation. It is not known if any of these pathological
changes in sarcomere function are exacerbated by other
risk factors such as hypertension and obesity.
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Abstract

Peripheral artery disease (PAD) is the atherosclerosis
of lower extremity arteries and is also associated with
atherothrombosis of other vascular beds, including
the cardiovascular and cerebrovascular systems. The
presence of diabetes mellitus greatly increases the
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risk of PAD, as well as accelerates its course, making
these patients more susceptible to ischemic events
and impaired functional status compared to patients
without diabetes. To minimize these cardiovascular
risks it is critical to understand the pathophysiology of
atherosclerosis in diabetic patients. This, in turn, can
offer insights into the therapeutic avenues available for
these patients. This article provides an overview of the
epidemiology of PAD in diabetic patients, followed by an
analysis of the mechanisms by which altered metabolism
in diabetes promotes atherosclerosis and plaque
instability. Outcomes of PAD in diabetic patients are also
discussed, with a focus on diabetic ulcers and critical
limb ischemia.

Key words: Peripheral artery disease; Epidemiology;
Pathophysiology; Outcomes; Diabetes

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

Core tip: Diabetes mellitus (DM) is a major risk factor
of peripheral artery disease (PAD), leading to increased
morbidity and mortality as well as an accelerated disease
course. As such, a more thorough understanding of the
multi-factorial mechanisms underlying disease etiology
for both DM and PAD is justified. This review provides
clinical insight into the current state of research in the
pathophysiology of PAD in diabetic patients, as well as
highlights the progress of endovascular interventions
for PAD, with a focus on techniques that have shown
promise for treatment of critical lower limb ischemia.

Thiruvoipati T, Kielhorn CE, Armstrong EJ. Peripheral artery
disease in patients with diabetes: Epidemiology, mechanisms, and
outcomes. World J Diabetes 2015; 6(7): 961-969 Available from:
URL: http://www.wjgnet.com/1948-9358/full/v6/i7/961.htm DOI:
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INTRODUCTION

Over 170 million people worldwide have diabetes mellitus
(DM) and the worldwide burden is projected to increase
to 366 million people by 20302\ The major causes
of DM include impaired insulin secretion or inadequate
response to secreted insulin®. DM is a major risk factor
for atherosclerotic disease as well as cardiovascular
mortality and morbidity'**!. Atherosclerotic disease is
not only increased in incidence in diabetic patients, but
its course is also accelerated™, thereby accounting for
as much as 44% of all-cause mortality™. DM-associated
atherosclerosis can lead to complications in all major of
vascular beds, including the coronary arteries, carotid
vessels, and lower extremity arteries™®. For example, a
study by Haffner et al”’, estimated the 7-year incidence
of a first-time myocardial infarction (MI) in diabetic
patients at 20.2%, compared to 3.5% in nondiabetic
patients.

Peripheral artery disease (PAD) is defined as ather-
osclerotic occlusive disease of lower extremities. PAD
is associated with increased risk of lower extremity
amputation and is also a marker for atherothrombosis
in cardiovascular, cerebrovascular and renovascular
beds. Patients with PAD therefore have an increased
risk of MI, stroke and death™. Additionally, PAD causes
significant long-term disability in diabetic patients®?.
The treatment of patients with PAD can therefore be
expensive, owing to need for a variety of diagnostic
tests, therapeutic procedures, and hospitalizations™®.

The purpose of this article is to review the epide-
miology and mechanisms that contribute to development
of PAD in diabetic patients. The outcomes of PAD in
diabetic patients are also compared to nondiabetics, with
an emphasis on the prevention of major amputations
among patients with DM who have severe PAD.

EPIDEMIOLOGY OF PAD IN PATIENTS

WITH DIABETES

PAD affects 12 million people in United States. The most
common symptom in PAD is claudication, characterized
as a cramping, pain or aching in the calves, thighs or
buttocks with exertion and relief with rest’®. However,
many patients have atypical symptoms that may
require formal testing with an ankle brachial index test
to diagnose PAD™?.,

The strongest risk factors for PAD are DM and
smoking, with an odds-ratio of 2.72 and 1.88, respec-
tively™™. With decreased rates of smoking in Western
countries, DM is projected to become an increasingly
important contributor to the development and pro-
gression of PAD. Previous studies have shown that
glucose intolerance is associated with a greater than
20% prevalence of an abnormal ankle-brachial index
(ABI) relative to 7% in those with normal glucose
tolerance™. Moreover, 20%-30% of patients with PAD
have DM, although this is likely underestimated by the
asymptomatic nature of less severe PAD and the altered
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pain perception in diabetic patients due to peripheral
neuropathy".

Age, duration of diabetes, and peripheral neuropathy
are associated with an increased risk of PAD in patients
with pre-existing DM™®*?, Using ABI to identify PAD, the
prevalence of PAD in people with DM over 40 years of
age has been estimated to be 20%"?. This prevalence
increases to 29% in patients with DM over 50 years of
ageP', The severity and duration of DM are important
predictors of both the incidence and the extent of PAD, as
observed in United Kingdom Prospective Diabetes Study,
where each 1% increase in glycosylated hemoglobin was
correlated with a 28% increase in incidence of PAD, and
higher rates of death, microvascular complications and
major amputation*>*®!, This correlation is particularly
strong in men with hypertension or active tobacco use™.
Patients with PAD who have DM also tend to stay longer
in hospital, incur greater costs, and account for greater
use of hospital resources compared to patients with PAD
alone™*7,

DM is also associated with more severe below-the-
knee PAD (e.g., popliteal, anterior tibial, peroneal and
posterior tibial arteries), whereas risk factors such as
smoking are associated with more proximal PAD in
the aorto-ilio-femoral vessels®®'l, The prevalence of
concomitant PAD and DM is especially high in those
patients who have critical lower limb ischemia, with
more than 50% of patients with critical limb ischemia
(CLI) also having DM™®,

In patients with PAD, the cardiovascular event rate
over a 5-year period, including MI and stroke, is 20%,
and the overall mortality rate is 30%°!, Among those
with CLI, 30% undergo major amputation, and the 6-mo
mortality rate is 20%"™°\. Diabetic patients comprise
25%-30% of patients undergoing coronary artery
revascularization and up to 60% of patients presenting
with acute MI®*??, Cardiovascular and cerebrovascular
event rates, both fatal and non-fatal, are increased
in patients with PAD and DM relative to nondiabetic
patients with PAD™,

Similar to the greater likelihood of diffuse and
complex coronary artery disease in diabetic patients,
patients with DM also tend to have more diffuse PAD,
compared to the more focal disease observed in those
without DM™*?4, Although patients with DM tend to
present later in the course of disease progression, the
incidence of intermittent claudication is also higher than
in nondiabetics, as seen in Framingham study™?>!, In that
cohort, the risk of claudication associated with DM was
increased by 3.5 fold in men and 8.6 fold in women'*.,
Concomitant peripheral neuropathy, which diminishes
sensory feedback and leads to a lack of symptoms from
minimized pain perception, may predispose patients with
DM and PAD to present with more advanced disease,
such as an ischemic ulcer or gangrene, compared to
patients without DM, The prevalence of major am-
putation in patients with DM is also higher than in non-
diabetics, with rates ranging from 5 to 15 times greater
in some studies’®'®!, In a Medicare population, relative
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to nondiabetic patients, the relative risk (RR) for lower
extremity amputation was 12.7 in diabetic patients. The
RR rose to 23.5 in a cohort aged 65-74 years'™.,

The risk relationship between PAD and DM is noted
to be reciprocal: while DM is a risk factor for PAD, higher
rates of PAD, up to 30%, have been found in diabetic
patients”®’. The Hoorn study further clarified the discre-
pancy in prevalence of PAD between diabetic and
nondiabetic patients: glucose intolerance was associated
with 20.9% prevalence of an ABI less than 0.9, relative to
7% in those with normal glucose tolerance'”’. Moreover,
the prevalence of PAD in diabetic patients is likely under-
estimated by the asymptomatic nature of the condition,
lack of reporting by the patients, and the altered
pain perception in diabetic patients due to peripheral
neuropathy!**®,

MECHANISMS OF PAD IN PATIENTS

WITH DIABETES

DM is characterized by hyperglycemia, dyslipidemia,
and insulin resistance®?*3", These pathologic states
foster development and progression of PAD through
mechanisms similar to that in coronary or carotid artery
disease™"*?, These mechanisms include derangements
in the vessel wall through promotion of vascular inflam-
mation and endothelial cell dysfunction; abnormalities in
blood cells, including smooth muscle cells and platelets;
and factors affecting hemostasis (Table 1). Such vascular
abnormalities that cause atherosclerosis in DM patients
are often prevalent prior to the diagnosis of DM, and
their severity increases with worsening blood glucose
control and duration of DM®**!, Taken together, these
mechanisms likely contribute to increased plaque burden,
plaque instability, and greater complexity of vascular
disease™**°,

Inflammation

Inflammation is a risk marker for atherothrombosis.
Among biomarkers of inflammation, C-reactive protein
(CRP) is associated with both the development of PAD
and impaired glucose regulation®™”’, CRP may also play a
direct pathophysiologic role by promoting production of
procoagulant tissue factor, leukocyte adhesion molecules,
and chemotactic substances. CRP causes derangement
in vascular tone by inhibiting endothelial nitric oxide
synthase (eNOS), which produces nitric oxide (NO)
via phosphoinositol-3-kinase dependent pathway*>%,
Moreover, CRP impairs fibrinolysis via the production
of substances such as plasminogen activator inhibitor
(PAI)-1, which blocks the breakdown of plasminogen into
plasmin, a fibrinolytic®®. All of these factors in diabetic
patients increase the susceptibility of vascular walls to
the development of atherosdlerosis™”.

DM is also associated with increased circulating levels
of pro-inflammatory cytokines such as tumor necrosis
factor (TNF)-o and interleukin-6"*?, These cytokines bind
to endothelial cell surface receptors and activate nuclear
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factor (NF)-«xB. This process promotes transcription of
endothelial cell adhesion molecules, leading to increased
binding of leukocytes and platelets to the endothelial
surface, thereby fostering thrombogenesis. Plaque
inflammation and instability may also be enhanced due
to the increased leukocyte migration, which is associated
with an increased risk of rupture and subsequent thrombus
formation®***%,

Endothelial dysfunction

Endothelial cells mediate the interaction between blood
cell elements and the vascular wall, thereby affecting
blood flow, nutrient delivery, coagulation, and the balance
between thrombosis and fibrinolysis®®**!. Endothelial cells
also release substances that are critical for blood vessel
function and structure, including NO, reactive oxygen
species, and endothelin™*¥. Insulin is critical for the
induction of phosphoinositol-3 kinase signaling, leading
to production of NO and subsequent smooth muscle cell
relaxation®®®*, NO also inhibits platelet activation and
limits vascular smooth muscle cell (VSMC) migration and
proliferation®*®, By mediating the interaction between
leukocytes and the vascular wall, NO also plays an
important role in vasodilation and inflammation®**.

Hyperglycemia, insulin resistance, and free fatty
acid (FFA) production all reduce NO bioavailability in
diabetic patients. Hyperglycemia impairs eNOS function,
promoting oxidative stress by producing reactive oxygen
species in endothelial and VSMCs®**!, In turn, these
factors inhibit endothelial vasodilation™****, Insulin
resistance induces excess production of FFAs, which
activate protein kinase C (PKC), inhibit phosphatidy-
linositol (PI)-3 kinase (an important agonist of eNOS),
and produce reactive oxygen species*******!, These
mediators inhibit NO production and decrease its bio-
availability, thereby causing endothelial dysfunction and
leading to greater susceptibility of the vascular bed to
atherosclerosis™® %4951,

DM is also associated with the enhanced production
of advanced glycation end products (AGEs), which are
formed by binding of reducing sugars to free amino
groups via the Maillard reaction™***%, The interaction of
AGEs with their receptors can upregulate the synthesis
of pro-inflammatory transcription factors such as NF-
«p and activator protein 1%, In addition to decreased
endothelial function and impaired NO formation, these
factors also lead to increased leukocyte chemotaxis,
adhesion, transmigration, and transformation into foam
cells. The latter process is the first step in the formation
of atheromatous plaque™.

VSMC

VSMC migration from the medial layer into the intimal
layer is associated with deposition of complex extrace-
llular matrix, thereby stabilizing the atheroma. This
decreases the risk of plaque rupture associated with
thrombosis'******®!, In diabetic patients, plaques have
fewer VSMC, increasing the chance of rupture and
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Table 1 Mechanisms of peripheral arterial disease in diabetes mellitus patients

Disease characteristics

Mechanisms of pathology

Disease characteristics

DM Hyperglycemia — Vascular inflammation
Dyslipidemia
inhibits eNOS; impairs fibrinolysis

Insulin resistance

promote leukocyte migration and adhesion, increasing plaque

instability /rupture

1 FFA production Endothelial cell dysfunction

Decreased NO production: inhibits vasodilation

CRP: promotes leukocyte adhesion, coagulation, and chemotaxis;

TNF-a and IL-6: activate NF-kf, leading to thrombogenesis;

Atherosclerosis PAD

(Increased plaque burden)

Atherothrombosis

(Increased plaque instability /rupture)

Restenosis
(Increased complexity)

Increased reactive oxygen species: inhibits vasodilation
Increased AGE production: is proinflammatory; induces leukocyte

chemotaxis, adhesion, and transformation into foam cells
Vascular smooth muscle cell derangement

Tissue factor production: proatherogenic; procoagulation

FGF and TGF-a: Extracellular matrix production

Impaired synthesis of collagen: destabilizes plaque

Apoptosis of VSMC: increases risk of plaque rupture and thrombosis

Increased production of endothelin-1, angiotensin I, and

prostanoids: leads to vasoconstriction
Platelet dysfunction

Enhanced uptake of glucose: increases oxidative stress; decreased

NO production

Upregulation of P-selectin, GP I b, and GP I b/ Illa receptors:
promotes platelet adhesion and aggregation
Calcium dysregulation: increases platelet aggregation

Hypercoagulability

Increased tissue factor and FVIl production: enhances coagulability
Decreased antithrombin and protein C synthesis: enhances coagulability

Rheology
Elevated blood viscosity
Increased fibrinogen production
Impaired arteriogenesis
Inhibited sensing of shear stress

Decreased monocyte and growth factor signaling

Note that there is significant interplay between the different mechanisms: for example, impaired NO production can affect inflammation, endothelial cell

function and arteriogenesis, while increased reactive oxygen species causes platelet and endothelial cell dysfunction. FFA: Free fatty acids; CRP: C-reactive
protein; eNOS: Endothelial nitric oxide synthetase; TNF-a: Tumor necrosis factor-a; IL-6: Interleukin-6; NF-kB: Nuclear factor-kf; NO: Nitric oxide; AGE:

Advanced glycation end products; FGF: Fibroblast growth factor; TGF-a: Transforming growth factor-o; VSMC: Vascular smooth muscle cell; GP I b:
Glycoprotein I b; GPII' b/ Illa: Glycoprotein I b/ Illa; FVI: Factor 7; DM: Diabetes mellitus; PAD: Peripheral artery disease.

thrombosis®”. Moreover, the lipid modifications noted in

diabetic patients, such as glycated oxidized low-density
lipoprotein, can promote apoptosis of VSMC**®!, The
metabolic syndrome that defines DM results in enhanced
production of reactive oxygen species, inhibition of PI-3
kinase and upregulation of PKC, AGE receptors and
NF-«B, which in turn further promotes an atherogenic
phenotype in VSMCs™**®. These factors further contribute
to the increased apoptosis of VSMC and upregulation of
proatherogenic tissue factor in diabetic patients, while
impairing synthesis of collagen, an important plaque-
stabilizing compound®*°!. DM is also associated with
increased matrix metalloproteinases, which further
break down collagen, leading to plaque instability™”.
Therefore, DM not only promotes atherosclerosis but also
destabilizes plaques, triggering thrombus formation and
impacting clinical outcomes™.

DM has also been found to promote upregulation and
enhanced activity of endothelin-1, a protein that activates
the endothelin-A receptor on VSMCs, leading to enhanced
vascular tone'. Such dysregulated hyperactivation
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of endothelin-A receptor can cause pathological vaso-
constriction®?. Endothelin-1 is also responsible for
increasing salt and water retention, inducing the renin-
angiotensin system, and causing vascular smooth
muscle hypertrophy. Other vasoactive substances,
such as vasoconstrictor prostanoids and angiotensin
IT, are also increased in production, further inducing
vasoconstriction®?,

Platelet function

Platelets mediate the interaction between vascular
function and thrombosis. Hence, platelet dysfunction
can accelerate atherosclerosis, as well as impact the
destabilization of plaque and promote atherothrom-
bosis®®*]. Platelets take up glucose independent of insulin,
which in turn activates protein kinase-C and decreases
NO production®. Oxidative stress is also increased
when platelets take up glucose, thus promoting platelet
aggregation. Platelet adhesion is enhanced in diabetic
patients due to upregulated expression of P-selectin on

platelet surfaces™.
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Diabetic patients also have upregulated expression
of platelet receptors, such as glycoprotein I b (which
binds to von Willebrand Factor) and 1l b/Ila receptors
(integral to platelet-fibrin interaction); these receptors
mediate platelet adhesion and aggregation, thus indu-
cing thrombosis”, Intra-platelet calcium regulation,
important for regulation of platelet shape change and
aggregation, as well as for thromboxane production, is
also deranged in diabetic patients, further contributing
to atherosclerosis in this patient population™3*¢>%°,

Coagulation

DM and hyperglycemic states promote hypercoagulability
via upregulation of tissue factor by endothelial cells and
VSMCs™®"®®, These conditions also increase coagulation
factor VIA production and decrease anticoagulants,
such as antithrombin and protein C production®’®,
DM also impairs fibrinolytic function and induces PAI-1
production®, Taken together, these factors increase the
risk of atherosclerotic plaque rupture and subsequent
thrombus formation™®7%,

Rheology

Elevated blood viscosity and fibrinogen production also
occur in patients with DM. This is manifested via abnormal
ABI in patients with PAD as well as development and
complications of PAD®7Y,

Restenosis after angioplasty

Acutely elevated glucose levels may induce inflammation,
smooth muscle proliferation, abnormal matrix production,
and inactivation of endothelium-derived relaxing factor”?.
Additionally, hyperglycemia may impact expression of
fibroblast growth factor and transforming growth factor-a,
which in turn promotes proliferation of smooth muscle
cells and extracellular matrix production. Increased TNF-a
and CRP, as well as oxidative stress and endothelial
dysfunction, may also play roles in explaining the res-
tenosis rates in patients with higher blood glucose
values at time of angioplasty”™. Acute hyperglycemia
also induces production of monocyte chemoattractant-
protein-1, which has been linked with a higher risk of
restenosis”?!, Restenosis among patients with DM can
therefore be explained by the abnormal inflammatory
state, oxidative stress, endothelial and platelet function in

patients with acute hyperglycemiat™,

Arteriogenesis

Outward remodeling of pre-existing arteries in response
to obstruction of blood flow to restore blood flow distal
to the occlusion is termed arteriogenesis*. Endothelial
shear stress, detected by the vessel wall through
integrins, adhesion molecules, tyrosine kinases, and
ion channels, is hypothesized to be the main trigger
for arteriogenesis*>’>’®, DM limits the adaptive
arteriogenesis response and collateral blood flow develop-
ment by attenuating the remodeling process!””’®!,
Specifically, diabetes attenuates the sensing of shear
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stress and increases the response to vasodilatory stimuli,
which reduces the recruitment and dilation of collateral
arteries. Additionally, DM impairs various other factors
critical to remodeling, such as the downstream signaling
of monocytes, growth factor signaling, and endothelial
NO synthetase, thus inhibiting arteriogenesis and con-
tributing to the severity of occlusive disease in these
patients!".,

OUTCOMES OF PATIENTS WITH PAD
AND DM

The outcomes of patients with coexistent diabetes and
PAD depend on the interplay between factors such as
patient comorbidities, presence of infection, neuropathy,
and immunologic factors”®. Poor glycemic control has
been associated with a higher prevalence of PAD and risk
of adverse outcomes, including need for lower extremity
bypass surgery, amputation or death®™, Poor glycemic
control is also associated with worse outcomes following
vascular surgery or endovascular intervention®®”,

It is therefore important to identify therapies that can
affect the multifactorial pathophysiologic mechanisms of
DM in order to provide effective long-term treatments®.,
Lifestyle interventions, such as weight loss, physical
activity, and reduced cholesterol and fat intake, all help
reduce the risk of progression from glucose intolerance
to diabetes, as well as improve cardiovascular risk
factors™", Tobacco cessation is also critical and has been
associated with improved outcomes after surgical and
endovascular interventions. Such secondary risk factor
reduction can help reduce the prevalence and severity
of PAD in diabetic patients and also minimize adverse

events post revascularization™.,

Revascularization in patients with PAD and diabetes
Revascularization, either via a surgical or endovascular
approach, is an important therapeutic option for treat-
ment of symptomatic PAD in diabetic patients™. Due
to the greater prevalence of below-the knee disease
in patients with DM, some studies have shown that
endovascular interventions are associated with worse
outcomes in diabetics, especially as distal runoff dimini-
shes™., Endovascular interventions were initially therefore
considered more appropriate in patients with focal
disease above the knee. Diabetic patients were also
noted to have greater durability with surgical approach to
revascularization, especially in the setting of tibial disease
managed via bypass with autologous saphenous vein'®.,
However, recent studies have suggested that diabetic
patients with adequate distal runoff appear to have
patency rates comparable to that of nondiabetics™®.

This association of glucose control and vessel patency
has been investigated in a single-center retrospective
study of outcomes after infrapopliteal balloon angioplasty
among diabetic patients. Patients were divided based on
median pre-procedure fasting blood glucose (FBG) values
into two groups. At one-year follow-up, primary patency,
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defined as freedom from restenosis or reintervention
based on duplex ultrasound, was 16% for those with
FBG values above the median and 46% for patients with
below the median FBG values. Amputation rates also
trended higher among patients with high pre-procedure
FBG compared to low FBG. One-year major adverse
limb event rates were significantly higher for patients
with FBG values above the median, even after adjusting
for insulin use and lesion-specific characteristics. No
association between FBG values and overall mortality,
amputation-free survival or rates of major adverse
cardiovascular events was noted . When the FBG levels
were divided into quartiles, a fivefold increase was noted
in primary patency in the lowest quartile of FBG relative
to those in the highest quartile of FBG. These results
remained significant even after adjusting for baseline
insulin use. These outcomes failed to show an association
between HbA1C and restenosis, therefore implying that
glycemic control at the time of intervention may be a
better predictor of primary patency than overall glycemic
control®®. Furthermore, these results suggest that the
acute metabolic milieu at the time of intervention plays
an important role in restenosis.

Treatment of critical limb ischemia

In patients with CLI, revascularization is usually required
for successful limb preservation™. The prevalence of
DM in patients with CLI is extremely high, with some
studies suggesting a prevalence of up to 76%"®. Disease
severity at the time of presentation and progression
of CLI in diabetics has also been noted to be worse!®.
Current recommendations suggest arterial reconstruction
in patients with CLI who have a predicted 1-year
amputation-free survival of at least 75%"™®.

While patients with CLI may require multiple
procedures and close follow-up, the choice of initial
revascularization does not appear to influence success
in diabetic patients with CLI""®, Whether chosen initially
or subsequently, surgical and endovascular approaches
both are associated with similar outcomes in terms of
survival without major amputation or repeated target
extremity revascularization (TER)™®. However, that
study did confirm that repeat TER is more frequently
required in diabetic patients. Despite the increased need
for repeat revascularization, repeated procedures were
associated with overall success rates comparable to that
in nondiabetic patients"®. Immediate revascularization
was also associated with improved outcomes relative to
delayed revascularization in patients with CLI, regardless
of diabetic status™. Additional studies have also shown
that an aggressive multidisciplinary approach in diabetic
patients who present with CLI had similar limb salvage,
30-d mortality, cumulative survival, amputation-free
survival, and major amputation rates, relative to non-
diabetic patients™!. Revascularization rates do appear
to be better in this patient population when both endo-
vascular and bypass grafting procedures are available
relative to one of the two approaches only™*.

While most patients with CLI can be revascularized,
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the presence of irreversible gangrene, the absence
of a target vessel, and the lack of availability of an
autologous vein can limit successful limb preservation.
In these patients, amputation may be the best option®..
In general, however, medical management and use of
multidisciplinary approach that includes revascularization
can lead to reduced amputation rates in patients with
DM,

Diabetic foot ulcer is another complication in these
patients that is associated with an increased risk of call-
cause mortality”®. In those patients with PAD whose
course is complicated by diabetic foot ulcer, similar
outcomes in terms of limb salvage rates were seen
with endovascular and open surgical approaches®, It
is important to note, however, that concomitant PAD
in patients with diabetic foot ulcers is linked to greater
failure rates of wound healing and need for amputation.
This association is complex, and different studies have
shown that successful revascularization and ulcer healing
are not always correlated”®.

CONCLUSION

DM is associated with greater severity and more diffuse
PAD relative to nondiabetics. It also correlates to
greater risk of mortality and impaired quality of life. The
mechanisms by which diabetes induces atherosclerosis
are multifactorial and include inflammatory processes,
derangements of various cell types within the vascular
wall, promotion of coagulation, and inhibition of fibri-
nolysis. These factors both increase the susceptibility
of the vasculature to atherosclerosis, as well as the
instability that makes plaque prone to rupture and
thrombosis. Thus, it is important for different specialists,
from cardiology and internal medicine to vascular surgery,
to collaborate and use a multidisciplinary approach to
improve the clinical outcomes in this patient population.
Although diabetics have a higher risk of adverse
outcomes when compared to nondiabetics, the rates are
improving thanks to recent advances in pharmacology
and procedural techniques. Nonetheless, further work
remains necessary. For instance, while trials such as
TRITON-TIMI 38 and PLATO show better clinical outcomes
with prasugrel or ticagrelor compared to clopidogrel after
percutaneous coronary intervention, it is unclear if similar
benefit is seen in DM patients with PAD™!. Further studies
should also include the impact of biochemical factors
found in central obesity, which are known to promote
atherothrombosis™®®. Better understanding of the
mechanisms responsible for restenosis among diabetic
patients will also ultimately improve the outcomes of
surgical and endovascular procedures in these patients.
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Abstract

Atherosclerosis is the major complication of diabetes and
has become a major issue in the provision of medical
care. In particular the economic burden is growing at
an alarming rate in parallel with the increasing world-
wide prevalence of diabetes. The major disturbance
of lipid metabolism in diabetes relates to the effect of
insulin on fat metabolism. Raised triglycerides being the
hallmark of uncontrolled diabetes, /e., in the presence
of hyperglycaemia. The explosion of type 2 diabetes
has generated increasing interest on the aetiology of
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atherosclerosis in diabetic patients. The importance
of the atherogenic properties of triglyceride rich
lipoproteins has only recently been recognised by the
majority of diabetologists and cardiologists even though
experimental evidence has been strong for many years.
In the post-prandial phase 50% of triglyceride rich
lipoproteins come from chylomicrons produced in the
intestine. Recent evidence has secured the chylomicron
as a major player in the atherogenic process. In diabetes
chylomicron production is increased through disturbance
in cholesterol absorption, in particular Neimann Pick
C1-likel activity is increased as is intestinal synthesis
of cholesterol through 3-hydroxy-3-methyl glutaryl co
enzyme A reductase. ATP binding cassette proteins G5
and G8 which regulate cholesterol in the intestine is
reduced leading to chylomicronaemia. The chylomicron
particle itself is atherogenic but the increase in the
triglyceride-rich lipoproteins lead to an atherogenic low
density lipoprotein and low high density lipoprotein.
The various steps in the absorption process and the
disturbance in chylomicron synthesis are discussed.

Key words: Triglyceride; Cholesterol chylomicrons;
Microsomal triglyceride transfer protein; Niemann Pick
Cl1-likel; Lipoproteins; Diabetes; ATP binding cassette
proteins G5/G8

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

Core tip: The explosion of type 2 diabetes has generated
increasing interest on the aetiology of atherosclerosis
in diabetic patients. Evidence is mounting on the
importance of the atherogenic properties of triglyceride
rich lipoproteins. In the post-prandial phase 50% of
triglyceride rich lipoproteins come from chylomicrons
produced in the intestine. Recent evidence has secured
the chylomicron as a major player in the atherogenic
process. In diabetes chylomicron production is increased
through disturbance in cholesterol absorption. This paper
reviews recent literature in relation to diabetes, the
intestine and dyslipidaemia with a view to understanding
new targets for treatment.
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INTRODUCTION

The increasing incidence and prevalence of diabetes is
of concern to patients their relatives and the medical
profession. Politicians who do not fit into the above
groups are also concerned because of the health budget
considerations. Management of chronic conditions
is expensive! A major cost of diabetes care goes on
the management of cardiovascular atherosclerotic
complications which are so much more common in both
diabetes and pre-diabetes. Although statins remain
at the centre of dyslipidaemia treatment for diabetes,
there is generally an unawareness of the importance
of the chylomicron and triglyceride-rich proteins being
atherogenic in their own right but also in forming
atherogenic low density lipoprotein (LDL). This lack of
appreciation of the importance of hypertriglyceridaemia
has for example encouraged Tenenbaum et af"! to write
an article entitled “Hypertriglyceridaemia: too long an
unfairly neglected major cardiovascular risk factor”.
Another important milestone in bringing the intestine
to the notice of diabetologists and cardiologists has
been the validation of ezetimibe, a drug that inhibits
the absorption of intestinal cholesterol, which has
been shown beyond doubt in the IMPROVE-IT study,
demonstrating significantly lower primary combined
endpoints in moderate to high risk patients who stabilise
following acute coronary syndrome™. This article reviews
dyslipidaemia in diabetes with a focus on the intestine as
a dysfunctional regulator of cholesterol metabolism.

Insulin deficiency is associated with disturbance in
both carbohydrate and fat metabolism. In fact even
before diabetes becomes manifest, in the pre diabetes
phase of the condition free fatty acids fail to be
suppressed after a glucose load leading to the sugges-
tion that diabetes should be defined as lipidus rather
than mellitus®®.. Indeed, had the serum rather than the
urine been easily available many centuries ago, post
prandial chylomicronaemia, as demonstrated by the
milky serum, would have been preferred to the sweet
taste of the urine as the diagnostic tool of choice!

The chylomicron is a particle containing protein fat and
cholesterol. The protein, which is mostly apolipoprotein
(apo) B48, is the solubilising protein which facilitates the
transport of fatty acids, triglycerides and cholesterol.
The chylomicron is assembled in the intestinal mucosa
under the influence of microsomal triglyceride transfer
protein (MTP) which is the rate limiting enzyme. Very
LDL (VLDL) is the major triglyceride-containing particle
assembled in the liver and, in the postprandial state,
about 50% of triglyceride is carried on the VLDL particle
and 50% on the chylomicron. Although the chylomicron
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by definition is the triglyceride rich particle containing
apo B48 and VLDL by definition is the triglyceride-rich
particle containing apo B100, the term chylomicron is
also used based on density following separation in the
ultracentrifuge and thus is a mixture of both chylomicrons
and large VLDL particles. Hence there is often confusion
about what is meant by the term chylomicron.

CHYLOMICRON AS AN ATHEROGENIC
PARTICLE

For many years triglycerides have taken a back seat
in the perception and understanding of the aetiology
of atherosclerosis. Part of the problem might have
been that triglycerides have usually been taken fasting
whereas the chylomicron is a post-prandial particle and
the hepatic VLDL, the other major triglyceride containing
particle, is also mostly produced in the postprandial state.
Evidence that Apo B48 is found in the atherosclerotic
plaque” has been around for years confirming the
atherogenicity of the chylomicron particle. Trials such as
the FIELD Study™, failed to show cardiovascular benefit
for reduction of triglycerides and had an adverse effect
on the understanding of the atherosclerotic effect of
the chylomicron. This has been rectified particularly by
the Danish group who have shown that postprandial
triglycerides are indeed associated with an increased in
cardiovascular events®. Further analysis of the FIELD
Study, and in particular understanding that too many
people with normal triglycerides were included in the
study, has resulted in a number of post hoc analysis
of that study showing that reduction in triglycerides
did have cardiovascular benefit. An evaluation of the
effect of fenofibrate by sex in the FIELD Study was
recently reported™®. In that study the authors found that
fenofibrate reduced LDL, non-high density lipoprotein
(HDL) cholesterol and apo B more in women than in men
irrespective of menopausal status. The prevention of
total cardiovascular events was more in women (30% viz
13%). In Patients with high triglycerides and low HDL the
cardiovascular reduction was less different between the
sexes (30% viz 24%). In a recent review Varbo et af™"
conclude that post hoc subgroup analysis of randomised
trials using fibrates in individuals with raised triglycerides
show a benefit in lowering triglycerides. Conversely
low non fasting triglycerides have been shown to be
associated with reduced all cause mortality™?!. The
authors examined individuals from the Copenhagen
Heart study. Genetically derived low triglycerides were
associated with a reduction in all cause mortality and
the authors suggest probably due to a reduction in
cholesterol in remnant particles. Apo C111 interferes
with the uptake of triglyceride-rich apo E containing
lipoproteins (both chylomicron and VLDL). Loss of
function mutations are associated with lower triglycerides.
The effect of these loss of function mutations on the risk
of coronary heart disease (CHD) was examined™. An
aggregate of rare mutations in the gene encoding apo
C111 was associated with lower plasma triglycerides.
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Levels were 39% lower in carriers when compared to
non-carriers and circulating levels of apo C111 were 46%
lower than in non-carriers. The study found that the risk
of CHD among carriers of any apo C111 mutation was
40% lower than the risk among the non carriers. An
other important boost to the importance of triglycerides
in CHD. Fasting blood sugar is of course a recognised
cause of increased cardiovascular risk™ and it is very
interesting to see that patients with polymorphisms of
the various genes known to be associated with raised
glucose such as the glucokinase gene (GCK) rs4607517
have been shown to be associated with an increased risk
of ischaemic heart disease and myocardial infarction as
compared to genotypes associated with lower levels!.
It is likely that the raised glucose is associated with the
failure to suppress triglyceride.

Inflammation is a key factor in atherosclerosis
progression and obesity is associated with an increase
in inflammatory proteins such as tumour necrosis factor
alpha and interleucin 6 (IL6). A study genotyping for
variants affecting levels of non fasting remnant cho-
lesterol, LDL cholesterol and C-reactive protein (CRP)
by both CRP alleles and IL6 receptor alleles found
that increasing non-fasting remnant cholesterol was
associated with significantly higher CRP. This was not
the case for LDL, suggesting that remnant cholesterol
may in part cause acceleration of atherosclerosis through
an inflammatory process™™® ¥, Endothelial dysfunction
is a precursor of atherosclerosis. Post prandially, when
triglycerides rise neutrophils increase with concomitant
production of pro-inflammatory cytokines and oxidative
stress suggesting a contributory cause of endothelial
dysfunction!®?®, Further triglycerides have also been
shown to increase leucocyte activation markers™*%,

The mechanisms whereby the postprandial lipopro-
teins might be pro-inflammatory and stimulate the
progression of atherosclerosis has been investigated.
One mechanism is through the activation of neutrophils
and Klop et a*” have shown in healthy volunteers that
post prandially changes occur in the white cell population
which are similar to that shown in infection. A good
review of post-prandial inflammation and the role of
glucose and lipids has recently been published®..

MTP

Since chylomicronaemia is such an important finding
in diabetes it is of interest to examine MTP function in
diabetes.

Biosynthesis of lipoproteins requires apo B and MTP.
MTP binds and chaperones lipoproteins to the nascent
apo B. MTP is an endoplasmic reticulum resident hetero
dimeric complex. The liver and intestine are the major
organs that express apo B and secrete apoB containing
lipoproteins. There is good agreement between apoB
levels and activity and in various animal models of
diabetes in rats, rabbits and fructose fed hamsters
diabetes MTP is up regulated***.,

In human studies in type 2 diabetes we demonstrated
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an increase in MTP mRNA in intestinal biopsies™*>".

Diabetic patients who were on statin therapy had lower
MTP mRNA compared to those not on statins®!. We
found positive correlations between MTP mRNA and
chylomicron fraction cholesterol and apo B48"Y. A novel
intestinal specific inhibitor of MTP has been shown to
ameliorate impaired glucose and lipid metabolism in
Zucker diabetic fatty rats but whether this effect was
due to impairment of food intake or to inhibition of fat
absorption is not clear®. The signals that upregulate
chylomicron formation to cope with excess fat in the diet
are slowly being elucidated. Another non-specific inhibitor
of MTP, which reduced serum levels of triglycerides by
more than 70%, was also associated with significant
improvements in glucose tolerance and insulin sensitivity
in Zucker fatty rats™, Hepatic MTP mRNA expression
is negatively regulated by insulin and it is suggested
that insulin might also directly inhibit apo B48 secretion
independently of MTP even though it is probable that
up-regulation of MTP stimulates apo B secretion,
The membrane glycoprotein CD36 binds long chain
fatty acids. CD 36 deficiency reduces chylomicron
production®. It has recently been shown that binding of
lipid by CD36 upregulates apo B48 and MTP through CD
36 signalling via the ERK 1/2 pathway™®. Interestingly
polymorphisms of MTP which have been associated with
differences in serum lipids appear to alter cholesterol
absorption but not synthesis in women®”.,

ATP BINDING CASSETTE PROTEINS G5/
G8

Once cholesterol has been transported across the brush
border membrane it faces another regulatory process
and may be excreted back into the intestinal lumen
rather than being further processed for absorption into
the lymphatic circulation. ATP binding cassette proteins
G5/G8 (ABC G5/G8) are heterodimers which are mostly
confined to the human small intestine and liver®,
These two proteins act in tandem to re-excrete both
cholesterol, and in particular non-cholesterol sterols from
the body. Much of the understanding of ABC G5/G8
comes from the rare mutations that cause a defect in
ABC G5 and G8 and result in high levels of sitosterol in
the blood. Sitosterolemia, is a condition which manifests
itself in children as tendon xanthomas or in young adults
as severe CHD with massive accumulation of sterols and
stanols in monocyte derived macrophages™. Ma et a/*”
found in an animal model, that dietary calcium had a
beneficial effect on lipoprotein profile by up-regulating
the mRNA levels of intestinal ABC G5/8 and cholesterol-
7a-hydroxylase (CYP7A1), whereas it down-regulated
the intestinal NPC1L1 and MTP due to enhanced
biliary cholesterol excretion. Méndez-Gonzélez et af*!!
investigated the effect of ABC G5 and G8 deficiency
on lipoproteins in mice. They found that postprandial
triglycerides were 5 fold higher in the ABCG5/G8”" mice
due to a lower fractional catabolic rate with lower post
heparin lipoprotein lipase activities. They also showed
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that liver triglyceride secretion and intestinal triglyceride
secretion were higher and there was a relationship
between this and the HOMA index as a measure of insulin
resistance. Rats with induced diabetes (streptozotosin)
had impaired expression of ABC G5/8. Treatment with
insulin partially reversed this effect!*”, This trend in
impairment was found in Zucker diabetic rats**! and
the Psamonas Obesus (sand rat) was found to have the
same intestinal impairment™**®!, Intestinal G5/G8 mRNA
in type 2 diabetic subjects produced similar findings™".

ABC 5/8 genetic variants have been associated with
susceptibility to CHD. One polymorphism in particular
was shown to be associated with increased triglycerides
with a significant gene - tobacco smoking interaction™”’.
Another study has shown that ABC G5/8 regulate
cholesterol available for chylomicron production. It is
interesting to read that ABC G5/8 genotypes that are
associated with low LDL cholesterol are protective against
myocardial infarction but increase risk of symptomatic
gall stone disease™®.

NIEMANN PICK C1-LIKE1

The first step in cholesterol absorption in the intestine
appears to be through the multi transmembrane
protein Niemann Pick C1-likel (NPC1L1) which is highly
expressed in the jejunum™. In humans it is localised
to the brush borders of the enterocytes and acts as
a unidirectional transporter of cholesterol and non-
cholesterol sterols™. Zhang et af*"! discovered that it is
the N-terminal domain of NPC1L1 that binds cholesterol.
Twenty rare NCP1L1 alleles have been found in the low
cholesterol absorbers and appear to impair NPC1L1
cholesterol uptake through various mechanism™*>*, for
review see Calandera™". It has been shown that the
effectiveness of ezetimibe, which blocks NPC1L1 and
inhibits cholesterol absorption, depends on the NPC1L1
genotype.

Cholesterol absorption has been shown to be in-
creased in both animal and human diabetes™ due to
an increase in NPC1-L1"****, In an animal model of
type 2 diabetes, Sammomas Obesus, the opposite was
found even though these animals have an increase in
apo B481***1, Ezetimibe inhibits cholesterol absorbtion
through inhibition of NPCILI (for review see®®). NPC1L1
activity appears to be governed by dietary cholesterol™”.
The mechanism of this control is through the nuclear
receptor, peroxisome proliferator-activated receptor
(PPAR)S/B™. Fenofibrate, a PPARa agonist has been
shown to inhibit cholesterol absorption, the mechanism
has been shown to be through NCP1L1 transcription by
binding to a PPARa response element upstream of the
human NPC1L1 gene™. In a human construct Iwayanagi
et al* showed that PPARo positively regulated human
NPC1L1 transcription and Valasek et al*® showed that
Fenofibrate reduced intestinal cholesterol absorption
by PPARa modulation of NPC1L1. HMGCoA reductase
inhibition (Atorvastatin) has been shown to increase
cholesterol absorption in the intestine and downregulation
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of NPC1L1®" in the intestine. Ezetimibe has been shown
to improve biomarkers of inflammation and platelet
activity™® as stated above the IMPROVE-IT trial has
been presented at the American Heart 2014 but not yet
published. Ciriacks et af®® have examined the addition of
Ezetimibe to simvastatin in type 1 and type 2 diabetes.
The study demonstrated that ezetimibe was at least as
effective in lowering cholesterol as simvastatin among
type 1 diabetics. Some studies have suggested that
there may be a difference in cholesterol absorption rates
between type 1 and type 2 diabetic patients®",

OTHER TRANSPORTERS OF
CHOLESTEROL

There are other transporters of cholesterol for example
scavenger receptor class B type 1 (SR-B1) which is
located both in the apical and basolateral membranes of
the enterocyte®™. SR are cell surface proteins that can
bind and internalise modified lipoproteins. SR-B1, which
is involved in cholesterol uptake in the intestine, may play
an important part in intestinal chylomicron production™®.
The fatty acid transporter CD36 which is also involved
in the uptake of oxidised LDL, is another member of the
class B scavenger receptor family®. Hayashi et a/®”
investigated gene expression of key proteins involved
in the active absorption of dietary fat and cholesterol
in response to the development of insulin resistance.
They used 2 models of diet induced insulin resistance,
the fructose fed hamster and the high fat fed mouse.
Expression of SR-B1 was increased in both the fructose
fed hamster and the high fat fed mouse models of
insulin resistance. In CaCo2 cells SR-B1 over expression
increased apo B100 and apo B48 secretion. The authors
conclude that apical or basolateral SR-B1 may have an
important role in cholesterol absorption and may play
a part in cholesterol over absorption in insulin resistant
states. SR-B1 in the intestine may play an important
role in chylomicron production. CdC42, a member of
the Rho family of small Guanidine triphosphotases with
numerous functions, has been shown by Xie et af®® to
interact with NPC1L1 and to control its movement from
endocytic recycling compartment to plasma membrane
in a cholesterol dependent manner. Glucose stimulated
CDc42 signalling appears to be essential for second
stage insulin secretion®.. It is probable that in insulin
resistance the signalling of NPC1L1 is disturbed through
this pathway but we have been unable to find any
studies in the intestine that have explored the pathway in
diabetes/insulin resistance.

THE EFFECT OF HIGH GLUCOSE ON
CHOLESTEROL ABSORPTION

Ravid et al’” have shown that high glucose increases
intestinal absorption of cholesterol through an increase
in the protein expression of NPC1L1. The same group
later showed that the effect was through the basolateral
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domain suggesting glucose in the circulation rather than
in the lumen to be the stimulus””. The reason for the
up-regulation of cholesterol through NPC1L1 in diabetes
has been explored by Malhotra et al”?. Using CaCo2
cells they showed that removal of glucose from the
culture medium significantly decreased NPC1L1 mRNA
protein expression as well as pro-motor activity. Glucose
replenishment significantly increased the promoter
activity of NPC1L1 in a dose dependant manner. The
authors concluded their experiments by examining
mouse jejunum after 24 h fasting which confirmed the
CaCo2 cell results.

The role of cholecystokinin on intestinal absorption
has been reported by Zhou et al”*, They found that
in mice cholecystokinin (CCK) increased cholesterol
absorption and increased cell surface associated NPC1L1.
Previously Irwin et al’* have shown that an CCK-8
analogue improves insulin sensitivity and triglyceride
deposition in liver and muscle but with reduction in
weight gain and food intake. The effect therefore on lipid
metabolism might be very dependant on dietary intake
and the inhibition of apatite and improvement in insulin
sensitivity with improvement in glucose tolerance with
CCK makes analogues of CCK of interest as a possible
treatment in diabetes and the metabolic syndrome.

Interest in bile salt binding drugs for treatment of
dyslipidaemia, such as cholestyramine, went out of
fashion because of their poor cholesterol lowering effects
and their unacceptable side effects. A new formulation
colsevelam, is interesting in that not only that it lowers
cholesterol and apo B but also lowers blood sugar. A
recent study in type 2 diabetic patients demonstrated a
0.32 drop in HbA1c vs placebo at 24 wk and a reduction
of cholesterol of 6.5%!>7®, The majority of adverse
effects were mild or moderate, the authors concluding
that the drug was well tolerated. Thus another option for
patients who are near to but not on target with current
medication.

CHOLESTEROL SYNTHESIS AND
3-HYDROXY-3-METHYLGLUTARYL CO-
ENZYME A REDUCTASE

Cholesterol synthesis in the intestine makes up 25% of
de novo cholesterol synthesis. Cholesterol synthesis is
regulated by 3-hydroxy-3-methylglutaryl co-enzyme A
(HMGCo A) reductase the rate limiting enzyme in the
synthetic pathway. HMGCo A reductase activity has been
shown to be reduced by insulin in the rat hepatocyte!””.
It has been suggested that in type 1 diabetes improved
glycaemic control will increase cholesterol synthesis.
HMGCoA reductase inhibition has been shown to increase
cholesterol absorption through a lowering of ABC G5/G8
and an increase in NPC1L1"%,

HEPATIC STEATOSIS

Hepatic steatosis is common in diabetes, insulin resis-
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tance and obesity. Inflammatory stress is present in
these conditions and is also associated with obesity
insulin resistance and diabetes. It is therefore of interest
to read that Zhao et a’®' demonstrated that IL1b and
IL6 stimulation in Hep G2 cells increased SREBP2 and
HMGCoA mRNA. Further high fat loading in mice or LDL
loading in HepG2 cells suppressed the above genes
but this suppression could be over ridden by the above
inflammatory proteins. Severe calorie restriction in
patients with steatosis results in rapid reduction of liver
fat, insulin resistance and improvement in diabetes
control®’, On the other side of the coin insulin resistance
and the accompanying hyperinsulinaemia are associated
with an upregulation of SREPB-2 through extracellular
signal regulated pathways involving the kinases ERK-1
and 2 another example of the interaction between
fat and carbohydrate metabolism, for review see Van
Rooyen et af®,

In conclusion, vascular disease in diabetes is complex
as would be expected with a condition that impacts on so
many metabolic pathways. Examination of the intestine
in the search for abnormalities in cholesterol absorption
and chylomicron formation has been rewarding. Statins
have been very effective in reducing the burden of
atherosclerosis in patients with diabetes but even so
a large proportion of patients still succumb to events.
Reduction in triglycerides is now accepted as being
important in those patients who have raised triglycerides
and in particular the importance of postprandial distur-
bance in triglyceride metabolism and its impact on
atherosclerosis is now accepted as being an important
issue in management of diabetes and in the prevention
of macrovascular complications.
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Abstract

Hepcidin is a peptide hormone with both paracrine and
endocrine functions that help in maintaining body iron
stores. Type 2 diabetes (T2D) is one of the sequelae of
excess body iron stores; thus, iron regulatory hormone
hepcidin may have a direct or at least an indirect role in
the aetiopathogenesis of T2D. Both human and animal
studies at molecular and genetic levels have attempted
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to establish a role for hepcidin in the development of
T2D, and a few epidemiologic studies have also showed
a link between hepcidin and T2D at population level,
but the findings are still inconclusive. Recent data have
suggested different pathways in which hepcidin could be
associated with T2D with much emphasis on its primary
or secondary role in insulin resistance. Some of the
suggested pathways are via transcription modulator of
hepcidin (STAT3); ferroportin 1 expression on the cells
involved in iron transport; transmembrane protease 6
enzyme; and pro-inflammatory cytokines, interleukin
(IL)-1, IL-6, tumor necrosis factor-o. and IL-10. This
review briefly reports the existing evidence on the
possible links between hepcidin and T2D and concludes
that more data are needed to confirm or refute hepcidin’s
role in the development of T2D. Examining this role
could provide a further evidence base for iron in the
aetiopathogenesis of T2D.

Key words: Serum hepcidin; Body iron; Diabetes; Type
2 diabetes; Insulin resistance
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Core tip: Excess body iron has been demonstrated as
an independent risk factor of type 2 diabetes (T2D).
Lately, manipulation of serum hepcidin concentrations
through the use of hepcidin agonist is being suggested
in the management of iron overload diseases, of which
T2D is one. However, little is known about the role of
hepcidin in the development of T2D; hence, the need
for a review of the existing evidence linking hepcidin
and T2D. We discuss some of the main mechanisms
through which hepcidin could be associated with T2D.
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INTRODUCTION

Recently, attention has been shifting towards the iron-
regulatory hormone hepcidin and its possible role
in the aetiopathogenesis of type 2 diabetes (T2D).
Hepcidin is primarily a hepatic peptide synthesized as
a preprohepcidin, which is a 84-amino acid peptide. It
undergoes enzymatic cleavage into a 60- to 64-residue
prohepcidin peptide and finally into a biologically active
25-amino acid peptide hormone, hepcidin™?!, Tissues
of the kidney™, pancreatic beta cell™, macrophages™
and adipocytes'”! have also been reported to produce
hepcidin, but the role of this extra hepatic contribution
to serum hepcidin is still unclear.

Hepdidin’s role is to maintain iron homeostasis™®®. It
performs this action by regulating the expression and
function of cell membrane-embedded ferroportin (FPN)!%,
the cellular iron exporter in iron-transporting cells®?..
In response to the level of body iron stores, hepcidin
regulates dietary iron absorption from the intestine and
iron release from macrophages, by decreasing the cell
surface expression of FPN.

Among the known diseases associated with the iron
overload syndrome is T2D™*?, Even mildly elevated
body iron has been demonstrated as a risk factor of
T2D™, Some recent epidemiologic studies have tried
to explore the association between serum hepcidin
and T2D, with inconsistent findings™**®.. Also, serum
glucose concentration has been shown to regulate serum
hepcidin”’. As the underlying mechanisms between
body iron stores and T2D still need further dlarifications,
hepcidin could provide some answers. Therefore, we
reviewed the emerging links between hepcidin and T2D.

ROLE OF HEPCIDIN IN IRON
METABOLISM

Iron is a transition metal that is predominantly absorbed
in the duodenum and upper jejunum™®, The intestinal
absorption of iron is in two waves of uptake of iron
from intestinal lumen into the intestinal mucosa and
from mucosa into the blood™. The two known forms of
dietary iron are heme and non-heme iron. The heme iron
is well absorbed by the body while the non heme iron
predominantly in ferric form Fe®* is reduced to ferrous
Fe®* form by the duodenal cytochrome b reductase®”.
This is transported by the divalent-cation transporter
1, a member of the natural- resistance-associated
macrophage protein family, across the intestinal apical
membrane®!, and later stored in the cytosol of ferritin
or exported from the basolateral membrane of the
enterocytes via FPN1. Because of its numerous health
effects due to excess or deficiency, there is a need to
strictly regulate iron within the physiological range.
Following a feedback mechanism, hepcidin is either
up- or down-regulated by hepatocytes, depending on
the level of body iron. Genetically, the mRNA of the gene
(HEPC) coding for hepcidin increases with increase in
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body iron stores. At molecular level, hepcidin regulates
iron transport from iron-exporting tissue into plasma
by inhibiting intestinal iron absorption, release of
iron from macrophages™ and the placental passage
of iron®®!, It performs these functions by binding to
FPN1, which is expressed on the duodenal enterocytes,
hepatocytes, placental syncytiotrophoblasts and the
reticuloendothelia macrophages. It later internalizes and
degrades FPN1 leading to a reduction in the ability of
these cells to export iron into the plasma®. Conversely,
there is re-expression of FPN1 on these iron-exporting
cells in iron deficiency. However, it must be noted that
body iron is not the only stimulus for hepcidin release.
Hepcidin also responds to inflammation, infection, or
both; as such, hepcidin appears to be a link between
iron and inflammation. The antimicrobial properties of
hepcidin would require conditions inconsistent with those
observed in the serum, further emphasizing its iron-
regulatory role rather than its broad-spectrum antibiotic
activity™®*.

MECHANISMS LINKING HEPCIDIN AND
T2D

Insulin resistance is a feature of T2D, and the relationship
between iron metabolism and insulin resistance has been
suggested to be bidirectional’®'. However, the association
between hepcidin and insulin resistance remains vague.
Molecular studies have showed that insulin stimulates
hepcidin via STAT3, which is a novel transcription
modulator of hepcidin®. A study by Wang et a/*®, in
which they induced diabetes in rats using streptozotocin
with or without high-fat diet, showed a significant
reduction in hepcidin expression in the liver, mediated
by STAT3, causing abnormal elevation of FPN in the
intestine, leading to serum iron elevation. Le Guenno et
al*"! showed a 3.5-fold reduction in hepcidin mRNA in the
group with higher insulin resistance when compared to
the control group. Some previous studies™****" also have
shown reduced hepcidin and prohepcidin concentrations
in T2D subjects, suggesting insulin signal loss among
T2D subjects with elevated iron stores.

Another mechanistic link between hepcidin and
insulin is through glucose stimulation. One of the
extrahepatic sources of serum hepcidin is the beta cell
of the pancreas™. Insulin and hepcidin release have also
been localized to beta cell granules where hepcidin may
evoke its paracrine function. Thus, as glucose stimulates
insulin release, there is a concomitant production of
hepcidin. In the trial arm of a study by Aigner et af"”! in
which they assessed the effect of glucose on serum iron
and hepcidin, they found an increase in serum hepcidin
in glucose-treated subjects compared to the control
group treated with only water.

To further strengthen the association between
hepcidin and T2D, a genome-wide association study
(GWAS) by Gan et al®™™ evaluated the association of
transmembrane protease serine 6 (TMPRSS6) variants
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glucose homeostasis™”’; hence, in glucose dysregulation

observed in T2D, adiponectin and prohepcidin were
expected to be low. In keeping with their hypothesis,
Aso et al*® found low concentrations of adiponectin and
prohepcidin and a positive correlation between them in
T2D subjects. The other two case-control studies™**®
showed increased hepcidin/prohepcidin in T2D subjects
when compared with the control group. In Jiang et
af* study, T2D subjects had higher BMI and creatinine
than the controls, thus suggesting obesity and renal
impairment as possible reasons for the elevated serum
hepcidin. Further, inflammatory markers, i.e., IL-6,
C-reactive protein and white cell counts, were elevated
in T2D subjects compared to the controls, speculating
inflammatory signals as the cause of the elevated
hepcidin. One factor that could be responsible for the
contradictory findings in the hepcidin-T2D association
study is the wide range of assays with varying degrees
of limitation that were used in evaluating serum hepcidin
and serum prohepcidin. The lack of an accurate assay
to evaluate serum hepcidin in the past may have
influenced some investigators to choose prohepcidin,
which is thought to be easier to measure due to its
higher immunogenicity. Although some studies have
shown that prohepcidin does not accurately reflect iron
status and iron absorption™, others have claimed that
it is an indicator of endogenous hepcidin levels® in
healthy subjects. This could be the reason why some
studies used hepcidin while others used prohepcidin in
examining the association between hepcidin and T2D.
This is of particular interest in chronic renal disease
patients in end-stage renal failure, where there is cross-
reactivity in serum hepcidin-25 measurement with that
of other hepcidins, i.e., hepcidin-20 and hepcidin-22".
The question then arises whether the concentration
of hepcidin in T2D subjects is primary or secondary to
elevated body iron stores. The GWAS with a prospective
design by Gan et al® at least provided further insight
into the role of hepcidin as they showed a decreased
risk in developing T2D with the iron-lowering variants
of TMPRSS6. Also, in the trial arm of the three-in-one
study by Fernandez-Real et a*®, a negative correlation
was observed between prohepcidin and insulin sensitivity
after phlebotomy to reduce body iron stores, suggesting
an association between prohepcidin and body iron in
insulin sensitivity.

CONCLUSION

In conclusion, we have briefly reviewed the emerging
evidence pertaining to the role of hepcidin in T2D.
Although the causative role of body iron in insulin
resistance and T2D has been documented in both
observational™! and interventional studies'*?, the role
of hepcidin in this process is still uncertain. However,
in addition to the regulatory role in body iron stores,
serum hepcidin concentrations have been linked to pro-
inflammatory cytokines, STAT3, and TMPRSS6, all of
which have been associated with T2D. Data gathered
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in this review showed that hepcidin concentrations vary
in different populations with T2D. Further, hepcidin has
either a primary or secondary role in insulin resistance
which characterizes T2D. However, it is still inconclusive
from these accumulated data that serum hepcidin is an
independent risk factor in the aetiopathogenesis of T2D.
Thus, more experimental and clinical studies are needed
to confirm or refute the claim that hepcidin has a role in
T2D.
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Abstract

AIM: To investigate lipid metabolism and the relationship
with monocyte expression of the fatty acid translocase
CD36 in South Asians.

METHODS: An observational study of South Asians
whom as an ethnic group have - a higher risk of
developing diabetes. The susceptibility to diabetes is
coupled with an earlier and more rapid progression
of micro-, and macro-vascular complications. Twenty-
nine healthy South Asian participants [mean age 34.6
(8.9) years, 76.2% male, mean body-mass index 25.0
(5.2) kg/m’] were recruited from an urban residential
area of central Birmingham (United Kingdom). The
main outcomes measured were post prandial (30 min)
and post absorptive (120 min) changes from fasting (0
min) in circulating lipoproteins, lipds and hormones, and
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monocyte expression of CD36 post injection of a 75 g
oral glucose challenge. The inducements of variations of
monocyte CD36 expression were analysed.

RESULTS: Our results showed evident changes in
monocyte CD36 expression following the glucose
challenge (P < 0.001). Non-esterified fatty acids (NEFA)
levels decreased progressively during the challenge
(P < 0.001), in contrast to increased cholesterol
(but not triglyceride) concentrations within very low
density lipoprotein (VLDL) and low density lipoprotein
subfractions (P < 0.01). Levels of, glucose, serum
triglycerides and high density lipoprotein cholesterol
remained largely unchanged. Variations of monocyte
CD36 were negatively (r = -0.47, P = 0.04) associated
to fat from the diet and positively to carbohydrate from
the diet (- = 0.65, P < 0.001).

CONCLUSION: These data suggest that the initiation
of VLDL genesis follows the consumption of glucose
within this population, inferring that the sequestration
of NEFA from these particles happens due to the
increased availability of CD36 receptors. While these
are preliminary results, it would appear that lifestyle
exposures have a role in moderating the expression of
CD36.

Key words: CD36; Lipoprotein; Glucose; South Asians;
Diabetes; Micro-vascular; Macro-vascular

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

Core tip: This study investigated the relationship bet-
ween the expression of fatty acid translocase CD36 on
monocytes and lipid and lipoprotein metabolism in South
Asians. Post prandial and post absorptive changes from
fasting in circulating lipids, lipoproteins, hormones and
monocyte expression of CD36 were recorded subsequent
to an oral glucose challenge. Our results showed
discernible changes in monocyte CD36 expression post
glucose administration. These data suggest that the
production of very low density lipoprotein occurs sub-
sequent to the ingestion of glucose within this population.
It is presumed that the sequestration of non-esterified
fatty acids from these particles happens due to an
increase in availability of CD36 receptors.

Patel JV, Banerjee A, Montoro-Garcia S, Shantsila E, Alam
M, Flinders P, Houlton KAL, Hughes EA, Lip GYH, Gill PS.
CD36 expression and lipid metabolism following an oral glucose
challenge in South Asians. World J Diabetes 2015; 6(7): 983-989
Available from: URL: http://www.wjgnet.com/1948-9358/full/
v6/i7/983.htm DOI: http://dx.doi.org/10.4239/wjd.v6.i7.983

INTRODUCTION

The prevalence of diabetes is increased on the Indian
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subcontinent'™. Globally dispersed migrant populations
of “"South Asians” also have high rates of diabetes, which
is evident when compared to the various indigenous
populations of where they migrated®®!. Nephropathy
and retinopathy develop earlier and are more pro-
gressive in South Asian diabetics compared to White
diabetics”*!. The incidence of vascular disease is also
higher in South Asians compared to the general White
population™?.

Established risk factors such as obesity and urbanised
lifestyle “operate” amongst South Asians but it remains
unclear as to how far they explain an increased susce-
ptibility to diabetes for this group. Rates of glucose
intolerance amongst Indians living in rural village settings
appear to be no different to their migrant contemporaries
living overseas in Western countries™®. We and others
have observed that high glucose excursions in South
Asians are underpinned by unregulated non-esterified
fatty acids (NEFA) metabolism>*¥. This phenomenon
is likely to be complex and multifactorial, and we were
interested to investigate the role of the fatty acid trans-
locase CD36'!, which is the major facilitator of NEFA
sequestration from the blood!'®. Specifically, CD36
allows the transport of NEFA that are generated from the
lipolysis of triglyceride-rich lipoproteins such as very low
density lipoprotein (VLDL) across plasma membranes,
and into cells (e.g., monocytes, cardiomyocytes and
adipocytes) for fatty acid oxidation and lipid deposition™”’.
Cardiomyocytes use glucose in addition to fatty acids
for cellular respiration, and the expression of glucose
transporter 4 (GLUT4) and the fatty acid transporter
CD36 is stimulated by raised insulin concentrations and
an increase in cardiac work!'®,

Given that abnormalities of increased CD36 expression
and NEFA uptake may represent a common cause for
diabetes and the progression of its complications!***",
we measured changes in the expression of CD36 on
circulating monocytes and it association with direct indices
of NEFA metabolism amongst South Asians during an oral
glucose challenge.

MATERIALS AND METHODS

Participants

Healthy South Asian volunteers were recruited between
Jan and July 2011 for diabetes research Diabetes
Health, Residence and Metabolism in Asians (DHRMA):
the DHRMA study - a blinded, randomised, placebo
controlled trial at Sandwell and West Birmingham
Hospitals NHS Trust (Birmingham United Kingdom)
(described in detail elsewhere®?). All the participants
were aged 18 years and over and were of self reported
South Asian ethnicity with no known cardiovascular
disease or associated medications, body-mass index
(BMI) less than 30 kg/m?, and normal glucose tolerance.
The study design was approved by the Local Research
Ethics Committee. Written informed consent was collected
from all participants.
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Table 1 Characteristics of South Asian volunteers

Characteristics of 29 South Asian volunteers Mean (SD)
Age (yr) 34.6 (8.9)
Weight (kg) 69.6 (18.4)
Body-mass index (kg/m?) 25 (5.2)
Waist circumference (cm) 86.8 (16.3)
Hip circumference (cm) 101 (10)
Hip to waist ratio 0.892 (0.144)
Systolic BP (mmHg) 119 (13)
Diastolic BP (mmHg) 75.8 (8.8)
Energy from carbohydrates (%) 45 (6.3)
Energy from fats (%) 40.8 (5.8)
Energy from protein (%) 9.4 (6.8)
Energy from sugars (%) 12.6 (7.5)
Energy from starch (%) 32 (8.5)
Energy from saturated fat (%) 9.7 (5.8)
Energy from monounsaturated fat (%) 10.7 (5.2)
Energy from polyunsaturated fat (%) 6.8 (2.9)
Energy from alcohol (%) 0.5(2.2)

BP: Blood pressure.

Variables

All patients and controls attended a baseline assessment
for the DHRMA study at Sandwell and West Birmingham
Hospitals. The assessment incorporated an interview-
administered medical history questionnaire, and a
dietary assessment (24-h food recall) scrutinised using
the WISP (Weighed Intake Software Program) nutritional
package (version 3, Tinuviel Software, Llanfechell,
United Kingdom)™®, and anthropometric measurements,
which were measured using Seca scales and stadiometer
(Seca Ltd, Birmingham). Waist measurements were
recorded from the narrowest circumference above the
umbilicus and below the rib, and the hip was recorded
as the widest circumference at the buttocks. Both girths
were measured in duplicate, and repeated where there
were differences more than 2%. Blood pressure (BP)
measurement was repeated three times, 1 min apart
(analysing the mean) using a semi automated BP
monitor, the OMRON 705CP (Omron Healthcare Europe,
Mannheim, Germany) in combination with suitable cuff
sizes for each participant, after at least five minutes in
the sitting position. During this assessment venepucture
was performed to collect blood (as serum, fluoride
oxalate plasma and EDTA plasma) at fasting, 30 min post
administration of a 75 g oral glucose load (Maxijul; SHS
Supplies, Liverpool, United Kingdom). Blood collected
with fluoride oxalate was analysed for glucose (glucose
oxidase method) within 2 h of venepuncture using the
Cobas Integra 400 auto analyser (Roche Diagnostics,
United Kingdom). EDTA plasma was stored at 4°C was
analysed by: (1) Flow cytometry was recorded using
the becton dickinson (BD) FACSCalibur flow cytometer
(BD, Oxford, United Kingdom) (described elsewhere™).
Absolute counts of monocytes analysed for human CD36
antibodies (Miltenyi Biotec GmbH, Germany). Monocyte
CD36 was also assessed in subsets of monocytes
by order of their co-expression of CD14, CD16 and
CCR2, defined as Mon1: CD14(+)CD16(-)CCR2(+),
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Mon2: CD14(+)CD16(+)CCR2(+), and Mon3:
CD14(low)CD16(+)CCR2(-) (as described previously'**);
and (2) Density gradient ultracentrifugation (described
elsewhere®) was used to separate VLDL, low density
lipoprotein (LDL), high density lipoprotein (HDL)2 and
HDLs subfractions using the Optima TLX Ultracentrifuge
(Beckman Coulter, High Wycombe UK). Briefly, VLDL
subfractions were extracted at a density 1.006 kg/L,
LDL at 1.063 kg/L, HDLzat 1.123 kg/L and HDLs at 1.21
kg/L. Concentrations of cholesterol and triglyceride were
measured on these separated lipoprotein subfractions on
the Cobas Integra 400.

Blood collected as serum was separated and stored
at -70°C for batch analysis using commercially availible
(1) colourimetric assays for NEFA (Acyl CoA synthase/
oxidase method, Randox Laboratories, Co Antrim, United
Kingdom); (2) ELISA for Insulin (Abcam, Cambridge,
United Kingdom), adiponectin (R and D systems, Abing-
ton, United Kingdom), soluble CD36 (Adipo Bioscience
Inc., Santa Clara, United States); and (3) automated
biochemistry assays for total cholesterol, HDL cholesterol,
LDL cholesterol, apolipoprotein AI, apolipoprotein B on
the Cobas Integra 400.

Statistical analysis
Statistical review of the study was performed by a
biomedical statistician. Data were analysed and validated
using SPSS version 16.0 (SPSS Inc., Chicago, IL, United
States). The parametric distribution of variables was
scrutinised against Kolmogorov-Smirnov plots. Normally
distributed data was analysed using ANOVA. The central
tendencies of the data were presented as mean and
variation by SD. Non-parametrically distributed data
were analysed using the Friedman test for related
measures, and data were presented as both median and
interquartile ranges. A two-tailed bivariate correlation
analysis was performed using Spearman’s correlation
coefficient. Categorical data were analysed using z°
tests. A P value < 0.05 was accepted as statistically
significant.

Statistical review was performed by Dr. Andrew
Blann, a biomedical statistician.

RESULTS

A total of 29 volunteers were consecutively recruited for
this study. The characteristics of the cohort are shown
in Table 1. South Asians were typically of Indian origin
(72.4%) and subscribed to diets where the fat intake
was 40% of the total energy intake. Their mean age
was 34.6 (8.9) years, 16 were male (76.2%) and mean
levels of BMI, fasting blood glucose, fasting serum
lipids, and BP were reflective of a healthy cohort (Table
2). Soluble levels of CD36 were unrelated to monocyte
expression of CD36. Analysing variables reported in
Tables 1 and 2, variations in the percentage expression
of monocyte CD36 was associated with anthropometry
and dietary intake (Table 3). These correlations were
specific to monocyte subsets, where Mon1 was positively
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Table 2 Fasting metabolic indices and monocyte CD3é

expression amongst South Asian volunteers

Characteristics of 29 South Asian volunteers Median (interquartile range)
5.09 (4.50, 5.47)

Plasma glucose (mmol/L)

Serum NEFA (mmol/L) 0.416 (0.264, 0.514)
Serum cholesterol (mmol/L) 3.41 (2.95, 3.96)
Serum triglycerides (mmol/L) 0.9 (0.67,1.44)

HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Apolipoprotein Al (g/L)

1.27 (0.98,1.48)
2.03 (1.56, 2.44)
1.21 (1.10, 1.43)

Apolipoprotein B (g/L) 0.58 (0.46, 0.77)
VLDL subfraction cholesterol (mmol/L) 1.26 (0.97, 1.44)
LDL subfraction cholesterol (mmol/L) 1.3 (0.80, 1.65)
HDL: subfraction cholesterol (mmol/L) 0.58 (0.41, 0.76)
HDL: subfraction cholesterol (mmol/L) 0.37(0.25, 0.51)
VLDL subfraction triglyceride (mmol/L) 0.34 (0.24, 0.43)
LDL subfraction triglyceride (mmol/L) 0.27 (0.17, 0.55)
HDL: subfraction triglyceride (mmol/L) 0.08 (0.06, 0.15)
HDLs subfraction triglyceride (mmol/L) 0.06 (0.04, 0.08)
Insulin (mU/L) 4.64 (2.60, 8.23)
Adiponectin (ng/mL) 1.79 (0.65, 2.65)
Plasma soluble CD36 (mmol/L) 108 (0, 249)
Total monocyte CD36 (Mon CD36" per uL) 361 (301, 432)
Monocyte CD36 on Monl (%) 81.8 (75.1, 85.8)
Monocyte CD36 on Mon2 (%) 7.2 (5.0,10.3)
Monocyte CD36 on Mon3 (%) 10.5 (8.7, 16.6)

Monocyte subset. Mon1: CD14(+)CD16(-)CCR2(+); Mon2: CD14(+)-
CD16(+)CCR2(+); Mon3: CD14(low)CD16(+)CCR2(-); NEFA: Non-
esterified fatty acids; VLDL: Very low density lipoprotein; LDL: Low
density lipoprotein; HDL: High density liporprotein.

Table 3 Correlation between characteristics and fasting

metabolic indices against percentage monocyte CD3é6
expression

Characteristics and Spearman correlation coefficient (P)

fasting metabolic indices Mon1 Mon2 Mon3
Body-mass index 0438 (0.02)  0.156 (0.43)  0.418 (0.027)
Hip circumference 0.633 (0.002) 0419 (0.06)  0.483 (0.027)
Serum NEFA 0349 (0.06)  0.151(043)  0.478 (0.009)
Apolipoprotein Al 0282 (0.14) 0475 (0.009)  0.149 (0.44)
Energy from total fat (%) -0.472 (0.036)  0.399 (0.08)  0.458 (0.04)
Energy from -0.691 (< 0.001) 0.724 (<0.001) 0.230 (0.33)

monounsaturated fat (%)
Energy from
carbohydrates (%)

0.645 (0.002) -0.496 (0.026) -0.533 (0.016)

Monocyte subset. Monl: CD14(+)CD16(-)CCR2(+); Mon2: CD14(+)-
CD16(+)CCR2(+); Mon3: CD14(low)CD16(+)CCR2(-); NEFA: Non-
esterified fatty acids.

associated with carbohydrate intake, and negatively with
fat intake and BMI, while such trends appeared reversed
in Mon2 and Mon3 subsets, which were additionally
associated with apolipoprotein Al and NEFA (Table 3).
On analysis of serial measures of monocyte CD36
expression, there were evident changes in receptor
concentrations for all monocytes (P < 0.001), as well
as across subsets Monl (P < 0.001), Mon2 (P = 0.011)
and Mon3 (P = 0.03) (Table 4). The profile of monocyte
subset changes reflected a decrease post-prandially
(30 min after the glucose challenge) and higher levels
post-absorbatively (after 120 min) in Monl and Mon2
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Figure 1 Changes in monocyte subset CD36 expression (Mon CD36"
per pL) pre and post administration of oral glucose. Monocyte subsets.
Mon1: CD14(+)CD16(-)CCR2(+); Mon2: CD14(+)CD16(+)CCR2(+); Mon3:
CD14(low)CD16(+)CCR2(-).

(Figure 1). NEFA levels progressively decreased during
the glucose challenge (P < 0.001), whereas cholesterol
concentrations within VLDL and LDL subfractions
increased (P < 0.001). The levels of triglyceride within
VLDL particles and HDL particles appeared to decrease
during the glucose challenge, but these changes were
not significant. Levels of serum triglycerides, glucose,
HDL subfraction lipids were largely unchanged following
the glucose load. Similarly, there were no significant
changes in percentage expression of monocyte CD36
on Mon1, Mon2 or Mon3.

DISCUSSION

Greater CD36 expression following a glucose challenge
in healthy South Asians, could reflect a physiological
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Table 4 Changes in metabolic factors absolute monocyte CD36 expression pre and post administration of oral glucose

Circulating concentrations following the administration of glucose P

0 min 30 min 120 min
Monocyte CD36 on Mon1 (Mon CD36" per uL) 300 (240, 324) 223 (187, 254) 353 (323, 382) <0.001
Monocyte CD36 on Mon2 (Mon CD36" per uL) 23.9 (17.9, 32.3) 21.3 (17.2, 30.8) 29.9 (18.1, 39.6) 0.011
Monocyte CD36 on Mon3 (Mon CD36" per uL) 36.7 (24.3, 53.2) 26.1 (18.4,45.8) 34.4 (31.3,48.7) 0.03
Total monocyte CD36 (Mon CD36" per uL) 361 (308, 432) 278 (240, 324) 422 (394, 458) <0.001
Plasma glucose (mmol/L) 5.09 (4.5,5.47) 6.68 (4.93,8.12) 5.2 (4.64, 6.07) 0.08
Serum NEFA (mmol/L) 0.416 (0.264, 0.514) 0.215 (0.098, 0.326) 0.094 (0.071, 0.207) <0.001
Serum cholesterol (mmol/L) 3.41 (2.95, 3.96) 3.29 (2.95, 3.95) 3.44 (3.06, 3.80) 0.52
Serum triglycerides (mmol/L) 0.9 (0.67, 1.44) 0.83 (0.55, 1.19) 1.01 (0.54, 1.35) 0.26
VLDL cholesterol (mmol/L)' 1.26 (0.97, 1.44) 1.31 (0.94, 1.50) 1.42 (1.27,1.62) 0.001
LDL cholesterol (mmol/L)' 1.39 (0.89, 1.71) 1.61 (0.8, 1.82) 1.92 (1.58, 2.24) 0.003
HDL: cholesterol (mmol /L)' 0.600 (0.425, 0.735) 0.470 (0.360, 0.725) 0.540 (0.415, 0.820) 0.19
HDLs cholesterol (mmol /L)' 0.395 (0.285, 0.505) 0.330 (0.205, 0.450) 0.325 (0.250, 0.570) 043
VLDL triglyceride (mmol/L)' 0.338 (0.223, 0.440) 0.263 (0.213, 0.365) 0.265 (0.105, 0.353) 0.37
LDL triglyceride (mmol/L)’ 0.270 (0.170, 0.505) 0.250 (0.170, 0.360) 0.275 (0.125, 0.385) 0.16
HDL: triglyceride (mmol/L)" 0.080 (0.055, 0.138) 0.070 (0.043, 0.093) 0.060 (0.028, 0.100) 0.09
HDLs triglyceride (mmol/L)" 0.058 (0.035, 0.083) 0.035 (0.013, 0.045) 0.038 (0.025, 0.065) 0.12

'Subfraction lipids. Data are median (interquartile range). NEFA: Non-esterified fatty acids; VLDL: Very low density lipoprotein; LDL: Low density

lipoprotein; HDL: High density liporprotein.

response to counteract the toxicity of excessive plasma
glucose. Monocytes have been shown to present an
intracellular CD36 pool™, and the transient expression
of CD36 in monocytes during glucose challenge, may
serve as a critical process in dictating the functional
activity of CD36 during diabetic conditions and perhaps,
atherogenesis. These increases in absolute monocyte
CD36 concentrations occurred in parallel to an exponen-
tial decrease in NEFA, a rise in levels of VLDL and
LDL cholesterol, and no changes in plasma glucose,
serum triglycerides or HDL cholesterol. It is possible
that the oral glucose challenge in South Asians results
in the generation of VLDL particles, and the increased
availability and action of CD36 results in the liberation of
triglyceride from these particles. The expression of CD36
on monocytes is associated with factors such as dietary
fat and carbohydrate, and we are tempted to speculate
that lifestyle exposures have a role in moderating the
expression of CD36.

An increase in the expression of CD36 is seen as
a dysfunctional event, and in diabetics it is associated
with a down regulation of the GLUT4 receptor and a
reduction in glycogen synthesis™®.. In South Asians,
this response to increase CD36 expression following a
glucose load may reflect a homeostatic process to up-
regulate those mechanisms that preferentially store
energy as fat. In animal models and cellular models,
CD36 is shown to lower circulating NEFA concentrations
and to promote the efflux of triglyceride from VLDL"®,

The reasons this “ethnic” preference to process
energy in this way are complex. One interesting aspect
of CD36 measurement in South Asians is in its dual
role in the clearance of red blood cells infected with
plasmodium falciparum. The interaction between malaria
and CD36 receptors is complex and the subject of
debate™. South Asians have evolved from a part of the
world where malaria was endemic®®”, and this may have
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conferred a survival benefit™**"!,

Hepcidin is upregulated in malarial infected individuals
by interleukin-6"%, a protein that supports hepatic
gluconeogenesis, by a process that is dysregulated in
diabetics. Further research is required to fully understand
the link between exposure to malaria and a subsequent
susceptibility to diabetes.

Monocytes and macrophages play a fundamental
role in the pathogenesis of atherosclerosis, and various
subtypes of monocytes are associated with cardiovascular
diseases™, Functional differences of three Mon1, Mon2
and Mon3 monocyte subsets have been described!®*!.
Each monocyte subset responds differently to distinctive
immunological stimuli. For example, Mon2 and 3 mono-
cytes predominate during inflammatory states and
Mon1 in response to Candida albicans™". The production
of cytokines such as tumor necrosis factor-alpha,
associated with diabetes, also varies with stimulus®®"!.
However, responses in CD36 expression following the
glucose challenge were largely similar across these
subsets, and as such the metabolic significance of these
subclassifications are unclear. The increased surface
expression of CD36 on Monl was associated with lower
BMI and a higher intake of carbohydrate, where as the
converse appeared true for Monl and Mon2, which
were positively associated with dietary fat. Such findings
suggest that the expression of CD36 on monocytes can
be moderated by diet.

Due to the low numbers of subjects in this study, we
only had sufficient statistical power to detect significant
associations (alpha at 0.02) where the correlation
coefficient was = 0.55. We found levels of soluble
CD36 to be unrelated to monocytes and metabolic
measures. However, elsewhere, soluble CD36 has been
shown to reflect several aspects of insulin resistance
in humans®®?. The isolation of lipoprotein subfractions
by ultracentrifugation is prone to losses during the
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extraction process. Further work would need to be
undertaken to analyse the generalisability of the data
generated here. There is considerable diversity within
the South Asian ethnic category, it encompases over 22
different languages and more than 6 different religions.
The dietary intake of fat in this cohort was similar to that
we have measured in a larger cohort of South Asians
Living in the United Kingdom™?. Nonetheless, the dietary
intake of fat in these groups is much greater than that
seen amongst South Asians living in rural India™®.

In summary, these data describe changes in lipid
metabolism following the oral ingestion of glucose in
South Asians which includes the generation of VLDL, and
an increase in monocytes expressing CD36. We presume
that triglycerides from these particles are cleared by
an increase in the availability of CD36 receptors, and it
would appear that lifestyle exposures may influence this
process.

COMMENTS

Background

The incidence of diabetes in South Asian populations, including those living
in the Indian Subcontinent, and those who have migrated away, is significant.
Indeed it is higher than in comparable Caucasian populations and the resulting
complications of diabetes such as nephropathy and retinopathy occur both
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