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Abstract

Diabetic cardiomyopathy (DCM), a complication of diabetes, poses a significant
threat to public health, both its diagnosis and treatment presents challenges.
Teneligliptin has promising applications and research implications in the treat-
ment of diabetes mellitus. Zhang et al observed the therapeutic effect of tenelig-
liptin on cardiac function in mice with DCM. They validated that teneligliptin’s
mechanism of action in treating DCM involves cardiomyocyte protection and
inhibition of NLRP3 inflammasome activity. Given that the NLRP3 inflammasome
plays a crucial role in the onset and progression of DCM, it presents a promising
therapeutic target. Nevertheless, further clinical validation is required to ascertain
the preventive and therapeutic efficacy of teneligliptin in DCM.

Key Words: Teneligliptin; NLRP3 inflammasome; Diabetes; Diabetic cardiomyopathy;
Diabetes complications
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Core Tip: Diabetic cardiomyopathy (DCM) is a complication of diabetes, presenting significant challenges in both diagnosis
and treatment of DCM. Zhang et al observed the therapeutic effect of teneligliptin on cardiac function in mice with DCM.
They confirmed that teneligliptin functions by protecting cardiomyocytes and mitigating inflammation by inhibiting NLRP3
inflammasome activity. This discovery offers clinical management of DCM patients; however, its clinical application
necessitates further clinical verification and discussion.
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INTRODUCTION

The number of patients with diabetes mellitus (DM) is expected to reach 783 million by 2045 worldwide[1]. Diabetic
cardiomyopathy (DCM), a distinct diabetes-associated cardiac complication, ranks among the primary causes of death in
patients with diabetes. DCM is characterized by structural alterations and functional irregularities of the heart, coronary
atherosclerosis, significant valvular heart disease, and the absence of hypertension[2]. The pathophysiology of DCM
involves various molecular processes, such as hyperglycemia, insulin resistance, accelerated fatty acid oxidation,
oxidative stress, mitochondrial dysfunction, and endothelial dysfunction[3]. Given that the progression of DCM
correlates with chronic inflammation and cardiomyocyte demise, ultimately leading to heart failure[4], its prevention and
treatment merit urgent attention.

DCM AND NLRP3 INFLAMMASOME

Cardiac inflammation manifests in the early stages of diabetes, with the development of DCM being mainly attributable
to the nod-like receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasome. In DCM, activation of the
NLRP3 inflammasome in cardiomyocytes triggers pyroptosis of the heart cells, aggravating the cardiac condition[5].
Using a diabetic mouse model, Song et al[6] revealed that sirtuin 3 deficiency aggravated hyperglycemia-induced
mitochondrial damage, increased reactive oxygen species accumulation, activated the NLRP3 inflammasome, and
ultimately aggravated DCM. Zhang et al[7] discovered that high glucose stimulation in a diabetic cell model activates the
NLRP3 inflammasome, leading to increased secretion of interleukin-1p by neonatal rat ventricular myocytes, and
subsequent induction of myocardial injury[8]. Moreover, inhibition or silencing of the NLRP3 inflammasome gene has
shown potential therapeutic effects in DCM. Gao et al[9] found that inhibiting the NLRP3 inflammasome could effectively
suppress the pyrodeath of cardiomyocytes. Yang et al[10] discovered that metformin demonstrates cardioprotective and
anti-inflammatory effects in DCM by activating adenosine 5’-monophosphate-activated protein kinase/autophagy and
subsequently inhibiting the NLRP3 inflammasome. In conclusion, these findings suggest that the NLRP3 inflammasome
represents a promising molecular target in DCM, emphasizing the significance of interventions that can target the activity
of this immune system complex for effectively managing the cardiac complications[11].

In clinical practice, DCM treatment includes conventional cardiovascular and anti-glycemic drugs, as well as new
therapies such as coenzyme Q10, MicroRNA, and stem cell therapy[12]. However, each method has its limitations: For
example, traditional cardiovascular drugs are applied only at the heart of DCM development and have more obvious
symptoms when applicable. Conventional hypoglycemic drugs have insignificant efficacy, and sodium-glucose cotrans-
porter-2 inhibitors is the only first-line drug recommended for DCM[13]. Teneligliptin, a dipeptidyl peptidase-4 inhibitor,
is a newer drug used in the management of type 2 DM (T2DM). Teneligliptin has promising applications in the treatment
of DM and its associated complications and thus warrants further research. Because it can be used in patients with T2DM
with renal and/or mild-to-moderate hepatic impairment, it has a unique place in therapy[14]. This drug has the
advantages of being inexpensive and safe, improving blood glucose consistently (decreasing the glycated hemoglobin
Alc value), and being available to patients with mild to moderate hepatic impairment. More reassuringly, patients with
mild, moderate, or severe renal impairment or end-stage kidney disease can safely take the drug without dose adjustment
[15,16]. Wang and Zhang[17] showed that teneligliptin attenuated diabetes-related cognitive impairment by inhibiting
endoplasmic reticulum stress and the NLRP3 inflammasome in diabetic mice. Few studies have investigated the effect
and mechanism of action of teneligliptin on NLRP3 inflammatory vesicles. Although the study by Zhang et al[7]
introduced the concept of applying teneligliptin to treat DCM in patients with kidney damage, the model in that study is
more similar to type 1 DM, and the suggested clinical application of this drug requires further research and discussion.

Ultimately, the incidence of cardiac issues correlates closely with the severity of diabetes, and the utilization of
hypoglycemic drugs may exert dual effects on both the preventing and treating DCM. The study by Zhang et al[7]
introduces a novel concept for the clinical management of DCM patients with kidney damage, offering a promising
avenue for therapeutic intervention. However, the preventive and therapeutic effects of teneligliptin on DCM require
further validation through large-scale clinical trials. Additionally, the question of whether it is covered by medical
insurance warrants consideration.
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CONCLUSION

Cardiac inflammation contributes to the onset and progression of DCM, which is often associated with NLRP3 inflam-
masome activation. Traditional drugs for heart treatment can only be administered when cardiac symptoms are evident,
underscoring the importance of identifying preventive measures for DCM. Through in vivo and in vitro experiments,
teneligliptin has been shown to inhibit NLRP3 inflammasome activity and exert anti-inflammatory and protective effects
in cardiomyocytes. Although large-scale clinical studies are still needed, the NLRP3 inflammasome represents a novel
target of teneligliptin for the clinical treatment of DCM.

ACKNOWLEDGEMENTS

We would like to acknowledge the authors of this manuscript Yi Cao, Qing-Yuan Wu and Lu-Sha Cen, for their
constructive conclusions and language instruction.

FOOTNOTES

Author contributions: Guo ] and Wu QY designed and wrote the manuscript; Cao Y and Cen LS supervised the guidance of the
manuscript; All authors have read and approved the final manuscript.

Supported by Scientific Research Project Foundation of Zhejiang Chinese Medical University, No. 2023FSYYZZ01; and National Natural
Science Foundation of China, No. 82104862.

Conflict-of-interest statement: The authors declare that they have no conflict of interest.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (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: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country of origin: China
ORCID number: Lu-Sha Cen 0000-0001-7223-340X.

S-Editor: Fan M
L-Editor: A
P-Editor: Yuan YY

REFERENCES

1 Magliano DJ, Boyko EJ, IDF Diabetes Atlas 10th ed. IDF DIABETES ATLAS [Internet]. Brussels: International Diabetes Federation; 2021

[PMID: 35914061]

Ding K, Song C, Hu H, Yin K, Huang H, Tang H. The Role of NLRP3 Inflammasome in Diabetic Cardiomyopathy and Its Therapeutic

Implications. Oxid Med Cell Longev 2022; 2022: 3790721 [PMID: 36111168 DOI: 10.1155/2022/3790721]

Chen Y, Hua Y, Li X, Arslan IM, Zhang W, Meng G. Distinct Types of Cell Death and the Implication in Diabetic Cardiomyopathy. Front

Pharmacol 2020; 11: 42 [PMID: 32116717 DOI: 10.3389/fphar.2020.00042]

4 Jankauskas SS, Kansakar U, Varzideh F, Wilson S, Mone P, Lombardi A, Gambardella J, Santulli G. Heart failure in diabetes. Metabolism

2021; 125: 154910 [PMID: 34627874 DOI: 10.1016/j.metabol.2021.154910]

Deng J, Yan F, Tian J, Qiao A, Yan D. Potential clinical biomarkers and perspectives in diabetic cardiomyopathy. Diabetol Metab Syndr 2023;

15: 35 [PMID: 36871006 DOI: 10.1186/s13098-023-00998-y]

6 Song S, Ding Y, Dai GL, Zhang Y, Xu MT, Shen JR, Chen TT, Chen Y, Meng GL. Sirtuin 3 deficiency exacerbates diabetic cardiomyopathy
via necroptosis enhancement and NLRP3 activation. Acta Pharmacol Sin 2021; 42: 230-241 [PMID: 32770173 DOI:
10.1038/s41401-020-0490-7]

7 Zhang GL, Liu Y, Liu YF, Huang XT, Tao Y, Chen ZH, Lai HL. Teneligliptin mitigates diabetic cardiomyopathy by inhibiting activation of
the NLRP3 inflammasome. World J Diabetes 2024; 15: 724-734 [PMID: 38680706 DOI: 10.4239/wjd.v15.i4.724]

8 Zhang H, Chen X, Zong B, Yuan H, Wang Z, Wei Y, Wang X, Liu G, Zhang J, Li S, Cheng G, Wang Y, Ma Y. Gypenosides improve diabetic
cardiomyopathy by inhibiting ROS-mediated NLRP3 inflammasome activation. J Cell Mol Med 2018; 22: 4437-4448 [PMID: 29993180 DOI:
10.1111/jemm.13743]

9 Gao G, Ful,XuY, Tao L, Guo T, Fang G, Zhang G, Wang S, Qin T, Luo P, Shen X. Cyclovirobuxine D Ameliorates Experimental Diabetic
Cardiomyopathy by Inhibiting Cardiomyocyte Pyroptosis via NLRP3 in vivo and in vitro. Front Pharmacol 2022; 13: 906548 [PMID:
35865939 DOI: 10.3389/fphar.2022.906548]

10 Yang F, Qin Y, Wang Y, Meng S, Xian H, Che H, LvJ, Li Y, Yu Y, Bai Y, Wang L. Metformin Inhibits the NLRP3 Inflammasome via
AMPK/mTOR-dependent Effects in Diabetic Cardiomyopathy. Int J Biol Sci 2019; 15: 1010-1019 [PMID: 31182921 DOI:
10.7150/ijbs.29680]

)

w

W

Jg%,@ WID | https://www.wjgnet.com 2004 October 15,2024 | Volume15 | Issuel0 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0001-7223-340X
http://orcid.org/0000-0001-7223-340X
http://www.ncbi.nlm.nih.gov/pubmed/35914061
http://www.ncbi.nlm.nih.gov/pubmed/36111168
https://dx.doi.org/10.1155/2022/3790721
http://www.ncbi.nlm.nih.gov/pubmed/32116717
https://dx.doi.org/10.3389/fphar.2020.00042
http://www.ncbi.nlm.nih.gov/pubmed/34627874
https://dx.doi.org/10.1016/j.metabol.2021.154910
http://www.ncbi.nlm.nih.gov/pubmed/36871006
https://dx.doi.org/10.1186/s13098-023-00998-y
http://www.ncbi.nlm.nih.gov/pubmed/32770173
https://dx.doi.org/10.1038/s41401-020-0490-7
http://www.ncbi.nlm.nih.gov/pubmed/38680706
https://dx.doi.org/10.4239/wjd.v15.i4.724
http://www.ncbi.nlm.nih.gov/pubmed/29993180
https://dx.doi.org/10.1111/jcmm.13743
http://www.ncbi.nlm.nih.gov/pubmed/35865939
https://dx.doi.org/10.3389/fphar.2022.906548
http://www.ncbi.nlm.nih.gov/pubmed/31182921
https://dx.doi.org/10.7150/ijbs.29680

Guo ] et al. Teneligliptin in the treatment of DCM

11 Sun Y, Ding S. NLRP3 Inflammasome in Diabetic Cardiomyopathy and Exercise Intervention. Int J Mol Sci 2021; 22 [PMID: 34948026 DOI:

10.3390/ijms222413228]

Murtaza G, Virk HUH, Khalid M, Lavie CJ, Ventura H, Mukherjee D, Ramu V, Bhogal S, Kumar G, Shanmugasundaram M, Paul TK.

Diabetic cardiomyopathy - A comprehensive updated review. Prog Cardiovasc Dis 2019; 62: 315-326 [PMID: 30922976 DOLI:

10.1016/j.pcad.2019.03.003]

13 Zhao X, Liu S, Wang X, Chen Y, Pang P, Yang Q, Lin J, Deng S, Wu S, Fan G, Wang B. Diabetic cardiomyopathy: Clinical phenotype and
practice. Front Endocrinol (Lausanne) 2022; 13: 1032268 [PMID: 36568097 DOI: 10.3389/fendo.2022.1032268]

14 Abubaker M, Mishra P, Swami OC. Teneligliptin in Management of Diabetic Kidney Disease: A Review of Place in Therapy. J Clin Diagn
Res 2017; 11: OE05-OE09 [PMID: 28273997 DOI: 10.7860/JCDR/2017/25060.9228]

15 Zhu M, Guan R, Ma G. Efficacy and safety of teneligliptin in patients with type 2 diabetes mellitus: a Bayesian network meta-analysis. Front
Endocrinol (Lausanne) 2023; 14: 1282584 [PMID: 38189048 DOI: 10.3389/fendo.2023.1282584]

16 Sharma SK, Panneerselvam A, Singh KP, Parmar G, Gadge P, Swami OC. Teneligliptin in management of type 2 diabetes mellitus. Diabetes
Metab Syndr Obes 2016; 9: 251-260 [PMID: 27574456 DOI: 10.2147/DMS0O.S106133]

17 Wang W, Zhang J. Teneligliptin alleviates diabetes-related cognitive impairment by inhibiting the endoplasmic reticulum (ER) stress and
NLRP3 inflammasome in mice. Aging (Albany NY) 2023; 16: 8336-8347 [PMID: 38127000 DOI: 10.18632/aging.205333]

3%9@) WID | https://www.wjgnet.com 2005 October 15,2024 | Volume15 | Issuel0 |


http://www.ncbi.nlm.nih.gov/pubmed/34948026
https://dx.doi.org/10.3390/ijms222413228
http://www.ncbi.nlm.nih.gov/pubmed/30922976
https://dx.doi.org/10.1016/j.pcad.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/36568097
https://dx.doi.org/10.3389/fendo.2022.1032268
http://www.ncbi.nlm.nih.gov/pubmed/28273997
https://dx.doi.org/10.7860/JCDR/2017/25060.9228
http://www.ncbi.nlm.nih.gov/pubmed/38189048
https://dx.doi.org/10.3389/fendo.2023.1282584
http://www.ncbi.nlm.nih.gov/pubmed/27574456
https://dx.doi.org/10.2147/DMSO.S106133
http://www.ncbi.nlm.nih.gov/pubmed/38127000
https://dx.doi.org/10.18632/aging.205333

%

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4239/wjd.v15.i110.2006

World Journal of
Diabetes

World | Diabetes 2024 October 15; 15(10): 2006-2009

ISSN 1948-9358 (online)

EDITORIAL

Utilising continuous glucose monitoring for glycemic control in
diabetic kidney disease

Vamsidhar Veeranki, Narayan Prasad

Specialty type: Endocrinology and
metabolism

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s classification
Scientific Quality: Grade C, Grade
D

Novelty: Grade C, Grade C
Creativity or Innovation: Grade C,
Grade C

Scientific Significance: Grade C,
Grade C

P-Reviewer: Liu YF

Received: March 28, 2024
Revised: June 7, 2024

Accepted: July 9, 2024

Published online: October 15, 2024
Processing time: 181 Days and 15
Hours

Jaishideng

s WID | https://www.wjgnet.com

Vamsidhar Veeranki, Narayan Prasad, Department of Nephrology and Renal Transplantation,
Sanjay Gandhi Postgraduate Institute of Medical Sciences, Lucknow 226014, Uttar Pradesh,
India

Corresponding author: Narayan Prasad, MD, Professor, Department of Nephrology and Renal
Transplantation, Sanjay Gandhi Postgraduate Institute of Medical Sciences, Rae Bareli Road,
Lucknow 226014, Uttar Pradesh, India. narayan.nephro@gmail.com

Abstract

In this editorial, we comment on the article by Zhang et al. Chronic kidney disease
(CKD) presents a significant challenge in managing glycemic control, especially in
diabetic patients with diabetic kidney disease undergoing dialysis or kidney
transplantation. Conventional markers like glycated haemoglobin (HbAlc) may
not accurately reflect glycemic fluctuations in these populations due to factors
such as anaemia and kidney dysfunction. This comprehensive review discusses
the limitations of HbAlc and explores alternative methods, such as continuous
glucose monitoring (CGM) in CKD patients. CGM emerges as a promising
technology offering real-time or retrospective glucose concentration measure-
ments and overcoming the limitations of HbAlc. Key studies demonstrate the
utility of CGM in different CKD settings, including hemodialysis and peritoneal
dialysis patients, as well as kidney transplant recipients. Despite challenges like
sensor accuracy fluctuation, CGM proves valuable in monitoring glycemic trends
and mitigating the risk of hypo- and hyperglycemia, to which CKD patients are
prone. The review also addresses the limitations of CGM in CKD patients,
emphasizing the need for further research to optimize its utilization in clinical
practice. Altogether, this review advocates for integrating CGM into managing
glycemia in CKD patients, highlighting its superiority over traditional markers
and urging clinicians to consider CGM a valuable tool in their armamentarium.

Key Words: Chronic kidney disease; Diabetic kidney disease; Glycemic control;
Continuous glucose monitoring; Glycated hemoglobin; Glycemic variability

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

2006 October 15,2024 | Volume15 | Issue10 |


https://www.f6publishing.com
https://dx.doi.org/10.4239/wjd.v15.i10.2006
mailto:narayan.nephro@gmail.com

Veeranki V et al. Utilising CGM for glycaemic control in DKD

Core Tip: Continuous glucose monitoring (CGM) emerges as a transformative tool, offering real-time insights into glycemic
variability among diabetic patients with chronic kidney disease (CKD), particularly during dialysis and post-transplantation
phases. Innovations include CGM's ability to accurately detect hyper- and hypoglycemic events, aiding in timely therapeutic
adjustments to mitigate risks. Studies demonstrate CGM's superiority over traditional markers like glycated haemoglobin in
capturing acute glycemic fluctuations, particularly in dialysis patients, mainly due to the shorter life span of red blood cells,
besides maintaining accuracy across all CKD stages, including those on peritoneal dialysis. CGM has substantive potential
in individualized glycaemic management of CKD.

Citation: Veeranki V, Prasad N. Utilising continuous glucose monitoring for glycemic control in diabetic kidney disease. World J
Diabetes 2024; 15(10): 2006-2009
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INTRODUCTION

Chronic kidney disease (CKD) poses a significant challenge in managing glycemic control, particularly in diabetic
patients who develop diabetic kidney disease (DKD). DKD is a prevalent complication of diabetes mellitus (DM),
affecting 20%-25% of patients with type-2 DM[1,2]. DKD patients may experience frequent episodes of hypoglycemia
with the progression of kidney disease. This is mainly due to impaired renal gluconeogenesis, defective renal clearance of
insulin, elevated insulin resistance, and diminished B-cell function. With limitations of glycated haemoglobin (HbAlc),
glycated albumin and fructosamine in CKD, the application of continuous glucose monitoring (CGM) in patients with
diabetes is promising. In this comprehensive review, Zhang et al[3] have reviewed how glycemic control in these
populations is crucial, yet conventional markers may not accurately reflect glycemic fluctuations.

LIMITATIONS OF CONVENTIONAL GLYCEMIC MARKERS

Although HbAlc is widely used as the primary method for monitoring blood sugar levels, its accuracy can be
compromised by conditions such as anemia and renal dysfunction. Factors like reduced lifespan of red blood cells,
anemia, blood transfusions, and the use of drugs that stimulate red blood cell production or iron supplements can falsely
show lower HbAlc levels[4,5]. The risk of hypoglycemia and hyperglycemia is particularly heightened in patients in
advanced stages of CKD and those undergoing dialysis. With the progression of renal decline and initiation of dialysis,
glycemic variability (GV) can be further affected due to changes in glucose content in dialysates and the effects on insulin
metabolism in failing kidney tubules. Monitoring glycemia is essential for effective management of DKD. Glycated
albumin and fructosamine are suggested as alternatives for long-term blood sugar monitoring. These markers indicate
blood sugar levels over a shorter period (2-4 weeks) compared to HbAlc, as they have a shorter lifespan in the
bloodstream. Nonetheless, unlike direct blood glucose measurements, the glycated albumin and fructosamine assays can
be affected by low albumin levels, which is often seen in nutritionally deprived CKD patients[6,7]. Hence, exploring
alternative methods, such as CGM, is currently a necessity.

CGM AND ITS ADDED ADVANTAGE IN GLYCEMIC MANAGEMENT

CGM devices employ minimally invasive sensors that penetrate subcutaneous tissue to measure interstitial glucose.
Interstitial glucose diffuses into the sensor's filament via capillary action, where it undergoes electrochemical reactions to
determine its concentration. Real-time interstitial glucose readings are then transmitted to a mobile device for continuous
monitoring. CGM offers a more reliable glycemic evaluation for patients with diabetes and CKD, including ESKD, by
providing continuous, real-time glucose readings without frequent finger-pricking. CGM systems can be classified into
professional, real-time (rt-CGM), and intermittently scanned (flash CGM) devices. The performance of CGM sensors in
advanced CKD can be affected by factors like oxygen levels, uric acid, and exogenous substances, although CGM
generally provides accurate monitoring. This makes CGM a valuable tool in managing diabetes in CKD patients,
improving glycemic control and patient quality of life. Studies have shown that the correlation between HbAlc and mean
sensor glucose decreases in advanced CKD stages, with HbAlc being less reliable as the CKD progresses. CGM-derived
metrics, such as the glucose management index, have been proposed as alternatives for glycemic evaluation in CKD
patients[8]. The 2020 Kidney Disease: Improving Global Outcomes guidelines suggest using glucose management
indicator in advanced CKD or dialysis patients[9]. Time-in-range (TIR) metrics are also recommended for managing
glycemia, though their validity and prognostic value in advanced CKD need further clinical trials.

GV and the role of CGM in the management of DM in progressive kidney disease
High GV is correlated with the pathogenesis and progression of diabetic-related complications, heightened risk of
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hypoglycemia, and reduced patient quality of life[10,11]. GV is increasingly recognized as a pivotal parameter in
glycemic management. CGM has become crucial in diabetes management because it continuously tracks glucose levels
and offers a detailed picture of GV. Unlike traditional methods like self-monitoring of blood glucose (SMBG), which only
provide snapshot measurements, CGM captures real-time data, enabling better management of hyperglycemia and
hypoglycemia. GV is linked to diabetic complications, including microvascular issues like retinopathy, nephropathy, and
neuropathy, as well as macrovascular complications like cardiovascular disease[12]. High GV increases the production of
reactive oxygen species (ROS), activating pathogenic mechanisms such as the polyol pathway, advanced glycation end-
products, protein kinase C, and the hexosamine pathway. This oxidative stress contributes to endothelial dysfunction and
thereby increasing the risk of micro and macrovascular complications[13].

Long-term GV (variations over weeks to months), assessed by HbAlc and fasting/postprandial glucose levels, is
associated with vascular complications and mortality. On the other hand, short-term GV (within-day and between-day
glycemic fluctuations), measured by CGM indices like standard deviation, coefficient of variation, and TIR, is linked to
diabetic retinopathy, kidney disease, peripheral neuropathy, and cardiovascular issues[14]. Various combinations of
therapeutics, including dipeptidyl peptidase-4 inhibitors, sodium-glucose cotransporter-2 inhibitors, GLP-1 receptor
agonists along with specific insulin preparations were found to have an improved GV and TIR across various studies[15-
17]. However, whether this will benefit the end-organ damage is yet to be seen. CGM's detailed monitoring offers
significant advantages over SMBG, highlighting the need for comprehensive glycemic control beyond HbAlc.

CGM in diabetic patients on various modalities of renal replacement therapy
In patients on hemodialysis, CGM has shown promise in improving glucose control and reducing the incidence of
hypoglycemic events[18]. Despite challenges such as sensor accuracy fluctuation over dialysis sessions, CGM emerges as
a valuable tool for clinicians to monitor glycemic trends and mitigate the risk of asymptomatic hypoglycemia in patients
on hemodialysis. Similarly, in peritoneal dialysis patients, CGM emerges as a valuable adjunct in detecting and managing
glucose variations induced by dialysate glucose absorption[19]. Notably, CGM accuracy remains unaffected by factors
such as acidosis, urea levels, or volume overload, providing consistent monitoring across a wide range of glucose levels.
Nonetheless, there are certain limitations of CGM among patients with kidney disease. For instance, CGM sensors
demonstrate variable accuracy, with mean absolute relative differences (MARD) values ranging from 11.3% to 36.1%,
surpassing recommended thresholds[20]. Factors like inflammation post-sensor insertion, dialysis fluid loss, and
interdialytic weight changes compromise CGM accuracy, especially in later dialysis sessions, weakening interstitial-
capillary glucose correlation. Though MARD values are relatively stable in peritoneal dialysis patients, further research is
needed in both cohorts to enhance CGM precision. The application of CGM in kidney transplant recipients is crucial,
particularly its potential in managing perioperative and post-transplant hyperglycemia. Studies indicate that CGM offers
valuable insights into glycemic control post-transplantation, aiding in the prevention of de novo post-transplant diabetes
and complications related to pre-existing diabetes[21].

CONCLUSION

In conclusion, this article advocates for integrating CGM into the management of glycemia in CKD patients, emphasising
its superiority over traditional markers in capturing dynamic glucose fluctuations and acute incidents of hypo- and
hyperglycemia. However, challenges such as sensor accuracy, durability, and standardisation of application protocols
persist. Future research should focus on addressing these challenges to optimise CGM utilisation in clinical practice.
Furthermore, further research is essential to standardise and optimise CGM use in this population. Overall, this review
serves as a comprehensive guide for clinicians navigating the complexities of glycemic management in CKD, urging them
to consider CGM as a valuable tool in their armamentarium.
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Core Tip: In this study, in vitro experiments showed that genipin can reverse high glucose-induced damage in cell prolif-
eration and apoptosis, while reducing energy metabolism, oxidative stress, and inflammatory injury induced by high glucose.
The in vitro results showed that intravitreal injection with genipin reduced the expression of CHGA, UCP2, and glucose
transporter 1 (GLUT1), and the CHGA/UCP2/GLUT!1 signalling pathway may play an important role in this process. This
study innovatively treated streptozotocin-induced mice with an intraocular injection of genipin, and concluded that genipin
ameliorates diabetic retinopathy by downregulating advanced glycation end products, thereby protecting human retinal
microvascular endothelial cells.
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INTRODUCTION

Diabetic retinopathy (DR) is a leading cause of vision loss in the working-age population and one of the most common
and serious microvascular complications of diabetes mellitus. The estimated prevalence of DR exceeds 40% after 5 years
of diabetes onset, further increasing to 87% after > 20 years[1]. The International Clinical Classification Criteria classifies
DR into the following five stages based on the increasing risk of retinopathy: (1) Stage 1, characterized by the absence of
apparent DR; (2) Stage 2, defined as mild non-proliferative DR (NPDR) with only microaneurysms; (3) Stage 3, moderate
NPDR between mild and severe NPDR; (4) Stage 4, severe NPDR, encompassing lesions that adhere to the “4:2:1
principle”; and (5) Stage 5, proliferative DR (PDR), which encompasses all lesions that display clear neovascularization
[2]. The development of DR lesions in the macula can result in varying degrees of vision loss[3]. DR is a multifactorial
disease with a complex pathogenesis, with inflammation, persistent hyperglycemia, angiogenesis, apoptosis, and
advanced glycosylation end products as its primary pathogenic mechanisms. However, at present, the role of oxidative
stress and the interactions between these factors remain unclear[4,5].

At present, clinical strategies for the treatment of DR focus mainly on the modes of drugs, lasers, and surgery. In fact,
intravitreal anti-vascular endothelial growth factor (VEGF) drugs have emerged as the first line of treatment for severe
NPDR and PDR[6]. However, these treatments have limitations and complications. Owing to the need for frequent
injections, financial burden, and poor patient compliance, the use of anti-VEGF drugs is limited[7]. Furthermore, frequent
intravitreal injections of anti-VEGF drugs, such as ranibizumab and bevacizumab, can have adverse effects, such as
endophthalmitis and traumatic cataracts[8], while laser and surgical treatments can lead to uveitis and worsening
macular edema[9]. Therefore, there is a need to identify new anti-DR drugs or complementary and alternative therapies
with improved efficacy and fewer adverse effects.

Genipin, a traditional Chinese medicine (TCM) that is isolated from the fruits of Gardenia jasminoides, has been
extensively studied for its antidiabetic and neuroprotective activities[10]. Sun ef al[11], in 2023, in their study, have
provided new insights into the molecular dynamics and therapeutic modalities of the potential effects of genipin on
diabetic microangiopathy. Their findings indicated that the intravitreal injection of genipin protects the retina of diabetic
mice from high-glucose-induced damage in vivo. Furthermore, the CHGA /UCP2/glucose transporter protein 1 signaling
pathway plays an important role in this process. In addition, in vitro studies support these findings, indicating that
genipin reverses AGE-induced cell proliferation and apoptotic damage in vitro, while reducing high glucose-induced
energy metabolism, oxidative stress, and inflammatory damage. Based on these experimental findings, the authors
propose that regulating advanced glycosylation through intraocular injection of genipin may be a potential strategy to
mitigate severe retinopathy and prevent vision loss (Figure 1).

APPLICATION OF TRADITIONAL CHINESE MEDICINE IN DIABETES RETINOPATHY

The prevention and treatment of DR using TCM has recently gained considerable attention in research on fundus
diseases. The active ingredients of TCM, which are derived by activating blood circulation, removing blood stasis,
tonifying qgi, and nourishing blood, have significant antioxidant, anti-inflammatory, anti-apoptotic, and other pharmaco-
logical effects that can block DR progression through various mechanisms[12]. Chinese medicine has amassed a
substantial body of clinical evidence and research data for the prevention and treatment of DR. Many TCM extracts have
been extensively studied in this context. Polyphenolic compounds, such as curcumin, puerarin, and resveratrol prevent
and treat DR through various mechanisms. Additionally, herbal single-drug extracts, including Fructus arctii,
Dendrobium, Scutellaria, Gypenoside, and Radix trichosanthis, are commonly utilized in research on diseases associated
with diabetes-related vascular complications[13].

Among these drugs, curcumin, puerarin, Fructus arctii, and resveratrol have been used in animal experiments and in
vitro studies. They regulate various pathogenic mechanisms of DR and inhibit its progression. This provides an experi-
mental foundation for their potential clinical use in treating DR. For instance, curcumin treatment decreases leukocyte
adhesion and vascular leakage in the retinas of diabetic rats and reduces the expression of pro-inflammatory mediators in
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Figure 1 The retinal protection mechanism of genipin. AGEs: Advanced glycation end products; CHGA: Chromogranin-A; UCP2: Uncoupling protein 2;
GLUT1: Glucose transporters type 1; ATP: Adenosine-triphosphate; ROS: Reactive oxygen species.

retinal tissues. Furthermore, curcumin regulates VEGF-mediated angiogenesis and improves glucose and lipid
metabolism[14]. In addition to its anti-inflammatory and anti-angiogenic effects, puerarin treatment reduces the
expression of Bax and caspase-3 and inhibits the production of reactive oxygen species, as well as NMDA-induced iNOS
and nNOS release, reflecting its anti-apoptotic and anti-oxidative stress capacity[15]. Resveratrol has been experimentally
demonstrated to exert antioxidant effects by increasing the levels of naturally occurring antioxidants, enzymes, and
molecular defenses in various cell types in the eye. In addition, resveratrol exerts an anti-VEGF effect and inhibits the
proliferation and migration of vascular endothelial cells, exerting a combined anti-PDR effect[16].

TCM treatment for DR has demonstrated certain advantages. Previous studies have elucidated the molecular
mechanisms and potential of TCM against DR from the perspective of signaling pathways. The results showed that the
key signaling pathways of TCM for the treatment of DR include anti-inflammatory, anti-angiogenic, and anti-oxidative
stress-based pathways, such as NF-«kB, MAPK/NF-kB, TLR4/NF-xB, VEGF/VEGFR?2, HIF-1a/ VEGF, STAT3, and Nrf2/
HO-1. Relevant Chinese medicines can regulate the interactions between signaling pathways through multitarget
synergistic effects to inhibit DR progression. Many herbal medicines counteract DR by affecting various pathological
processes. For example, curcumin can inhibit retinal inflammation via the p38 MAPK/NF-kB signaling pathway and
angiogenesis via the VEGF/ VEGFR2 signaling pathway, thereby exerting beneficial effects on DR[17]. Considering the
complexity of the pathological mechanisms of DR, multi-component, multi-target, and multi-pathway Chinese medicines
are promising drug candidates for the treatment of DR. However, a lack of documentation on the corresponding side
effects is a major limitation of TCM therapeutic studies in relation to DR. With the increasing popularity of herbal
medicines, their side effects have become more common. For example, some animal studies have indicated that the mega-
dose administration of curcumin causes a decrease in testosterone levels and may affect reproductive function[18]. Wang
et al[19] reported 33 cases of hemolytic reactions due to puerarin injection. These findings highlight the need to collate
and analyze the adverse effects of TCM treatment, implement appropriate control measures, and leverage its pleiotropic
effects to identify TCM as a promising candidate for the prevention and treatment of eye diseases.

However, at present, the majority of TCM treatments are administered orally, and the use of intraocular injections
remains rare[14]. With substantial advances in macromolecular biologics for ophthalmic purposes, vitreous cavity
injections have become a crucial treatment option for a broad range of fundus diseases. Patients with diabetes often have
various underlying diseases and require various systemic medications[20]. Topical ocular medications can reduce the
systemic drug burden in patients, especially their impact on liver and kidney functions. In their article, the authors
propose an innovative conclusion: Controlling advanced glycation through the intraocular injection of genipin to mitigate
severe retinopathy and prevent vision loss. However, this clinical application has room for improvement, including a
need to enhance the drug transduction of genipin[12]. As such, a gap exists between the experimental and clinical applic-
ations.

SAFETY OF OPHTHALMIC INJECTIONS

In the pursuit of clinical efficacy, considerable attention should be paid to drug safety. In this respect, quality standards
and standardized management operations for ophthalmic injections should be emphasized. The international quality
standards for ophthalmic injections include pH, osmolality, molar concentration, and cytotoxicity. Among these factors,
the special route of administration limits sterility, and the number of insoluble particles is a key factor affecting the
quality standards of ophthalmic injections. Notably, owing to the physiological and anatomical characteristics of the
ophthalmic site, its tolerance to particles may be lower. Therefore, the United States Pharmacopoeia has established more
stringent standards for insoluble particles in ophthalmic injections than those for small-volume intravenous injections
[21]. Monoclonal antibody injections have the characteristics of biological products. Biological and immunological
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methods must be applied to complete the identification and consistency analysis and to assess purity, impurities,
potency, and other relevant factors. Moreover, conducting inspections for “substances related to TCM injection” and
“residues of heavy metals and harmful elements” is mandatory for TCM formulations used as general injections.

At present, the available dosage forms of ophthalmic preparations in TCM are fewer than those of chemical medicines,
particularly ophthalmic injections[22]. This could be attributed to the inherent complexity of TCM and the rigorous
quality control standards for ophthalmic preparations. When developing drugs, in addition to ensuring that the original
herbs meet legal standards, attention should be paid to the method of crushing the herbs and the particle size of the
powder. In addition, the selection of additives, sterility checks, and eye irritation tests must be standardized and
monitored. In addition to safety concerns, ensuring the quality of ophthalmic preparations requires consideration of the
specific drug varieties used in clinical practice, and a comprehensive evaluation of raw materials, excipients, processes,
and other factors. Nevertheless, certain critical considerations regarding ophthalmic preparations of TCM need to be
addressed, including its maximum frequency of daily use, specifying indications, and evaluating efficacy by
incorporating the unique characteristics of TCM ophthalmic preparations. We believe that the local application of TCM
can be anticipated to emerge as a new trend and holds promise as an effective approach for the treatment of DR.

CONCLUSION

The intraocular injection of genipin to control advanced glycation may represent an effective strategy for the prevention
of severe retinopathy and vision loss. More generally, the prevention and treatment of DR using TCM is gradually
becoming an important focus in advancing research on fundus diseases. Given the stringent quality standards required
for intraocular injectable drugs, conducting high-quality pilot studies is imperative. Comprehensive studies on topical
intraocular injections of herbal medicines may also facilitate further advances in therapeutic approaches for the treatment
of fundus diseases.
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Core Tip: Mitochondrial dysfunction and oxidative stress are closely linked to the development of diabetes and its complic-
ations. This has motivated the targeting of antioxidants to the mitochondria for diabetes treatment, which has generated in
pre-clinical trials some encouraging results in diabetic complications, but inconsistent results in glycemic control. Moreover,
there are very few studies with these molecules and only in healthy patients, with no encouraging results. There are several
challenges to overcome to make mitochondria an efficient pharmacological target against diabetes, but recent developments
such as mitochondrial transplantation, bioactive small peptides, and atomistic simulations could help to achieve this goal.
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INTRODUCTION

The conventional view of mitochondria as solely energy-producing organelles is evolving, as these structures are now
recognized to perform a diverse array of functions (Figure 1). These functions include the regulation of intracellular ion
levels, which can be detrimental if concentrations exceed certain thresholds, such as iron[1], calcium[2], and copper[3].
Mitochondria are also implicated in thermoregulation through the activation of uncoupling proteins (UCPs), in the
programmed cell death of defective cells via apoptosis, in the regulation of various physiological processes through the
production of reactive oxygen species (ROS), and in the retrograde regulation of gene expression[4] (Figure 1). To
integrate and regulate these functions, mitochondria respond to cellular energy levels by sensing the redox state of
pyridine nucleotides (i.e., NADH/NAD" ratios)[5] and the phosphorylation state of adenine nucleotides (i.e., ATP/ AMP
ratios)[6]. Similar to cytosolic processes, mitochondrial proteins involved in ATP synthesis, mitochondrial DNA (mtDNA)
transcription and translation, the Krebs cycle, respiratory uncoupling, protein import, and apoptosis are believed to be
regulated by phosphorylation/dephosphorylation cycles of kinases and phosphatases within the mitochondrion[7].
Furthermore, mitochondria are considered signaling organelles that modulate extracellular protein functions by
activating cytosolic kinases through ROS or direct physical contact with other structures, such as the endoplasmic
reticulum or cytoskeleton elements[8]. Additionally, the release of mtDNA from the matrix into the cytosol and
extracellular space can induce inflammation[9] (Figure 1).

The complexity of mitochondrial function increases when considering that mitochondria are not isolated organelles but
form dynamic associations with other mitochondria through fusion and fission processes, known as mitochondrial
dynamics. Mitochondrial dynamics significantly influence mitochondrial function, as mitochondria undergoing
predominant fission and fragmentation exhibit impaired function, loss of membrane potential (4¥), and increased ROS
production, whereas the opposite occurs with predominant fusion and mitochondrial network formation[10]. Mitophagy
is another process interconnected with mitochondrial dynamics and mitochondrial energization. Mitophagy serves as a
quality control system that eliminates dysfunctional mitochondria in response to decreased mitochondrial A, activating
a series of proteins responsible for engulfing dysfunctional mitochondria in autophagosomal membranes for subsequent
lysosomal degradation (Figure 1). This process is linked to mitochondrial dynamics, as mitochondrial fusion proteins
Mitofusin 1 and 2 are degraded during mitophagy, preventing dysfunctional mitochondria from fusing and propagating
defects, such as mtDNA mutations, to healthy mitochondria[11].

In a recent issue of the World Journal of Diabetes, Wang et al[12] reviewed evidence from animal and human models
indicating that ATP production by oxidative phosphorylation and tight coupling of oxidative phosphorylation are crucial
for maintaining insulin secretion in the pancreas and insulin sensitivity in peripheral tissues. They highlighted human
studies showing that in obese patients with type 2 diabetes or elderly individuals with insulin resistance, there is an
accumulation of fat in skeletal muscle and liver, decreased oxidative phosphorylation, reduced oxidative functions of
mitochondria (e.g., NADH oxidation), and decreased size and number of mitochondria. In preclinical models of metabolic
syndrome, these dysfunctions contribute to inefficient fatty acid oxidation and the accumulation of incomplete lipid
oxidation products, such as diacylglycerol, which disrupts insulin receptor activation and leads to insulin resistance[12].

Correct functioning of the electron transport chain (ETC) is essential for the efficient oxidation of fatty acids and
metabolic fuels, as NADH produced during mitochondrial p-oxidation is reoxidized in complex I of the ETC. If NADH is
not reoxidized, fatty acid oxidation slows, leading to the accumulation of lipids such as diacylglycerol and ceramide, and
resulting in reductive stress. This causes an increase in the NADH/NAD"* ratio and dysregulation of catabolic and
antioxidant enzyme activity due to increased acetylation[13]. Slowing of electron transport in the ETC also increases the
formation of ROS, which play a crucial role in the development of diabetic complications by activating processes of cell
death, inflammation, and fibrosis (Figure 1), ultimately damaging target tissues such as the kidney and liver[14].

The hypothesis that mitochondrial ROS are responsible for the development of diabetic complications led to clinical
trials with antioxidants to reduce these complications[15,16]. However, these results largely discouraged the idea that
ROS is involved in the pathogenesis and complications of diabetes. The explanation for these disappointing results was
that common antioxidants were unable to reach the sites of ROS production in the mitochondria and neutralize them.
This is due to the large molecular size of most antioxidants and the relative impermeability of the inner mitochondrial
membrane, preventing their passage into the mitochondrial matrix[17]. This led to the idea of conjugating antioxidants
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Figure 1 Complexity of mitochondrial functioning. Conventionally, mitochondria are recognized as central to oxidative metabolism for ATP production via
the electron transport chain, regulated by mitochondrial energy levels and kinase/phosphatase systems. However, mitochondria also play roles in maintaining ionic
homeostasis and various physiological functions. The physiological production of mitochondrial reactive oxygen species (ROS) modulates cell signaling and gene
expression, while excessive ROS production can lead to detrimental processes such as inflammation and fibrosis. Uncontrolled opening of the mitochondrial
permeability transition pore releases cytochrome ¢ and mitochondrial DNA, promoting apoptosis and inflammation, respectively. These events are mitigated through
processes like cell fission and mitophagy to prevent the transmission of mitochondrial DNA mutations to healthy mitochondria. Conversely, mitochondrial fusion into
networks enhances mitochondrial function and reduces ROS production. ROS: Reactive oxygen species; Cyt C: Cytochrome c¢; UCPs: Uncoupling proteins.

with Skulachev ions to promote their accumulation within mitochondria[18]. Skulachev ions, originally designed by
Skulachev[19] in Russia to test the chemiosmotic hypothesis[19], are hydrophobic compounds that generally contain a
positively charged phosphorus or nitrogen atom, allowing their penetration into the negatively charged mitochondrial
matrix[19].

Thus, Skulachev[19] pioneered the study of the potential clinical utility of targeting antioxidants to the mitochondria
for treating diseases involving excess ROS production. This research led to the design and synthesis of various
mitochondria-targeted antioxidants, some of which have been tested for treating diabetes and its complications in both
pre-clinical and clinical studies with mixed results. However, as discussed in the following sections, this marks only the
beginning of an era of "mitochondrial medicine," which considers mitochondrial targets beyond ROS and even explores
mitochondrial replacement strategies.

ANTIOXIDANTS CONJUGATED WITH TRIPHENYLPHOSPHONIUM CATIONS AND THEIR EFFECTS ON
DIABETES

One of the most studied antioxidants derived from the conjugation of a triphenylphosphonium cation (i.e., Skulachev ion)
to an antioxidant is mitoquinone (MitoQ). MitoQ contains a triphenylphosphonium cation attached to ubiquinone-10 via a
hydrophobic linker. MitoQ has shown mixed results in lowering blood hyperglycemia in preclinical models of diabetes or
obesity. In a model of accelerated metabolic syndrome development, MitoQ decreased fasting blood glucose, insulin,
cholesterol, and triglyceride levels and normalized glucose tolerance during a 7-week administration following a high-fat
diet[20]. MitoQ has been shown to increase insulin secretion in pancreatic beta cells grown in hyperglycemic media,
simulating hyperglycemic conditions in humans[21]. However, in two recent studies in rats with type 2 diabetes induced
by a high-fat diet and streptozotocin, MitoQ failed to lower blood glucose levels. The rationale for this result is that
diabetes-induced in this manner is a more severe and advanced form of diabetes than in humans[22,23]. Similarly, using
Akita (Ins2*/-4%%) mice, a model of type 1 diabetes, it was found that MitoQ administration did not lower blood glucose
levels, which reached values of 681.78 mg/dL[24]. Despite these discouraging results regarding blood glucose, MitoQ
showed promising results by protecting against diabetic kidney damage in at least two studies[24,25], improving diabetic
neuropathy[23], and protecting against the development of hepatic steatosis[20,22].
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Another mitochondria-targeted antioxidant tested in pre-clinical trials against hyperglycemia is SkQ1. SkQ1 is similar
to MitoQ, except that the antioxidant portion containing ubiquinone-10 is replaced by a plastoquinone molecule, which is
present in chloroplasts and provides SkQ1 with a wider antioxidant window than MitoQ[26]. In rats with alloxan-
induced type 1 diabetes, administration of SkQ1 seven days before diabetes induction normalized blood glucose levels
[27]. In contrast, in a study using db/db mice, a model of type 2 diabetes, administration of SkQ1 for 12 weeks did not
reduce blood glucose or glycosylated hemoglobin levels[28]. In the case of alloxan-induced diabetes, it can be inferred
that SkQ1 inhibits the development of diabetes due to its antioxidant properties, as alloxan induces diabetes by
destroying pancreatic beta cells via oxidative damage[29]. Therefore, to demonstrate that SkQ1 has a hypoglycemic effect
once diabetes is established, it is necessary to test the effect of SkQ1 once diabetes is established with alloxan or to test its
effects in a model of diabetes that better mimics the development of diabetes in humans. Despite the mixed results of
SkQ1 in hyperglycemia, it is noteworthy that its administration in diabetic rats significantly improved wound healing
regardless of the absence of a hypoglycemic effect. This is a promising result given the relatively high incidence of
defective wound healing in diabetic patients, the high proportion of patients suffering from diabetic foot ulceration, and
the very high costs and dramatic impairment to the quality of life of those who suffer amputations[30].

Regarding human studies on antioxidants targeting mitochondria via a triphenylphosphonium cation, a recent
systematic review and meta-analysis analyzed the results of 19 randomized controlled trials (RCTs). Some of these
studies used MitoQ and MitoTEMPO, in which the ubiquinone-10 portion of MitoQ was substituted with the antioxidant
piperidine nitroxide (TEMPO). This analysis revealed that only two studies in healthy patients showed no effect of MitoQ
supplementation for 4 or 6 weeks on glycosylated hemoglobin and fasting blood glucose levels[31]. Importantly, there are
no RCTs on the effects of mitochondria-targeted antioxidants in patients with impaired glucose metabolism. Therefore, it
was concluded that there is limited evidence from RCTs to support the use of mitochondria-targeted antioxidants for the
management of glycemic control[31].

SOME CONSIDERATIONS ON THE INCONSISTENCY OF THE OUTCOMES OF MITOCHONDRIA-
TARGETED ANTIOXIDANTS IN THE CONTROL OF HYPERGLYCEMIA IN DIABETES

The inconsistency in the results obtained with antioxidants targeting mitochondria with a triphenylphosphonium cation
could be due to several reasons. If the entry of conjugated antioxidants to a positively charged triphenylphosphonium
cation is dependent on mitochondrial 4y, will the accumulation of antioxidants in the mitochondrial matrix be possible
when there is a dissipation of 4y? The Ay can decrease for different reasons, including an increase in UCP expression,
uncontrolled opening of the mitochondrial permeability transition pore (mPTP) by an increase in calcium levels, or
mitochondrial fatty acid transport[32]. These events also occur in diabetes, with increased UCP2 expression in pancreatic
beta cells in type 2 diabetes[33], increased fatty acid transport in the mitochondria due to increased blood levels of free
fatty acids in obesity and diabetes[34], and increased induction of mPTP in the liver[35]. Therefore, one or several of these
events occurring simultaneously could limit the entry of MitoQ, MitoTEMPO, or SkQ1 into the matrix by dissipating the
Ay, thus decreasing their efficacy in diabetes. It has also been argued that MitoQ has a narrow window of anti- and pro-
oxidant concentrations, which limits its efficacy in human clinical trials of neurodegenerative diseases[36]. Other consid-
erations that could limit the action of mitochondria-targeted antioxidants include their lack of specificity for a particular
oxidizing species, the influence of the physicochemical environment surrounding the mitochondrial inner membrane on
the reactivity of the antioxidants with their targets, among other factors previously discussed[37].

DON’T GIVE UP ON MITOCHONDRIA FOR THE TREATMENT OF DIABETES AND ITS COMPLICATIONS!

Based on the information presented in the previous section, it appears that treatment with mitochondria-targeted antiox-
idants is not promising for the management of glycemic control in patients with diabetes. However, these studies have
demonstrated the need, as mentioned by Wang et al[12] in their article in the World Journal of Diabetes[12], to develop new
models of diabetes that more closely mimic the features of human diabetes and to foster a collaborative venture involving
academia and industry to enable better and faster development of drugs for diabetes management[12], including
mitochondria-targeted molecules such as MitoQ, MitoTEMPO, and SkQ. Notably, these molecules already show
promising beneficial effects on diabetes complications independent of a decrease in hyperglycemia[20,22-25,30].

In addition to mitochondria-targeted antioxidants, other therapeutic strategies do not depend on the mitochondrial
membrane potential to act within this organelle. For example, Elamipretide is a tetrapeptide (H-D-Arg-Dmt-Lys-Phe-
NH,) that selectively binds cardiolipin. This phospholipid is essential for the structure and function of several mito-
chondrial inner membrane proteins, including the ETC complexes. Elamipretide increases electron flow through complex
IV, which enhances mitochondrial respiration, ATP synthesis, Ay, and decreases ROS formation. Additionally, it inhibits
the interaction of cytochrome ¢ with cardiolipin that activates its peroxidase function, preventing peroxidative damage to
cardiolipin and detachment of cytochrome ¢ from the mitochondria, thus preventing apoptosis[38]. Similar to antiox-
idants containing a triphenylphosphonium cation, Elamipretide protects against the development of diabetic
nephropathy in diabetic db/db mice without improving glycemic control[39].

Finally, mitochondrial transfer between different cells has attracted significant attention. This phenomenon has been
found to occur actively in vivo via extracellular vesicles and nanotubes and is postulated to play physiological and
pathological roles[40]. This inspired the development of therapeutic strategies involving the transplantation of healthy

WID | https://www.wjgnet.com 2018 October 15,2024 | Volume15 | Issue10 |

Jaishideng®



Cortés-Rojo C et al. Mitochondria targeting in diabetes

mitochondria into diseased tissues with dysfunctional mitochondria. In the case of diabetes, the transfer of mitochondria
from mesenchymal stromal cells to damaged pancreatic beta cells has been successfully tested in cell culture, improving
the bioenergetics of damaged cells and, thus, insulin secretion[41]. Therefore, further research is warranted to develop the
technology required for mitochondrial transplantation to either increase insulin production in the pancreas or decrease
insulin resistance in peripheral tissues.

CONCLUSION

The mitochondrion is an extraordinarily complex organelle that functions as a hub for integrating oxidative metabolism,
cell signaling, and death signals, protecting surrounding cells from the spread of cellular defects. Cells can transfer
mitochondria to each other to improve the function of neighboring cells that are damaged or exhibit mitochondrial
dysfunction. Moreover, mitochondria can fuse to enhance their function and undergo fission when mitochondrial
function is defective. Under these circumstances, mitochondria undergo a process of self-destruction by mitophagy to
discard those with defects in their mtDNA or bioenergetics. Additionally, the mitochondrion is a signaling organelle that,
through the emission of different stimuli, regulates gene expression in the nucleus, kinase activity in the cytosol, as well
as immunity and inflammation. Given their multiple layers of complexity, it is not surprising that mitochondria are a
difficult therapeutic target, which is reflected by inconsistent results regarding glycemic control in pre-clinical and, in
some cases, human clinical trials with mitochondria-targeted antioxidants or peptides. However, these molecules have
been successfully used in pre-clinical models of diabetic complications, including diabetic nephropathy, diabetic wound
healing, hepatic steatosis, and diabetic neuropathy. This suggests that mitochondria remain a promising therapeutic
target for treating diabetic complications and highlights the need for further development of molecules targeting other
aspects of mitochondria, such as mitophagy, mitochondrial dynamics, cation overload, and channels such as mPTP or
UCPs. Computational developments such as molecular docking and molecular dynamics simulations could improve the
design and selection of highly specific molecules for their targets. As discussed by Wang et al[12], a collaborative venture
involving academia and industry is necessary for better and faster development of new drugs targeting mitochondria for
treating diabetes and its complications or improving existing drugs.
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Abstract

Since the discovery of insulin over 100 years ago, the focus of research in the
management of type 1 diabetes (T1D) has centered around glycemic control and
management of complications rather than the prevention of autoimmune destruc-
tion of pancreatic B cells. Fortunately, in recent years, there has been significant
advancement in immune-targeted pharmacotherapy to halt the natural progres-
sion of T1D. The immune-targeted intervention aims to alter the underlying pa-
thogenesis of T1D by targeting different aspects of the immune system. The im-
munotherapy can either antagonize the immune mediators like T cells, B cells or
cytokines (antibody-based therapy), or reinduce self-tolerance to pancreatic f cells
(antigen-based therapy) or stem-cell treatment. Recently, the US Food and Drug
Administration approved the first immunotherapy teplizumab to be used only in
stage 2 of T1D. However, the window of opportunity to practically implement
this approved molecule in the selected target population is limited. In this Edito-
rial, we briefly discuss the various promising recent developments in the field of
immunotherapy research in T1D. However, further studies of these newer thera-

peutic agents are needed to explore their true potential for prevention or cure of
T1D.
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Core tip: There has been a paradigm shift in research on type 1 diabetes (T1D) in the last decade. From managing the
consequences of B cell death to prevention of B cell destruction, immunotherapy is showing the path forward. Recent
regulatory approval of teplizumab in stage 2 of T1D marks the first significant advance in research of immunotherapy. In
this Editorial, we briefly explore the recent developments and prospects in the field of immunotherapy in T1D encompassing
antibody-based therapy, antigen-based therapy, and stem-cell-based immunotherapy.

Citation: Ray S, Palui R. Immunotherapy in type 1 diabetes: Novel pathway to the future ahead. World J Diabetes 2024; 15(10): 2022-
2035

URL: https://www.wjgnet.com/1948-9358/full/v15/i10/2022.htm

DOI: https://dx.doi.org/10.4239/wjd.v15.i10.2022

INTRODUCTION

The basic pathophysiology behind the development of type 1 diabetes (T1D) is immune-mediated destruction of insulin-
producing pancreatic p cells[1]. The insulin-producing capacity of the endocrine pancreas depends upon its functional
cell number and size, collectively known as B cell mass. The body’s aberrant immune system attacks and self-destroys the
normal host tissue in autoimmune disease. Like any other autoimmune disease, progressive immune-mediated de-
struction of pancreatic f cells leads to a reduction of functional B cell mass in T1D. Once this f cell mass falls below the
critical level, the onset of T1D ensues. However, the treatment of T1D primarily focuses on the exogenous replacement of
insulin. Recently, studies have focused on exploring the possibilities of immune modulating therapy in T1D to protect
pancreatic B cell mass from autoimmune destruction. Various molecules targeting mediators like T cells, B cells, cytokines
and antigen-based therapies are now being evaluated to prevent or delay P cell destruction in T1D. Initial results in a few
studies were encouraging in maintaining p cell function (as measured by c-peptide level) when used in the early stages of
disease development[2]. In this Editorial, we briefly explore the potential of these novel immunomodulatory therapies in
managing patients with T1D.

IMMUNOTHERAPY IN T1D

The pathophysiological stages of development of T1D are now being classified into three distinct stages: stage 1-positive
antibody status with normoglycemia; stage 2-positive antibody status with dysglycemia or prediabetes; and stage 3-
positive antibody status with frank diabetes or overt hyperglycemia[3]. Stage 3 of T1D development marks the onset of
significant destruction of P cells. Stage 3 of disease development has been further subclassified into: stage 3a (not insulin
requiring); stage 3b (insulin-requiring but with residual clinically relevant B cell mass); and stage 3c (insulin requiring
without any clinically relevant p cell mass)[4]. The immune system plays a pivotal role in the de-velopment of T1D.
Although it was classically thought that autoimmune destruction of B cells is mainly due to T cells, B cells also play a
critical role[5]. Once self-tolerance is lost, and with subsequent environmental triggers, autoreactive T cells are developed.
When the self-antigens from B cells are presented by antigen-presenting cells (APCs) to these autoreactive T cells,
cytotoxic T cells are activated, destroying pancreatic B cells. The main target of immunotherapy in T1D is to either prevent
or at least delay the immune-mediated destruction of B cells[6,7]. The immunotherapy in T1D can be either-antibody-
based therapy, antigen-based therapy, or stem cell therapy. In the following sections, we will briefly discuss the recent
status of immunotherapy in T1D.

ANTIBODY-BASED IMMUNOTHERAPY

Antibody-based therapies against different target antigens have been tried to halt the autoimmune destruction of
pancreatic B cells. These antibody-based therapies (monoclonal and polyclonal) are directed mainly against T cells or B
cells or cytokine signaling (Figure 1). Most of these studies that evaluated antibody-based immunotherapies in T1D were
done in stage 2 or early stage 3 of T1D. The details of the important antibody-based immunotherapies are given in the
next section.

T-cell-directed antibody therapy

Teplizumab: Teplizumab is a humanized monoclonal antibody [immunoglobulin G (IgG) 1 kappa] directed against the
CD3 portion of T-cell receptors[8]. This molecule is non-Fc binding, thus reducing the risk of cytokine release syndrome
(CRS) compared to previous generations of anti-CD3 molecules. Teplizumab produces early suppression of cellular
immune response by preventing the binding of CD4" T helper cells to APCs by inhibiting CD3 of T-cell receptors.
Prolonged and sustained binding of this molecule exerts a state of CD8" T-cell exhaustion and thus induces chronic
immunosuppression[9]. In 2022, teplizumab obtained US Food and Drug Administration (FDA) approval for delaying or
prevention the onset of stage 3 of T1D in patients currently in stage 2 of T1D. It was approved for use in adults and
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Figure 1 Outline of antibody-based immunotherapy in type 1 diabetes.

children aged > 8 years[10].

The landmark trials that evaluated the safety and efficacy of teplizumab are summarized in Table 1[11-15]. All of these
studies are done in stage 3 of the T1D except the TrialNet study, which was done in stage 2 of TID[12]. These trials
showed a more favorable c-peptide response in teplizumab than in the placebo arm. In the meta-analysis by Kamrul-
Hasan et al[16], 834 subjects from six studies that evaluated the efficacy and safety of teplizumab as a disease-modifying
therapy in T1D, were included. The authors reported greater preservation of area under the curve (AUC) of c-peptide in
the teplizumab arm through 6-24 mo of follow-up [mean difference 0.07 nmol/L (95% confidence interval: 0.01-0.14, P =
0.03)]. Moreover, fewer patients reported reduced c-peptide response after 2 years of follow-up in the teplizumab arm
(odds ratio 0.12). However, the authors also reported an increased risk of grade 3 or higher adverse events, nausea, rash,
lymphopenia, and discontinuation of the study drug in the teplizumab arm than placebo. Adverse events are commonly
associated with any monoclonal-antibody-based therapy. In the case of teplizumab, most adverse drug reactions occurred
during the treatment period and were mild to moderate and manageable. Similarly, other recent meta-analyses also
reported that patients in the teplizumab arm had higher AUC of c-peptide and lower exogenous insulin requirement but
similar glycosylated hemoglobin (HbAlc) levels in comparison to placebo[17,18]. In another meta-analysis, Liu et al[19]
included both the anti-CD3 monoclonal antibodies, teplizumab (seven studies) and otelixizumab (five studies). The
authors also reported greater AUC of c-peptide and decreased exogenous insulin requirement in the anti-CD3 antibody
arm. They found no significant difference in HbAlc and serious adverse events between the study and placebo arm[19].
Moreover, in the follow-up study of the AbATE trial, prolonged immunological response was reported even after 7 years
of diagnosis of T1D in patients who initially responded to teplizumab[20].

Predictors of therapeutic response: The studies done with teplizumab also tried to find out possible predictors of
response to therapy. If we can establish predictors for therapeutic response for this expensive therapy, it can be used cost-
effectively in selective patients who are more likely to respond. The authors of the Protégé Trial reported that the recently
diagnosed patients (< 6 wk) had the highest response. Moreover, patients living in the USA, patients with lower HbAlc,
higher c-peptide, and lower insulin requirement at baseline were more likely to respond[14]. As younger patients exhibit
stronger immune reactions than adult patients, they have a higher chance to respond[14,15]. Better glycemic control as
measured by lower HbAlc level was also reported as a favorable predictor in trials done in stage 3 T1D[15,21]. This may
be due to higher preserved B cell mass or increased insulin sensitivity in the treatment responders. The relationship of
treatment outcome with baseline B cell reserve as measured by AUC of c-peptide is heterogeneous and may be related to
the stage of T1D. Patients in stage 2 T1D are likely to respond when the baseline c-peptide level is lower, whereas a
higher baseline c-peptide is a response predictor for patients in early stage 3 disease[12,14,21]. This paradoxical finding
can be explained by the hypothesis that prior to significant immune mediated destruction in early stage of disease (stage
2), patients with stronger immune reaction are more likely to respond to immunomodulatory therapy. On the contrary, in
patients with a later stage of disease (stage 3), when immune-mediated destruction is already significant, patients with
higher residual functioning B cell mass respond better to therapy. The TrialNet study group also reported that patients
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Table 1 Major studies evaluating the efficacy and safety of teplizumab

Ref. Stu‘_‘y Intervention Population Major outcome

design

Ramos etal PROTECT Phase 3, randomized, placebo- The 328 participants, stage ~ Higher stimulated c-peptide levels (teplizumab vs placebo)

[11], 2023 study controlled trial with teplizumab 3 T1D, age 8-17 years, (least squares mean difference, 0.13 pmol per mL; 95%CI:
or placebo for two 12-day courses within 6 weeks of diagnosis 0.09-0.17; P < 0.001); no significant difference in HbAlc level,

insulin requirement or hypoglycemia; ADR: headache,
gastrointestinal symptoms, rash, lymphopenia, and mild
cytokine release syndrome

Herold et al  TrialNet Phase 2, randomized, placebo- The 76 participants, Low-risk diagnosis of T1D (teplizumab vs placebo) (hazard

[12], 2019 study controlled, double-blind trial of ~ relatives of T1D, stage 2, ratio 0.41; 95%CI: 0.22-0.78; P = 0.006); longer median time to
teplizumab (single 14-day course) age > 8 years diagnose T1D (teplizumab vs placebo) (48.4 months vs 24.4

months); ADR of lymphopenia and rash

Herold etal AbATE An open-label, randomized, The 83 participants, stage 3 Reduced decline in c-peptide at 2 years (-0.28 nmol/L;

[13], 2013 Study controlled trial with teplizumab ~ T1D, age 8-30 years, within ~ 95%CI: 0.36-0.20) vs control (-0.46 nmol/L; 95%CI: 0.57-0.35;
(two of 14-day course, one year 8 weeks of diagnosis P =0.002); ADR: Rash, transient upper respiratory infections,
apart) headache, and nausea

Hagopian  Protégé Phase 3, randomized, double- The 462 of 516 participants ~ Reduced the loss of area under curve mean c-peptide at 2

et al[14], study blind, parallel, placebo-controlled completed 2 years follow years (teplizumab vs placebo) (P = 0.027); ADR:

2013 2-years with teplizumab (3 up, stage 3 T1D, age 8-35 lymphopenia; no differences in adverse events or serious
dosing regimens, two of 14 days  years, within 12 weeks of adverse events among groups at 2 years
course, 26 weeks apart) diagnosis

Herold et al Randomized placebo-controlled  The 63 participants, stage 3 The 21.7% higher c-peptide response (teplizumab vs placebo)

[15], 2013 trial T1D, within 4-12 months of ~ [0.45 vs 0.371; difference, 0.059 nmol/L (95%CI: 0.006-0.115

diagnosis nmol/L)] (P = 0.03); the teplizumab group required less

exogenous insulin (P < 0.001) with no significant difference
in HbA1lc level; ADR: rash, lymphopenia and nausea

ADR: Adverse drug reaction; CI: Confidence interval; HbAlc: Glycosylated hemoglobin; T1D: Type 1 diabetes.

who were anti-zinc transporter 8 (ZnT8) antibody negative, HLA-DR3 negative, and HLA-DR4 positive responded better
to teplizumab than placebo[12]. Increased CD8+ T cell (cytotoxic and memory) and decreased CD4" T cell (helper and
memory) cells were observed in treatment responders in different trials[12,13,15,22]. However, none of these metabolic or
immunologic predictors were consistently reported across all the studies and thus needed further validation in future
studies.

Cost-effectiveness: One of the significant limitations of the broader use of this novel molecule is its premium cost.
Teplizumab costs around $193000 for a single course of 14 d therapy. Mital et al[23] tried to analyze the cost-effectiveness
of teplizumab depending on the HLA-DR3, HLA-DR4, and ZnT8 antibody status. They predicted if the cost of therapy is
more than $100000, treating only a quarter of the patients at risk will be cost-effective. If we consider current annual cost
of management of T1D patients and cost of teplizumab therapy, it may be cost-effective only if the prospective patient
fulfills all the favorable criteria of therapeutic response- HLA-DR3 negative, HLA-DR4 positive and negative anti ZnT8
antibody status[23,24]. However, cost cannot be the sole deciding factor for restricting the benefit of this drug to whom it
can be effective. We hope that in future this drug will be more affordable for the larger number of T1D patients.

Guidelines for practical clinical use, screening, and proper patient selection for this molecule are now being formulated
[25].

Otelixizumab: Otelixizumab is another anti-CD3 monoclonal chimeric and humanized antibody that had been evaluated
in T1D. In a dose-finding, safety, and tolerability assessment randomized control trial (RCT), a 6-d course of otelixizumab
in four different dosages was given to 30 T1D patients within 32 d of diagnosis[26]. A sustained metabolic response of
preserved c-peptide level was found for up to 18 mo following a 9 mg dose of otelixizumab. However, not all the studies
showed significant improvement in c-peptide level when compared to placebo, specifically when it is used in lower
dosage[27,28]. The presence of a positive insulin autoantibody is reported to be a predictor of therapeutic response[29].

Alefacept: Alefacept is a fusion protein that antagonizes CD2 costimulatory receptors, inhibiting T cell proliferation and
action. In TIDAL RCT, two 12-d courses of alefacept were given at 12 wk apart in 49 newly diagnosed (< 100 d) T1D
patients[30]. After 24 mo, patients in the alefacept arm showed significantly higher AUC for c-peptide response for 2 and
4 h (P =0.015 and P = 0.002, respectively). There was also a significant reduction of exogenous insulin requirement and
hypoglycemia event in the alefacept arm. Alefacept also induced favorable immunological response by depleting CD4*
and CD8* T cells[30]. However, at 12 mo follow-up, there was no significant difference in c-peptide AUC compared to the
placebo[31].

Abatacept: Abatacept is a fusion protein of the Fc portion of IgG1 and cytotoxic T-lymphocyte-associated antigen 4,
which blocks the costimulatory signal by blocking the CD28 T-cell receptor. In a multicenter RCT, 112 newly diagnosed
T1D patients (between 6 and 45 years of age) were included and intravenous abatacept was given for 27 infusions over 2
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years. The authors reported significant preservation of B cell function as measured by higher AUC of c-peptide at 2 years
of follow-up in patients who received abatacept (P = 0.0029)[32]. In the follow-up study, the authors also reported
persistent beneficial effects in the abatacept arm even after 1 year of cessation of treatment (P = 0.046)[33]. However, in a
phase 2 RCT where 101 participants of stage 1 T1D patients were included, monthly infusion of abatacept for one year
failed to significantly delay the progression of T1D (P = 0.11)[34].

Antithymocyte globulin: Anti-thymocyte globulin (ATG) is a rabbit polyclonal IgG antibody that acts against multiple T-
cell antigens. It may act through various mechanisms like T-cell depletion, induction of anergy in T cells, and selective
induction of regulatory T (Treg) cells[35]. In the START trial, high-dose ATG (6.5 mg/kg) failed to show any significant
preservation of c-peptide response in recent onset T1D patients[36]. ATG showed acute T-cell depletion sparing effector
memory T cells. Higher adverse events, including CRS, were reported in the ATG arm. To decrease the risk of these
adverse events, later studies used a lower dosage of ATG. In the TrialNet ATG-granulocyte colony-stimulating factor (G-
CSF) study, low-dose ATG (2.5 mg/kg) or low-dose ATG with pegylated G-CSF were studied in recent onset (< 100 d)
T1D patients[37]. The authors reported significant HbAlc reduction and slowing of c-peptide decline after 1 year of
follow-up in the low-dose ATG group without any extra benefit with the addition of GCSF. In the 2-year follow-up of the
same trial, although reduction in HbAlc and T-cell depletion with preservation of Treg cells were reported in both ATG
as well as ATG with G-CSF arm, higher AUC of c-peptide in comparison to placebo was seen only in the low-dose ATG
arm but not in the ATG with G-CSF arm[38]. However, low-dose ATG with GSF had been reported to preserve the AUC
of c-peptide following mixed meal tolerance tests in other studies[39,40]. In a cost-effectiveness analysis study, low-dose
ATG was found to be more cost-effective than other immunotherapies (including teplizumab) or no therapy in patients
with recent onset T1D[41].

Anti-interleukin 21 and liraglutide: Researchers have also explored the role of combination therapy in immunomodu-
latory therapy for T1D. Anti-interleukin (IL)-21 antibody antagonizes IL-21-mediated autoreactive T-cell trafficking to
pancreatic islets as well as proliferation of effector and follicular helper T cells[42,43]. Glucagon-like peptide-1 agonists
like liraglutide have been reported to improve f cell survival[44,45]. In the proof of concept animal study in the T1D
mouse model, Rydén et al[46] reported that the combined anti-IL-21 and liraglutide therapy can reverse diabetes. In a
phase 2, multicenter, parallel-group, placebo-controlled RCT, 308 T1D patients were randomized to four arms - anti-IL-21
only, liraglutide only, combined anti-IL-21 with liraglutide, or placebo. The decline of post-mixed meal tolerance test c-
peptide level at 52 wk was significantly smaller (P = 0.0017) in the combined group in comparison to the placebo, but not
in the anti-IL-21 only (P = 0.093) or liraglutide only (P = 0.38) groups[47]. Although the authors also reported a reasonable
safety profile for this combination therapy, it should be further confirmed in future phase 3 trials.

B-cell-directed antibody therapy

Rituximab: Like various T-cell depletion therapies, depletion of B cells using anti-CD20 monoclonal antibody rituximab
has also been studied in T1D. In a placebo-controlled RCT (TrialNet Anti-CD20), 87 recently diagnosed T1D patients were
randomized to four different dosage infusions of rituximab or placebo[48]. The patients in the rituximab arm showed
significantly higher AUC of c-peptide than placebo during the mixed meal tolerance test at 1-year follow-up. The patients
in rituximab also had lower HbAlc and required less exogenous insulin. Patients who responded to rituximab showed
greater T-cell proliferative response to islet cell antigens[49]. However, at 30 mo follow-up of the same study, there was
no significant difference in the AUC of c-peptide between the rituximab and placebo arms[50]. The effect on B-cell
depletion by rituximab also weaned off by 18 mo. The authors concluded that although rituximab can delay the decline of
c-peptide in T1D, it cannot prevent the inevitable f cell loss[50]. In a recent RCT, combined therapy of autologous CD4+
CD25"¢"CD127- Treg cells and rituximab was found to be superior in maintaining remission in recently diagnosed T1D
patients in comparison to either the monotherapy or control[51].

Antibody therapy against cytokine signaling

Golimumab: The proinflammatory cytokine, tumor necrosis factor (TNF)-a plays an essential role in the pathogenesis of
various autoimmune diseases[52]. In animal model studies, antagonizing TNF-o has been shown to prevent the
development of autoimmune diabetes[53,54]. In the phase 2 T1IGER study, the efficacy and safety of golimumab (anti
TNF-o monoclonal antibody) were evaluated in recently diagnosed T1D patients (stage 3 of T1D)[55]. Patients were
randomized to every fortnightly subcutaneous injection of golimumab (56 patients) or placebo (28 patients) for 52 wk.
The authors reported higher 4-h mixed meal tolerance test AUC of c-peptide (0.64 pmol/mL vs 0.43 pmol/mL, P < 0.001)
and lower exogenous insulin requirement (0.51 U/kg/day vs 0.69 U/kg/day) in golimumab arm than placebo. In the 2-
year follow-up study (52 wk of therapy and 52 wk of off-therapy) of the same trial, patients in the golimumab arm
showed persistently lower reductions in AUC of c- peptide at 78 and 104 wk compared to placebo[56]. The adverse events
were reported to be similar in both arms of the study.

Etanercept: Etanercept, the recombinant soluble TNF-a receptor protein, blocks the activity of proinflammatory cytokine
TNF-a and thus can be helpful in autoimmune diseases. In a pilot RCT, 18 patients with recently diagnosed T1D were
given subcutaneous twice weekly etanercept or placebo for 24 wk[57]. The patients in the etanercept arm showed better
HbA1C levels (5.9% vs 6.8%; P < 0.05) and AUC of c-peptide (+ 39% vs -20%; P < 0.05) than placebo, suggesting B cell
preservation. In a recent study, etanercept was combined with glutamic acid decarboxylase (GAD-alum) and vitamin D
(etanercept diamyd combination regimen) to evaluate the efficacy in newly diagnosed anti-GAD antibody-positive T1D
patients[58]. However, this combination failed to show any significant beneficial effect in this trial.
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Baricitinib: Baricitinib is a Janus kinase (JAK1 and JAK2) cytokine inhibitor which had been used successfully in au-
toimmune disorders[59,60]. In the phase 2 multicenter RCT (BANDIT study), 91 recently diagnosed T1D patients were
randomized to either oral baricitinib (4 mg/d) or placebo for 48 wk[61]. Following the mixed meal tolerance test, the c-
peptide level was significantly higher in the baricitinib group than placebo (P = 0.001) at 48 wk follow-up. Exogenous
insulin requirement was also considerably low in the baricitinib group, with no significant difference in HbA1C level
compared to the placebo. The adverse events were reported to be similar in both groups.

Imatinib: The role of small tyrosine kinase inhibitors like imatinib also had been evaluated in T1D. In a nonobese diabetic
mouse study, imatinib had been reported to induce durable remission[62]. Imatinib has been postulated to act through
both immunological and metabolic pathways involving endoplasmic reticulum stress in p cells[63]. In a phase 2 mul-
ticenter RCT, patients with recent onset T1D were randomized to receive either oral imatinib (400 mg/d) or placebo for 26
wk[64]. The patients in the imatinib arm showed higher AUC of c-peptide compared to the placebo at 12 mo (P = 0.048)
follow-up. However, the effect was not sustainable at 24 mo. Future studies are needed to find the ideal dose and dura-
tion as well as to monitor the adverse effects of this exploratory therapy.

Apart from the pharmaceutical agents mentioned above, other molecules like verapamil, ladarixin, canakinumab and
anakinra were also studied in recent onset T1D with variable success[65-67]. In a recent meta-analysis, which evaluated
the effect of monoclonal antibody-based immunotherapy on c-peptide level in patients with recent onset T1D, 11 studies
of four antibody-based immunotherapy (teplizumab, rituximab, otelixizumab and abatacept) were included[68]. The
authors reported favorable c-peptide response in favor of B cell protection with all these four molecules. In a comparative
study, the results (AUC of c-peptide response) from the primary studies of various immunotherapies (teplizumab,
alefacept, abatacept, rituximab, high dose ATG, and low dose ATG * G-CSF) in T1D were evaluated to rank them
according to their effectiveness[69]. The authors reported that low-dose ATG and teplizumab showed maximum impact
in preserving B cell function among the molecules studied. However, when these immunotherapies are used, we must be
careful about the potential risk of adverse events like lymphopenia, viral infections, and CRS.

We should also remember that the sole FDA-approved immunotherapy, teplizumab, is indicated to be used only in
stage 2 of T1D and thus practically has minimal application unless the disease is diagnosed early in the dysglycemia
stage. More widespread screening programs like TriaNET, ASK, Sanford Population-Level Estimation of T1D Risk
GEnes in Children, and T1 Detect JDRF are needed to find suitable candidates who are at the window of opportunity for
this therapy[70]. The durability of the immunotherapies and frequency of dosage to maintain a state of disease remission
should also be evaluated in longitudinal follow-up studies. Another concern is the safety of the long-term use of these
immunomodulatory therapies due to the risk of CRS, reactivation of viral infections, efc. Thus, further well-designed
RCTs with longer follow-up are needed to evaluate the efficacy, durability of therapeutic response, and safety of these
immunotherapies in T1D. Moreover, the drugs should be affordable and cost-effective to ensure the access of newer
therapies to the target populations.

ANTIGEN-BASED IMMUNOTHERAPY

Although several nonspecific approaches of immunoregulation have been trialed for T1D, antigen-based immunotherapy
is thought to be a more favorable approach owing to its specificity and possible long-lived effects, without broad
immunosuppression being needed[71]. The basis of antigen-specific immunotherapy is either inactivation of the
pathogenic effector T (Teff) cells functionally, transforming them into Treg cells, or both. An ideal antigen-based
immunotherapy could be administered multiple times (nonimmunogenic by itself) and would induce Treg cells that
could repress islet-specific Teff cells of various specificities and lead to long-standing tolerance[72]. However, many
questions are to be considered, along with the duration of the treatment and cost when designing antigen-specific
immunotherapy.

Antigen targets and delivery strategies

For antigen-based immunotherapy to be fruitful, the subject getting treatment must have a T-cell population specific for
the therapy-delivered antigen. Therefore, when developing an immunotherapy for individuals with T1D, the major
specificities of circulating autoreactive T cells are essential factors to consider. In T1D individuals, the isolated CD4* and
CD8" T-cell clones with specificity for a range of autoantigens have been identified. These include insulin, pre-proinsulin,
GAD, islet antigen-2, islet glucose-6-phosphatase catalytic subunit related protein, and chromogranin A. Recently,
proinsulin (c-peptide region) has been a hotspot for responsiveness of T cells in patients with T1D[73,74]. Furthermore,
islet inflammation along with endoplasmic reticulum stress can cause further islet-derived antigen release, thereby
inducing epitope spreading, post-translational modification of peptides, and fusion of peptide fragments originating from
different proteins with subsequent generation of hybrid peptides[75]. Therefore, an in-depth knowledge of the critical
antigenic targets and their kinetics during the progression of disease is crucial for choosing the most fitting targets for
antigen-based therapy. Disease heterogeneity adds to the complexity of antigen-specific immunotherapy in T1D because
of a subgroup of patients depending on their HLA alleles or disease endotypes[76]. Heterogeneity and HLA haplotype
can influence the presentation of epitopes from islet antigens to the autoreactive T cells as well as the response of T cells
[77,78]. Considerations and requirements for antigen-based immunotherapy in T1D are illustrated in Figure 2. Experts
have used different delivery strategies for antigen-specific immunotherapy, for example, proteins and peptides, plasmid
DNA, cell-based strategies, antigen-loaded nanoparticles, and liposome-based approaches (Table 2). The key question is
which approach is more likely to restore B cell tolerance?
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Table 2 Antigen-specific inmunotherapies- strengths and weaknesses

: Immunological .

Strategies 9 Advantages Disadvantages
target

Autoantigenic peptides and APCs Biocompatible; possibility to conjugate to a vehicle Short half-life; adjuvant required
proteins
Autoantigen-encoding plasmid APCs Long-lived effect Gene therapy
DNA
Antigen-loaded cell-based Autoreactive T cells  Powerful immunoregulatory effect Leukapheresis required; person-
strategies alized medicine
Antigen-loaded nanoparticles and APCs and T cells Customizable; powerful immunoregulatory effect; Synthetic; preclinical developmental
liposomes might act by biomimicry phase

APCs: Antigen-presenting cells.

Preclinical and human studies

The antigen-specific approach involves the delivery of B cell autoantigens through a route and regimen that induces
immune tolerance. Several antigen-specific approaches have entered into trials in the last decade to explore their safety,
feasibility, and efficacy using different delivery strategies[79]. Recently completed and ongoing immunotherapy trials
using antigen-specific strategies in T1D are reviewed elsewhere[80]. Single-peptide immunotherapy using a proinsulin
sequence showed hints of efficacy and immunomodulation and was well tolerated[81]. Gibson et al[82] used a preclinical,
humanized model of peptide immunotherapy. They showed that combining numerous different p cell peptides into a
single injectable may produce a significantly increased effect compared with a single peptide in generating immune
regulation. A recent study has addressed whether therapies delivering several antigens concurrently are efficacious and
any safety issues that can arise from administration of multiple antigens. A mixture of six B cell peptides from two islet
autoantigens was administered to patients with recent-onset T1D[83]. Multiple-peptide immunotherapy showed the
potential to rectify immune regulatory defects central to the pathobiology of T1D in this first-in-human study. No serious
adverse effects were observed in groups that received drug treatment. Together with the observations in pre-clinical
models that delivery of multiple peptides from more than one antigen may have more impact than a monopeptide[52],
these recent findings justify future well-designed clinical trials.

The last decade has seen the knowledge translated into definite antigen-based immunotherapies, promising to restore
the breach of immunological tolerance to B cell autoantigens selectively. However, in both prevention and reversion trials
in T1D, suboptimal effects have been obtained so far. Consequently, there is still a need to optimize those immuno-
therapies and their associated factors, such as patient and disease heterogeneity; choice of antigen (peptide or whole
molecule, conventional or unconventional, single antigen or cocktail); posology; administration patterns, route, timing
and use of adjuvants; biomarkers for stratification and therapeutic outcome[80].

STEM-CELL-BASED IMMUNOTHERAPY

T1D can be reversed by transplantation of pancreas or islet cells, which serves as proof of principle for cell-based therapy
[84]. However, several issues limit its widespread use, particularly the insufficient supply of highly functional p cells. Yet,
the sourcing problem could be circumvented by differentiating stem cells (SCs) into insulin-producing cells, and it has
garnered the most enthusiasm for creating functional B cells[85,86]. These SC-derived islets could be derived from a
single-cell source using a standardized process. The resulting cell product could be well characterized, allowing for more
predictable transplant outcomes.

SCs [embryonic SCs (ESCs), induced pluripotent SCs (iPSCs)], and adult SCs are being widely explored for T1D
therapeutics[87]. In preclinical studies, ESC-derived B cells have shown favorable results by insulin production in
response to glucose stimulation and restoration of normoglycemia[87]. iPSCs offer a practical alternative to ESCs. They
can be derived from adult somatic cells, thus eliminating ethical concerns. In diabetic mouse models, iPSC-derived  cells
have also exhibited the ability to secrete insulin and restore normoglycemia. Besides iPSCs, adult SCs, including
mesenchymal SCs and hematopoietic SCs, have been investigated for T1D as well[88].

Recent technological advances have made human clinical trials utilizing SC-derived pancreatic endoderm cells (PECs)
possible. An initial 2014 human clinical trial used the ViaCyte Inc. device (VC-01) to immunoprotect the cells using a cell-
impermeable membrane entirely. Although some endocrine cells were found, fibrosis around the capsule led to graft loss,
and insulin secretion was not detected from the device[89,90]. To circumvent this issue, a clinical trial (NCT03163511) was
initiated in 2017 to evaluate the newer PEC-Direct device (PEC-01 cells implanted subcutaneously in VC-02 devices) that
contained membrane openings allowing vascularization to develop nutrient exchange and promote survival of cells.
Total immunosuppression was required after transplantation. In 63% of units, insulin expression within B cells was
observed at 3-12 mo post-transplantation, with a preponderance of o cells reflecting the immature graft state. The recently
published reports from this ongoing trial demonstrated detectable levels of c-peptide in peripheral blood by 6-9 mo post-
transplantation[91,92]. Vertex pharmaceuticals embarked on a clinical trial with T1D patients in 2021, where an ESC-
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Figure 2 Considerations and requirements for successful immunotherapy using antigen-specific approaches in type 1 diabetes. If the
antigen-specific therapy is administered before the clinical diagnosis of type 1 diabetes (T1D) (stage 1 and 2), the development of T1D could be revoked; otherwise, if
T1D has already been diagnosed (stage 3), the intervention should be accompanied by a f cell regenerative agent to restore the B cell mass and its functionality.
One should consider the genetic risk susceptibility of the patient, age and age at T1D onset, autoreactivity profile and T1D endotype, metabolic and immunologic
biomarkers, and ideal antigen-specific therapy time point for the treatment to be as personalized as possible. On this basis, the partial remission (PR) — when f cell
tolerance is thought to be restored transiently — and exploring subsequent but milder PR phases could be of value as immune intervention checkpoints (in stage 3a
and 3b). In addition, the antigen-specific immunotherapy should enforce the generation of tolerogenic dendritic cells, M2 macrophages, regulatory T (Treg) cells and
regulatory B cells, thus reeducating the immune response against  cell autoantigens and re-establishing {8 cell immunological tolerance.

derived islet, VX-880, was transplanted without an immunoprotective device under immunosuppressive coverage. Initial
findings seem promising[93]. An ongoing Vertex trial (NCT04786262) will determine whether the success can be rep-
licated and investigate the safety of implantation of SC-derived islets in a site such as the liver. In addition to these critical
advances, several organizations intend to conduct clinical trials of functional SC-derived islets[94]. It is important to note
that although freed from reliance on exogenous insulin, the Vertex result presently is based on a single patient and that
ViaCyte’s strategy, established on differentiation of PEC to adequate numbers of functional B cells within porous devices,
has not yet been shown to work. The requirement for long-term immunosuppression may restrict the clinical application
of both the ViaCyte and Vertex approaches.

As things stand, the clinical trial results highlight the great promise SC-islets hold for treating T1D. The last few years
have been notable for game-changing early progress in clinical trials with SC-based therapies for T1D[95]. Nevertheless,
several remaining challenges need to be addressed before this SC therapy can be converted into a routine procedure. The
central pillars of a successful SC-islet therapy for T1D are illustrated in Figure 3.

CONCLUSION

T1D involves the autoimmune destruction of insulin-producing p cells in the pancreas. Over 100 years since the discovery
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Figure 3 Key components of successful stem cell derived islet therapy for treating type 1 diabetes.

of insulin, there is still no cure for T1D. However, therapeutic options for T1D are again at a turning point. Years of effort
to develop immune interventions are ultimately starting to pay off, with hints of progress in both new onset and
preventative settings. We discussed the recently completed and ongoing clinical trials that have studied the efficacy and
safety of several immunotherapeutic strategies targeting various mechanisms of autoimmunity, which are considered
significant in disease pathogenesis. While more targeted immunotherapies with potentially fewer adverse effects get
closer to the translation into clinical practice, new challenges may need to be faced. A better understanding of disease
endotypes may facilitate the stratification of individuals to different treatment options. While moving forward, success
lies in selecting which interventions are best suitable for which stage of the disease. Therefore, the timing and benefit/risk
profile of candidate approaches should be considered carefully. It is also essential to conduct more clinical trials at T1D
diagnosis to compare interventions. With the increasing interest in combination approaches, immunotherapeutic
strategies targeting different aspects of the immune system are likely to be essential contributors to the future therapeutic
landscape, together with the practice of individualized patient-tailored approaches, a change towards early intervention,
and an emphasis on outcome measures.
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