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Abstract

Diabetes mellitus (DM) represents a spectrum of chronic metabolic disorders characterized by
persistent hyperglycemia, or elevated blood sugar levels. This condition arises from either
insufficient insulin production by pancreatic -cells (Type 1 DM) or impaired insulin action in
target tissues (Type 2 DM). The global prevalence of diabetes is projected to rise significantly
in the coming decades, highlighting the urgent need for improved treatment strategies. While
current therapies, including anti-diabetic drugs like metformin and GLP-1 receptor agonists,
offer some degree of glycemic control, they often fall short of achieving complete
normalization. This review explores the pathophysiology of DM, delving into the role of insulin
signaling and glucose metabolism. Additionally, it examines the limitations of current
pharmacological interventions and emphasizes the ongoing research efforts directed towards
developing more efficacious and holistic treatment approaches.
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Introduction

Diabetes mellitus (DM) is a chronic, non-communicable disease characterized by persistent
hyperglycemia, or ele*vated blood sugar levels (1). This disruption in carbohydrate metabolism
arises from three main factors: insulin resistance, inadequate insulin secretion by pancreatic
beta cells, and excessive glucagon secretion (2). The global burden of DM is significant and
projected to rise dramatically, becoming a major public health concern. The primary chronic
complications associated with DM can be categorized into microvascular (stroke,
cardiovascular disease, and peripheral artery disease) and macrovascular (nephropathy,
neuropathy, and retinopathy) complications (3). Notably, microvascular complications are
more prevalent than macrovascular ones. The high prevalence, significant health consequences,
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and rising treatment costs associated with DM highlight the critical need for early diagnosis
and improved management strategies (4).

DM management encompasses a multi-pronged approach, incorporating lifestyle
modifications, oral medications, and insulin therapy. Lifestyle modifications form the
cornerstone of management, particularly for type 2 diabetes (T2DM) (5).

The field of DM management is undergoing a transformation thanks to the emergence
of promising novel approaches. One area of significant advancement lies in nanotechnology-
based insulin delivery systems (6). These systems aim to enhance the precision, efficiency, and
patient compliance associated with insulin therapy (7). For instance, nanoparticles with unique
optical and electrical properties offer the potential to develop sensitive glucose sensors for real-
time blood sugar monitoring (8). Additionally, smart insulin delivery systems are being
developed using advanced technologies. These systems hold the potential for precise and
automated control over insulin administration, potentially improving glycemic control and
minimizing the risk of complications associated with DM (9). In this review, we aim to explore
the new targets that could be the future of the diabetes treatment.

Current Treatment Protocols for Diabetes

The current pharmacological landscape for DM management features established medications
like insulin, sulfonylureas, metformin, and various other oral hypoglycemic agents (10). While
these therapies play a crucial role, their limitations are becoming increasingly apparent.
Existing medications often fail to achieve long-term glycemic control and can be associated
with adverse effects like hypoglycemia, organ dysfunction, and increased cardiovascular risk
(12).

This pressing need for improved management strategies has sparked a surge in research
and development efforts focused on novel therapeutic approaches (12). Promising avenues
include the exploration of medicinal plants and their bioactive compounds. These naturally
occurring substances exhibit diverse therapeutic effects, potentially impacting insulin
synthesis, secretion, and peripheral resistance, while also mitigating inflammation and
oxidative stress associated with DM (13). Furthermore, advancements in personalized
medicine are fostering the development of novel formulations tailored to individual patient
needs (14). While the list of potential novel agents is continuously expanding, the mechanisms
of action for many remain enigmatic (15).

Regenerative Medicine: A New Approach to Treating Diabetes Mellitus

Research in stem cell therapy holds promise for the treatment of T1DM. Scientists are
exploring the possibility of generating functional beta cells, the insulin-producing cells of the
pancreas, from stem cell sources (16). However, a significant challenge lies in acquiring a
sufficient number of appropriate stem cells for therapeutic applications, as the pancreas lacks
the ability to regenerate (17). Embryonic stem cells (ESCs) possess the unique ability to
differentiate into various cell types, including cells that mimic the insulin-secreting function of
beta cells. In vitro and in vivo studies have demonstrated the potential of ESCs to differentiate
into insulin-like cells that can improve glucose uptake and metabolism (18, 19). Similarly,
research suggests that intravenous (1V) injection of embryonic-like stem cells (VSELS) in mice
with pancreatic damage may promote regeneration and improve function (20, 21).

Research advancements in stem cell therapy offer promising avenues for managing both
type 1 (T1DM) and type 2 diabetes mellitus (T2DM
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1. Immuno-isolated Mesenchymal Stem Cells (MSCs)

Studies utilizing mesenchymal stem cells (MSCs) isolated from the umbilical cord's Wharton
jelly and encapsulated in immune-isolatory microcapsules have shown promising results (22).
This approach aims to restore the beta cell population in TLDM patients while protecting the
implanted cells from immune rejection. Additionally, studies report a significant increase in C-
peptide levels and improved postprandial blood glucose control in T2DM patients following
MSC implantation (17).

2. Adiponectin-Mediated Mobilization of bone marrow-derived mesenchymal stem cells
(BMSCs)

Adiponectin, a protein secreted by fat cells, holds potential in mobilizing BMSCs. Studies
suggest that adiponectin facilitates the migration of BMSCs from bone marrow to the
circulation, potentially promoting bone regeneration and lowering blood glucose levels in mice
with obesity-induced diabetes (23).

3. Positron emission tomography (PET)-Labeled Stem Cells for Delivery Optimization
Researchers are exploring the use of positron emission tomography (PET) tracers to track and
optimize stem cell delivery methods. Studies indicate that labeling stem cells with F-FDG, a
PET tracer, allows for evaluation of homing and retention of these cells in the pancreas of
diabetic patients (24). This information can guide the development of more targeted delivery
methods, potentially improving treatment efficacy.

4. Co-infusion of Stem Cell Types

The co-infusion of mesenchymal stromal cells with insulin-secreting properties (derived from
adipose tissue) and hematopoietic stem cells (extracted from bone marrow) into the thymic
portal circulation and subcutaneous tissue has shown potential in regulating hyperglycemia in
T1DM patients (25).

5. Insulin-Secreting Stem Cells from Adipose Tissue

Studies suggest that human eyelid insulin-secreting stem cells derived from adipose tissue may
offer potential for T2DM treatment. Research indicates that these cells can contribute to
lowering serum glucose levels by increasing circulating insulin levels (26, 27).

Immune Ablation and Stem Cell Therapy

This approach aims to suppress the autoimmune activity underlying TLDM. Studies involving
24 patients undergoing autologous hematopoietic stem cell transplantation (AHSCT) with
high-dose cyclophosphamide and anti-thymocyte globulin have shown promising results.
These studies suggest that AHSCT can induce T1DM remission and achieve good glycemic
control (28, 29). However, identifying potential risk factors like pre-transplant C-peptide
levels, age, and TNF-a levels is crucial for optimizing this approach and minimizing rejection
risks (29).

The emergence of induced pluripotent stem cells (iPSCs) has sparked widespread
interest in their potential for regenerative medicine, including TLDM treatment. Studies suggest
that iPSCs offer a promising therapeutic avenue (30, 31). For instance, research has
demonstrated that transplanting modified epithelial cells isolated from the pancreas of non-
obese diabetic (NOD) mice into diabetic mice led to the successful differentiation of these cells
into insulin-producing cells, with increased expression of pancreatic beta-cell markers and
enhanced glucose- and potassium chloride-stimulated insulin release (31). Furthermore,
investigations into the therapeutic potential of pancreatic stem cells are ongoing. Studies
involving the intravenous injection of fetal pancreatic stem cells in TLDM patients reported a
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significant increase in C-peptide levels after three months of treatment (32). These findings
highlight the potential of both immune ablation and stem cell therapy for TADM management.

Transdermal Drug Delivery System (TDDS)
While conventional diabetes management relies heavily on oral hypoglycemic drugs and
insulin injections, the last decade has witnessed growing interest in transdermal drug delivery
systems (TDDS) as a potential alternative (33). TDDS offers several advantages compared to
traditional methods, namely offering a non-invasive and painless approach to drug delivery
(34).

Beyond its potential for delivering established medications like insulin and metformin,
TDDS holds promise for monitoring diabetic parameters through bio-sensing. This technology
analyzes metabolites present in biological fluids like sweat to assess metabolic state (35).
Building on this concept, a study described the development of a novel biosensor patch with a
3D microneedle array for non-invasive blood glucose monitoring. This patch demonstrated
promising features, including long-term stability in vitro and the potential to accurately
measure glucose levels even at extreme values (36). However, a notable limitation identified
was the decrease in sensitivity at higher glucose concentrations due to bio-fouling around the
electrodes. This highlights the need for further design improvements to address this issue and
enhance the technology's efficacy.

Despite the significant potential of TDDS for diabetes management, several challenges
remain to be addressed (37). However, advancements in various technological approaches are
paving the way for improved patient compliance and therapeutic outcomes.

Microneedle technology is one prominent approach within TDDS. This technology
utilizes tiny needles to create temporary microchannels in the skin, enhancing the permeability
of antidiabetic drugs and facilitating their delivery (38). Additionally, nanoformulations hold
promise for improving the delivery of various antidiabetic drugs, including insulin sensitizers
and insulin itself, through the TDDS method (38).

Furthermore, innovative techniques like iontophoresis and electroporation utilize
electric fields to facilitate the transdermal penetration of antidiabetic drugs and insulin (25).
These approaches offer significant advantages, including their non-invasive nature, ability to
provide steady and prolonged drug release, avoidance of first-pass metabolism, and potential
reduction of systemic side effects (39).

As research continues to evolve, the translation of these promising technologies into
clinically viable and widely accepted options remains an exciting avenue for improving
diabetes care and patient well-being.

Nanotechnology
Conventional insulin injections for type 1 and type 2 diabetes (TALDM and T2DM) are often
associated with pain, discomfort, and potential infection, leading to reduced patient adherence
(40). To address these limitations, nanotechnology is emerging as a promising approach for
improved diabetes management due to its potential for accuracy, specificity, and efficacy (41).
One of the key applications of nanotechnology in diabetes management lies in the
development of miniaturized glucose sensors and closed-loop insulin delivery systems (42).
These systems utilize smart nanoparticles (NPs) as drug delivery vehicles equipped with
glucose sensors that monitor blood sugar levels in real-time and regulate insulin release
accordingly (43). These bioengineered systems often employ microcapsules with controlled
pore sizes that allow for the targeted delivery of insulin molecules (43). Compared to
conventional methods, nanoformulations offer enhanced drug bioavailability and targeted
delivery to specific sites within the body. However, potential concerns regarding scalability
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and potential toxicity associated with nanoparticles require further investigation and mitigation
strategies (43).

For instance, nanotechnology-based insulin delivery systems demonstrate the potential
for precise targeting of disease-related pathways at lower doses, leading to improved
pharmacokinetic profiles and reduced side effects (44). Additionally, quantum dots and
mesoporous silica nanoparticles are being explored for the development of highly sensitive and
selective glucose sensors (45). Furthermore, the integration of nanotechnology with smart
insulin delivery systems paves the way for glucose-responsive insulin release, potentially
mimicking the natural function of the pancreas (39).

Despite the significant advancements in nanotechnology-based approaches for
diabetes management, several challenges remain. These include ensuring biocompatibility,
establishing long-term safety, and addressing scalability concerns for successful clinical
translation. Addressing these challenges is crucial for the widespread adoption of these
promising technologies in diabetes care.

Conclusion

The current pharmacological landscape for diabetes management, while established, faces
limitations in achieving long-term glycemic control and often comes with undesirable side
effects. This paper explored promising avenues for future treatment strategies, including
regenerative medicine: TDDS, and nanotechnology.

Regenerative medicine approaches, particularly stem cell therapy, hold significant
potential for restoring beta-cell function in both type 1 and type 2 diabetes. Research efforts in
this area encompass various methods, such as mesenchymal stem cells, immune ablation, and
induced pluripotent stem cells, each demonstrating unique possibilities.

TDDS offer a non-invasive alternative to traditional injection methods, potentially
improving patient compliance and offering pain-free medication delivery. Additionally, TDDS
holds promise for blood glucose monitoring through bio-sensing technology. Advancements in
microneedles, nano-formulations, and techniques like iontophoresis highlight the potential for
improved drug delivery and patient comfort.

Nanotechnology presents exciting opportunities for diabetes management by enabling
the development of miniaturized glucose sensors, smart insulin delivery systems, and targeted
drug delivery with reduced side effects. Research in this field explores applications such as
nano-formulations for enhanced drug bioavailability and the integration of nanotechnology
with smart insulin delivery systems for mimicking the natural function of the pancreas.

Recommendations

To fully realize the potential of emerging fields in diabetes treatment, continued research and
development are crucial. Refining regenerative medicine, transdermal drug delivery, and
nanomaterial approaches will address current limitations and ensure safe, effective clinical
translation.

References

1. Arokiasamy P, Salvi S, Selvamani Y. Global burden of diabetes mellitus. Handbook of global
health: Springer; 2021. p. 1-44.

2. Campbell JE, Newgard CB. Mechanisms controlling pancreatic islet cell function in insulin
secretion. Nature reviews Molecular cell biology. 2021;22(2):142-58.

3. Szablewski L. Changes in Cells Associated with Insulin Resistance. International Journal of

Molecular Sciences. 2024;25(4):2397.

Migration Letters



2352 Diabetes Mellitus: New Novel Approaches For Treatment

4. Khalilov R, Abdullayeva S. MECHANISMS OF INSULIN ACTION AND INSULIN
RESISTANCE. Advances in Biology & Earth Sciences. 2023;8(2).

5. Lee S-H, Park S-Y, Choi CS. Insulin resistance: from mechanisms to therapeutic strategies.
Diabetes & Metabolism Journal. 2022;46(1):15-37.

6. Cloete L. Diabetes mellitus: an overview of the types, symptoms, complications and
management. Nursing Standard (Royal College of Nursing (Great Britain): 1987). 2021;37(1):61-6.

7. Bellary S, Kyrou I, Brown JE, Bailey CJ. Type 2 diabetes mellitus in older adults: clinical
considerations and management. Nature Reviews Endocrinology. 2021;17(9):534-48.

8. Arnold SV, Bhatt DL, Barsness GW, Beatty AL, Deedwania PC, Inzucchi SE, et al. Clinical

management of stable coronary artery disease in patients with type 2 diabetes mellitus: a scientific
statement from the American Heart Association. Circulation. 2020;141(19):e779-e806.

9. Lovic D, Piperidou A, Zografou I, Grassos H, Pittaras A, Manolis A. The growing epidemic of
diabetes mellitus. Current vascular pharmacology. 2020;18(2):104-9.
10. Seetharaman R, Pawar S, Advani M. One hundred years since insulin discovery: An update on

current and future perspectives for pharmacotherapy of diabetes mellitus. British Journal of Clinical
Pharmacology. 2022;88(4):1598-612.

11. Shah N, Abdalla MA, Deshmukh H, Sathyapalan T. Therapeutics for type-2 diabetes mellitus:
a glance at the recent inclusions and novel agents under development for use in clinical practice.
Therapeutic Advances in Endocrinology and Metabolism. 2021;12:20420188211042145.

12. Darenskaya MA, Kolesnikova LI, Kolesnikov Sl. Oxidative stress: pathogenetic role in
diabetes mellitus and its complications and therapeutic approaches to correction. Bulletin of
experimental biology and medicine. 2021;171(2):179-89.

13. Ezhilarasu H, Vishalli D, Dheen ST, Bay B-H, Srinivasan DK. Nanoparticle-based therapeutic
approach for diabetic wound healing. Nanomaterials. 2020;10(6):1234.

14. Padhi S, Nayak AK, Behera A. Type Il diabetes mellitus: a review on recent drug based
therapeutics. Biomedicine & Pharmacotherapy. 2020;131:110708.

15. Yong J, Johnson JD, Arvan P, Han J, Kaufman RJ. Therapeutic opportunities for pancreatic 3-
cell ER stress in diabetes mellitus. Nature Reviews Endocrinology. 2021;17(8):455-67.

16. Zhang Y, Chen W, Feng B, Cao H. The clinical efficacy and safety of stem cell therapy for
diabetes mellitus: a systematic review and meta-analysis. Aging and disease. 2020;11(1):141.

17. Mishra VK, Shih H-H, Parveen F, Lenzen D, Ito E, Chan T-F, et al. Identifying the therapeutic
significance of mesenchymal stem cells. Cells. 2020;9(5):1145.
18. De Klerk E, Hebrok M. Stem cell-based clinical trials for diabetes mellitus. Frontiers in

endocrinology. 2021;12:631463.

19. Azeez SH, Jafar SN, Aziziaram Z, Fang L, Mawlood AH, Ercisli MF. Insulin-producing cells
from bone marrow stem cells versus injectable insulin for the treatment of rats with type | diabetes.
Cellular, Molecular and Biomedical Reports. 2021;1(1):42-51.

20. Rodrigues Oliveira SM, Rebocho A, Ahmadpour E, Nissapatorn V, de Lourdes Pereira M. Type
1 diabetes mellitus: A review on advances and challenges in creating insulin producing devices.
Micromachines. 2023;14(1):151.

21. Du Y, Liang Z, Wang S, Sun D, Wang X, Liew SY, et al. Human pluripotent stem-cell-derived
islets ameliorate diabetes in non-human primates. Nature Medicine. 2022;28(2):272-82.

22. Goncharov AG, Shupletsova VV, Todosenko NM, Goncharova EA, Litvinova LS. Production
of growth factors, pro—and anti-inflammatory cytokines by postnatal MMSCs from various tissue
sources during in vitro co-cultivation with immunoisolated pancreatic p-cells. Russian Journal of
Immunology. 2021;24(4):477-82.

23. Dama G, DuJ, Zhu X, Liu Y, Lin J. Bone marrow-derived mesenchymal stem cells: a promising
therapeutic option for the treatment of diabetic foot ulcers. Diabetes research and clinical practice.
2023;195:110201.

24. Jacobsen LV, Flint A, Olsen AK, Ingwersen SH. Liraglutide in type 2 diabetes mellitus: clinical
pharmacokinetics and pharmacodynamics. Clinical pharmacokinetics. 2016;55:657-72.

25. Thakkar UG, Trivedi HL, Vanikar AV, Dave SD. Insulin-secreting adipose-derived
mesenchymal stromal cells with bone marrow-derived hematopoietic stem cells from autologous and
allogenic sources for type 1 diabetes mellitus. Cytotherapy. 2015;17(7):940-7.



Sultan Abdullah Al-Khamashet al. 2353

26. Nam JS, Kang HM, Kim J, Park S, Kim H, Ahn CW, et al. Transplantation of insulin-secreting
cells differentiated from human adipose tissue-derived stem cells into type 2 diabetes mice. Biochemical
and Biophysical Research Communications. 2014;443(2):775-81.

217. Nam S, Song Y. Role of self-efficacy in the relationship between patient-provider relationships
and psychological insulin resistance among patients with type 2 diabetes. Journal of contemporary
diabetes research. 2014;1(1):1.

28. Tyndall A, Gratwohl A. Immune ablation and stem-cell therapy in autoimmune disease-Clinical
experience. Arthritis Research & Therapy. 2000;2(4):1-5.

29. Xiang AH, Wang X, Martinez MP, Walthall JC, Curry ES, Page K, et al. Association of
maternal diabetes with autism in offspring. Jama. 2015;313(14):1425-34.

30. Naujok O, Lenzen S. Pluripotent stem cells for cell replacement therapy of diabetes. Deutsche
Medizinische Wochenschrift (1946). 2012;137(20):1062-6.

31. Jeon CY, Haan MN, Cheng C, Clayton ER, Mayeda ER, Miller JW, et al. Helicobacter pylori
infection is associated with an increased rate of diabetes. Diabetes care. 2012;35(3):520-5.

32. Nadkarni P, Chepurny OG, Holz GG. Regulation of glucose homeostasis by GLP-1. Progress
in molecular biology and translational science. 2014;121:23-65.

33. Toklu HZ. Pharmacovigilance of herbal medicine: herbavigilance. Adv Pharmacoepidemiol
Drug Saf. 2016;5(208):2167-1052.
34. Talreja S, Kaur CD. Fighting diabetes with herbal technological developments. World Journal

of Pharmaceutical research. 2014;3(2):2842-67.

35. van Poelje PD, Dang Q, Erion MD. Fructose-1, 6-bisphosphatase as a therapeutic target for type
2 diabetes. Drug Discovery Today: Therapeutic Strategies. 2007;4(2):103-9.

36. Snarski E, Milczarczyk A, Hataburda K, Torosian T, Paluszewska M, Urbanowska E, et al.
Immunoablation and autologous hematopoietic stem cell transplantation in the treatment of new-onset
type 1 diabetes mellitus: long-term observations. Bone marrow transplantation. 2016;51(3):398-402.
37. Waseem R, Muhee A, Malik HU, Akhoon ZA, Munir K, Nabi SU, et al. Isolation and
identification of major mastitis causing bacteria from clinical cases of bovine mastitis in Kashmir Valley.
Indian Journal of Animal Research. 2020;54(11):1428-32.

38. Rosalie 10, Ekype E. Antidiabetic potentials of common herbal plants and plant products: A
glance. International Journal of Herbal Medicine. 2016;4(4):90-7.

39. Gu Z, Dang TT, Ma M, Tang BC, Cheng H, Jiang S, et al. Glucose-responsive microgels
integrated with enzyme nanocapsules for closed-loop insulin delivery. ACS nano. 2013;7(8):6758-66.
40. Yao B, Fang H, Xu W, Yan Y, Xu H, Liu Y, et al. Dietary fiber intake and risk of type 2
diabetes: a dose—response analysis of prospective studies. European journal of epidemiology.
2014;29:79-88.

41. Ghosh P, Azam S, Karim A, Hassan M, Roy K, Jonkman M. A comparative study of different
machine learning tools in detecting diabetes. Procedia Computer Science. 2021;192:467-77.

42. DiSanto RM, Subramanian V, Gu Z. Recent advances in nanotechnology for diabetes treatment.
Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology. 2015;7(4):548-64.
43. Patra N, Kar D, Pal A, Behera A. Antibacterial, anticancer, anti-diabetic and catalytic activity

of bio-conjugated metal nanoparticles. Advances in Natural Sciences: Nanoscience and
Nanotechnology. 2018;9(3):035001.

44, Shah NN, Khan Z, Ahad H, Elderdery AY, Alomary MN, Atwah B, et al. Mucormycosis an
added burden to Covid-19 Patients: An in-depth Systematic Review. Journal of infection and public
health. 2022.

45, Valizadeh A, Mikaeili H, Samiei M, Farkhani SM, Zarghami N, Kouhi M, et al. Quantum dots:
synthesis, bioapplications, and toxicity. Nanoscale research letters. 2012;7:1-14.

Migration Letters



