Novel Therapeutic Paradigms in Diabetes Management

DOI: https://doi.org/10.54393/pbmj.v9i1.1325

PAKISTAN BIOMEDICAL JOURNAL

https://www.pakistanbmj.com/journal/index.php/pbmj/index

ISSN (E): 2709-2798, (P): 2709-278X
Volume 9, Issue 01 (January 2026)

Review Article

OPEN aACCESS

Innovative Therapeutic Paradigms in Diabetes Mellitus: Current Progress and

Future Directions

Amna Sattar”

'Department of Medicine, Jining Medical University, China

ARTICLE INFO

ABSTRACT

Keywords:
Diabetes Mellitus, Nanotechnology, Intestinal
Microbiota, Insulin

How to Cite:

Sattar, A.(2026). Innovative Therapeutic Paradigms
in Diabetes Mellitus: Current Progress and Future
Directions: Novel Therapeutic Paradigmsin Diabetes
Management. Pakistan BioMedical Journal, 9(1), 03-
10. https://doi.org/10.54393/pbmj.v9i1.1325

*Corresponding Author:

Amna Sattar

Department of Medicine, Jining Medical University,
China

amnasattar2006@gmail.com

Received Date: 10" November, 2025
Revised Date: 27" December, 2025
Acceptance Date: 23" January, 2026
Published Date: 31" January, 2026

Diabetes mellitus is a chronic metabolic disease that is marked by inadequate glucose control
that leads to eventual complications in the cardiovascular, renal, neurological, and ocular
systems. The conventional approaches to treatment, such as insulin injections, oral
hypoglycemic drugs, and structured lifestyle changes, continue to be the predominant
approaches to treatment. However, the techniques are commonly limited so as to contain the
symptoms and not achieve a long-lasting remission or to cure the causes of the disease. This
has altered the field of science in the recent past, where creative approaches towards
treatment have been given focus to change or even reverse the stages of disease. Stem cell
interventions have the potential to cure pancreatic B-cells, and genetic therapy is meant to fix
the genetic defects that lead to the disease. Immunotherapy transplantation is being
undertaken to protect the B-cells in diabetes type 1 diabetes, and nanotechnology and smart
insulin delivery systems can provide more precise glycemic control. In addition, the intestinal
microbiota modulation has also become one of the promising adjunctive mechanisms. This
review gives these new methodologies, the current status of these methodologies, and the
possibilities of these methodologiesinthe management of diabetes.

INTRODUCTION

The term diabetes mellitus (DM) describes a set of chronic
metabolic disorders, which are characterized by the
constant high levels of blood glucose caused by
impairments in the process of insulin secretion, its action,
or both[1]. The disease is significant in terms of morbidity
and mortality because it leads to damages of various
organs, including the heart, kidneys, nerves, and eyes[2].
The world has been facing a social health crisis due to
diabetes. According to the reference sources, over 540
million adults are already living with diabetes, and it is
projected to reach 783 million people by the year 2045 (IDF,
2021). It is estimated that in 2021, 6.7 million deaths were
related to diabetes in the global context, and it consumed
an enormous sum of healthcare expenditure annually,

estimatedat USD 1trillion(IDF, 2021).
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Despite significant advances in innovative diabetes
therapies, substantial research gaps remain in
establishing their long-term safety, efficacy, and cost-
effectiveness across diverse populations. Most emerging
interventions, including stem cell therapy, gene editing,
and nanotechnology-based systems, are supported
primarily by early-phase trials with limited large-scale
randomized evidence. Additionally, variability in treatment
protocols and patient selection restricts generalizability
and clinical translation. Future research should prioritize
standardized methodologies, longitudinal studies, and
equitable accessibility to ensure these therapies can be
effectivelyintegratedintoroutine diabetescare.

The rising prevalence rate and economic burden of this
problem are signs of the urgent need to find effective
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treatments[3]. Diabetes mellitus is of two major types and
of various othertypes[4](Figure1).
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Figure1: Typesof Diabetes

Therefore, this review aims to synthesize recent advances
in novel diabetes therapies and highlight key challenges
and future directionsforclinical translation.

Type 1Diabetes Mellitus (T1DM)

T1DM is an autoimmune disorder in which the body's
immune system assaults the B-cells of the pancreas,
leading to a complete lack of insulin. It usually happens
during childhood or adolescence, but more cases that
happen in adults are increasingly becoming familiar. The
long-termaspect of insulin therapy allows T1DM patients to
live, and even withinsulin treatment, these patientsremain
susceptible tosuch complications as diabetic ketoacidosis
andlong-termvasculardamage[5].

Type 2 Diabetes Mellitus(T2DM)

T2DM is the most prevalent type, and more than 90% of all
casesof diabetesare covered. It takes place due to muscle,
fat, and liver insulin resistance along with progressive -
cell dysfunction [6]. Obesity, sedentary lifestyle, poor
dietary decisions, and hereditary predisposition are the
risk factors. T2DM is a disease that is normally not
diagnosed for many years, and therefore, people are
diagnosed when it is too late and when they have already
developed complications[7].

Other Types

Other and less common forms of diabetes include
gestational diabetes mellitus (GDM), which is a condition
acquired during pregnancy; monogenic diabetes(including
maturity-onset diabetes of the young, MODY); and
secondary diabetes, caused by otherailments or by certain
medications[8].

Weaknesses of Existing Interventions

However, these conventional approaches are
predominantly symptomatic, focusing on glucose control
rather than addressing the underlying pathogenic
mechanisms. They are often limited by incomplete
efficacy, the risk of hypoglycemia, treatment burdens, and
aninability to halt the progressive decline in -cell function
or prevent long-term complications [9]. In T1DM, lifelong
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insulin replacement does not counteract the ongoing
autoimmune destruction of B-cells. In T2DM, existing
pharmacotherapy often fails to arrest the progressive -
cell failure and insulin resistance driving the disease [10].
These significant limitations highlight a clear unmet
clinical need for interventions capable of modifying the
disease course, restoring physiological regulation, and
potentially inducing remission. The heterogeneity in
pathogenesis is reflected in the disease classification.
While T1DM and T2DM constitute the majority of cases,
other forms such as gestational diabetes, monogenic
diabetes (e.g., MODY), and secondary diabetes are
increasingly recognized, each with distinct etiologies that
may demand tailored therapeutic strategies.

Lifestyle Interventions(Diet, Exercise)

Together, there is strong evidence from clinical trials such
as the Diabetes Prevention Program (DPP) that intensive
lifestyle change preventsthe occurrence of type 2 diabetes
by 4560 percent in people at high risk [11]. These
advantages are mediated by a group of physiologically
related processes(Figure 2).
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Figure 2: Mechanistic pathways linking lifestyle interventions to
improved metabolicoutcomesin diabetes

The important pathways involve enabling skeletal muscle
and liver insulin sensitivity through AMPK activation and
GLUT4 translocation, systemic inflammation reduction,
and 2 -cell functionality through the reduction of
glucolipotoxicity [12]. The schematic outlines the main
biological processes of how diet adjustment (caloric
restriction, high fiber, low glycemic load) and physical
activity produce their positive influence. They are: (1)
Enhanced Insulin Sensitivity: Stimulation of AMPK in
muscle and liver, increasing glucose uptake and
decreasing hepatic gluconeogenesis; (2) -Cell
Preservation: Reduction of glucolipotoxicity, reducing
metabolic stress on pancreatic -cells; (3) Palliative of
Inflammation: Suppression of adipose tissue production of
pro-inflammatory cytokines (e.qg., TNF- a, IL-6); and (4 All
these combined routes lead to a better glycemic
regulation, weight loss, and cardiovascular risk.
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StemCell Therapy

Ineither type 1diabetes(T1D)or type 2 diabetes(T2D), stem
cell therapy is expected to replace or regenerate insulin-
generating pancreatic 8-cells that have been destroyed in
diabetes or are dysfunctional. The pluripotent stem cells
(PSCs), such as embryonic stem cells (ESCs) and induced
pluripotent stem cells(iPSCs), canbeinducedinto glucose-
responsive 6 -like cells, and this presents a potentially
inexhaustible source of cell source to be used in
transplantation [10]. According to the most recent clinical
trials, like those of ViaCyte, the safety and initial
effectiveness of encapsulated stem-cell-derived
pancreatic progenitorsin people with T1D have been noted.
A decisive trade-off exists in the selection of the source of
stem cells in terms of efficacy, safety, ethical issues, and
stage of development.

Gene Therapy

The goal of gene therapy is to fix the genetic or functional
defects of diabetes. The expression of the B-cell protective
genes (e.g., PDX1, MafA) in T1D or the regulation of genes
related to insulin sensitivity (e.g., GCKR, PPARG) in T2D
might be used as strategies, and CRISPR/Cas9 can provide
precise editing abilities [13]. Whereas preclinical models
promise, there is a complex array of translational issues
that prevent clinical implementation. The barriers to
delivery are paramount; there is still difficulty in attaining
efficient, targeted, and sustained delivery to the
pancreatic or hepatic tissues. Viral vectors (e.g., AAV) are
associated with immunogenicity, whereas non-viral
approaches are characterized by low efficacy. It does not
have long-term safety, and there is the risk of off-target
edits, immune response to edited cells or delivery vectors,
and oncogenesis as a result of potentially insertional
mutagenesis [14]. Moreover, there is an extensive and
dynamic regulatory route through which gene therapies
have to pass, whichis a potential obstacle. The clinical trial
design is complex, long-lasting, and expensive due to the
requirements by agencies such as the FDA and EMA to
provide exhaustive preclinical information on whether the
vectorsaredistributed, genotoxic, and long-term follow-up
plans [15]. These bottlenecks on the delivery, safety, and
regulatory side need to be overcome before gene therapy
canbetranslated fromagreatideatoaclinical therapy that
will help diabetics.

Immunotherapy

In other cases, type 1 diabetes requires immunotherapy.
The etiology of TIDM is autoimmune destruction of B-cells;
immunotherapy isan option for the future. The monoclonal
antibodies are among the strategies and are applicable to
monitor the immunological responses, vaccines against
the diabetogenic antigens, and regulatory T-cell (Treg)
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therapy [16]. In the United States, recently, a monoclonal
antibody, teplizumab, which targets T cell receptor CD3,
has been approved to delay the onset of TIDM in those at
high risk [17]. Other clinical trials are investigating other
agents that either preserve the remaining 3-cell or rebuild
immune tolerance. The major challenges are the
achievement of long-term remission and the minimization
of adverse effects suchasimmunosuppression[18].
Nanotechnologyin Diabetes

Nanotechnology offers transformative platforms for
diabetes care, primarily through smart insulin delivery
systems (e.g., glucose-responsive nanoparticles,
hydrogels, microneedle patches) and advanced
nanobiosensors for continuous glucose monitoring. These
systems promise autonomous, physiologically responsive
glycemic control, potentially reducing hypoglycemic risk
and treatment burden [19]. However, translating these
promising preclinical concepts into reliable, widely
available therapies faces several formidable translational
challenges.

Digital Health and Artificial Intelligence

Artificial intelligence (Al) has become an essential tool of
diabetes care within a selected period of time [20].
Machine learning will be capable of calculating the
probability of getting diabetes, the most effective dose of
the insulin therapy, and the tailored treatment
recommendations. The Al-based continuous glucose
monitors (CGMs) and mobile health apps that allow
monitoring glucose levels, diet, and exercise in real-time
are now in existence. The so-called artificial pancreas (Al-
controlled closed-loop insulin pumps)is an example, which
is implemented to optimize insulin and better glycemic
control based on the reduction in the incidence of
hypoglycemia. Besides treatment, Al-based systems are
also providing the prospect of the early detection of
diabetic complications such as retinopathy due to retinal
imaging[21].

Gut Microbiome and Probiotics

The gut microbiome has emerged as a major regulator role
in host metabolism and glucose homeostasis [22].
Dysbiosis or changes in the composition of microbes have
been linked to insulin resistance and T2DM. The
experimental therapy is supposed to restore the microbial
balance, which is based on probiotics, prebiotics, dietary
fibers, and fecal microbial transplantation (FMT) [23].
Animal research and small clinical trials suggest that
insulin sensitivity and glycemic control can be improved
with the help of certain bacterial strains, such as
Akkermansia muciniphila and Lactobacillus species. In
spite of the promising nature of the field, it requires larger
randomized controlled trials in order to establish efficacy
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andsafety[12].

Transplantand Regeneration Medicine

Whereas the provision of the cellular raw material is done
by the stem cell research field, the regenerative medicine
and transplantation field is dedicated to the challenging
engineering aspect of delivering and maintaining the cells
in vivo. Allogeneic islet transplantation (the Edmonton
protocol)is the historical standard that demonstrates that
cell replacement can be used to restore insulin
independence, but that has to be accompanied by life-long
immunosuppression, and there is a shortage of donors
[24]. Long-term graft survival without the use of
immunosuppression is hence the primary aim of the
central pursuit. This has triggered the promotions in
immunoisolation techniques based on semi-permeable
biomaterials. The existing encapsulation techniques strive
to allow the two-way diffusion of oxygen, nutrients, insulin,
and glucose and protect the graftagainstimmune cellsand
antibodies [25]. The optimal response to fibrotic
overgrowth (the foreign body response) is by optimizing
biomaterial properties, which include the porosity, surface
chemistry, and mechanical strength of the
polyethersulfone or synthetic hydrogels, which starve
encapsulated islets of oxygen [24]. There are new
strategies of macroencapsulation (implantable,
retrievable chambers) and microencapsulation (coating
individual islands or clusters). One of the brightest
examples is the current clinical translation of stem-cell-
derived pancreatic endoderm cells in a framework of
macroencapsulationdevicesthat seek to offeracontrolled
environment of cell growth and functionality [26].

DOI: https://doi.org/10.54393/pbmj.v9i1.1325

Combining angiogenic factors and oxygen-capable
materialsinthese structuresis one of the future directions
in order to improve the graft vascularization and viability,
which is the main limitation to long-term graft survival of a
functionalbioartificial pancreas.

Literature Search Strategy

This narrative review aimed to explore the innovative
therapeutic paradigms of diabetes in detail. A systematic
search of the literature in the databases of PubMed,
Scopus, and Web of Science was carried out, and articles
published from January 2019 to December 2024 were
selected. The keywords were the following: diabetes
mellitus, novel therapy, stem cell, regenerative medicine,
immunotherapy, gene therapy, nanotechnology, artificial
intelligence, digital health, and microbiome. The inclusion
criteria gave priority to original research articles, clinical
trials, systematic reviews, and meta-analyses, which were
published in English. We filtered out studies not in English,
and those where conventional therapies alone were
studied without new mechanisms, and those that had been
published before 2019, with exceptions being seminal
works. Relevant information on mechanisms, efficacy,
safety, and obstacles was identified and systematically
synthesized thematically to give a critical picture of the
current state of the fieldand the future.

Challenges and Limitations of Diabetes Management
High manufacturing costs and complex logistics for
cell/gene therapies and advanced devices currently
restrict them to affluent healthcare systems, exacerbating
global healthinequities[27](Table1).

Table1: The challengesandlimitations of novel therapeuticapproaches for diabetes management

Specific Challenge Explanation References
£ ic Constraint Cell- and gene-based therapies are expensive to develop, manufacture, and deliver. Infrastructure, [28]
conomic L.onstrain regulation, and quality control further increase costs, limiting accessibility.
Accessibility In Low- Many low- and middle-income countries lack specialized facilities, regulatory systems, and cold-chain [29]
Income Countries logistics necessary for novel therapies. Access is often restricted to wealthy or urban populations.
Ethical Concerns - Gene editing raises moral concerns about heritable modifications, consent, and long-term effects. [30]
Gene Therapy Risk of off-target mutations and misuse.
Ethical Concerns - Use of embryonic stem cells raises ethical debates over embryo destruction, donor consent, [31]
Stem Cells and tumor formation risk.
Clinical High variability in stem cell types, dosages, and delivery routes makes it difficult to generalize findings [32]
Trial Limitations across populations.
Insufficient Long- Many trials show short-term benefits but lack evidence on durability, immune response, [33]
Term Data and tumorigenicity over extended periods.
) ; In stem cell and transplant therapies, immune reactions and graft rejection remain significant barriers
Immunological Risks despite encapsulation technologies. [34]
Regulatory Different countries have varying regulations for gene editing, stem cell use, and nanomedicine, [35]
Barriers delaying translation to clinical practice.
Technological Challenges Large-scale production and consistent differentiation of f-cells remain technically demanding. [36]
Cost-Effectiveness Novel interventions are not yet cost-effective compared to standard insulin therapy and oral drugs. [37]
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More large-scale, long-term RCTs are required to confirm benefits, optimize protocols, and
assess sustainability.

Limited Evidence Base [38]

Thus, the study of scalable, automatable manufacturing(e.g., the scale-up of production with stem cells in bioreactors)and
cheap biomaterials is not only a technical but also an ethical necessity. Second, the attainment of sustained efficacy and
chronic safetyisan essential validation gap of the majority of approaches. Inthe case of regenerative and immunotherapies,
itisnecessary to show long-term glycemic controland immune tolerance compared to temporary studies. At the same time,
to obtain requlatory approval and popular acceptance, the creation of effective, standardized safety surveillance systems of
such risks as tumorigenicity (stem cells), off-target effects (gene editing), and algorithmic bias (Al) is an initial step [39].
Lastly, hybrid requlatory approaches of combination products (e.g., cell device) and Al-as-a-medical-device should be
developed. Research, industry, and regulators must work together to specify endpoints and evidence standards of such new
therapeutic classes, or promising innovations may remain stagnant in development, developmental dead ends[40]. These
three issues that are prioritized, namely, affordability, lasting safety/efficacy, and regulatory clarity, will play a crucial role in

determiningwhich new paradigms can shiftintothe realmof clinicalreality onabroadscale.

DISCUSSION

Immunotherapy aims to disrupt the autoimmune
pathogenesis of type 1 diabetes (T1D), representing a
paradigm shift from managing hyperglycemia to modifying
the underlying disease. The recent FDA approval of
teplizumab, an anti-CD3 monoclonal antibody, to delay the
onset of clinical TID in high-risk individuals marks a
significant milestone, validating the concept of immune
intervention [15]. However, its modest efficacy and
transient effects underscore that monotherapy is unlikely
to induce lasting remission, highlighting the critical need
for combination strategies and precision patient selection.
The therapeutic landscape extends beyond a single agent.
Current investigational approaches include: 1) Antigen-
specific therapies (e.g., GADB5, proinsulin peptides) to
induce immune tolerance; 2) Cytokine-targeting agents
(e.g., anti-IL-21, anti-IL-6) to modulate the inflammatory
milieu; and 3) Cellular therapies, notably the expansion and
infusion of regulatory T cells (Tregs) to restore immune
balance[40]. Combining these modalities—forinstance, an
anti-CD3 agent to reset the immune system followed by an
antigen-specific vaccine to establish lasting tolerance—is
a key focus of next-generation clinical trials. Success in
this field is heavily dependent on identifying the optimal
therapeutic window and stratifying patients using
predictive biomarkers. Intervention is most effective
duringthe pre-symptomatic stage or at clinical onset when
a substantial reservoir of functional pB-cells remains.
Biomarkers such as autoantibody titers, T-cell phenotype
assays, and geneticriskscoresare beingrefined to identify
individuals most likely to respond to specific
immunotherapies and to monitor treatment efficacy [41].
The overarching challenge remains achieving durable
immune tolerance without causing generalized
immunosuppression, a goal that requires continued
innovation in both therapeutic agents and the biomarkers
used to guide their deployment. However, its widespread
application is restricted because of its high price,
inaccessibility in low-income regions, and unpredictability

regarding the regulation. Moreover, the ethics in gene
editing and embryonic stem cell has its opportunities as
well as challenges that transcend science and extend to
society[42]. The currenttrendsinthe curative approaches
to diabetes give rise to the potential and the challenge of
the conventional glucose-lowering systems[43]. However,
this has not yielded consistent results due to the
heterogeneity of the type of stem cells, dosage, route of
administration, and patient selection, and the long-term
durability and standardization of the process remain a
doubtful issue. All of these combined prove the fact that
safety is accepted, but the problems of immune response
and tumorigenicity remain a concern that has yet to be
resolved. Generally, the literature suggests a paradigm
shift towards disease modification of glucose as opposed
to symptomatic requlation of glucose [44]. To date, the
most promising evidence is stem cell and immunotherapy
therapies, but they should be validated in large, long-term
randomized trials. Future research should center on early
intervention, combination treatment methods, and
alternative medicine, and the problem of cost, availability,
and ethical matters. When such new strategies overcome
these hurdles, it is then and only then that they can be
translated into clinical practice and potentially
revolutionize care provision in diabetes especially in
patientswhose B-cellshave beenseverely destroyed asthe
case is, in patients with long-lived type 2 diabetes and in
diabetesin preclinical phase or early-stage type 1diabetes
where some of the B-cells continue to survive. The most
likely scenario is that the management of the future will
require the two synergies: the immune modulation of the
existing B-cells, and the regenerative solutions relying on
thereplacement of the already lost ones.

The primary limitations of these emerging therapies
include high manufacturing costs, limited accessibility in
low- and middle-income countries, insufficient long-term
safety and efficacy data, and ethical concerns surrounding
gene editing and stem cell use. Additionally, variability in
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treatment protocols and patient response hinders broad
clinical application. Future efforts should prioritize
scalable, cost-effective manufacturing processes,
conduct large-scale long-term clinical trials, and develop
clear requlatory pathways. Research should also focus on
personalized combination therapies, early intervention
strategies, and equitable global access to ensure these
innovations benefit diverse patient populations.

CONCLUSION

Diabetes mellitus remains a major global health challenge,
with conventional therapies limited to symptom control
rather than cure. Emerging treatments such as stem cell
therapy, immunotherapy, nanotechnology, and Al-driven
personalized medicine offer a paradigm shift by targeting
the root causes of the disease. Overcoming challenges
related to cost, regulation, and long-term validation will be
essential to translate these innovations into clinical
practice.
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