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Abstract

Transcription factors are significant regulators of gene expression in most biological processes related to diabetes, including beta cell
(B-cell) development, insulin secretion and glucose metabolism. Dysregulation of transcription factor expression or abundance has been
closely associated with the pathogenesis of type 1 and type 2 diabetes, including pancreatic and duodenal homeobox 1 (PDX1), neuro-
genic differentiation 1 (NVEURODI), and forkhead box protein O1 (FOXOI). Gene expression is regulated at the transcriptional level
by transcription factor binding, epigenetically by DNA methylation and chromatin remodelling, and post-transcriptional mechanisms,
including alternative splicing and microRNA (miRNA). Recent data indicate a central role for transcription factors in pancreatic S-cell
failure in the context of systemic insulin resistance and chronic inflammation. Therapeutic modulation of transcription factor abundance
via gene therapy, small-molecule pharmacology, and epigenetic therapies holds great promise for 3-cell restoration and metabolic nor-
malisation. However, further clinical translation will require targeted delivery to appropriate tissues, minimising off-target effects and
ensuring long-term safety. This review focuses on the involvement of pancreatic 5-cells and transcription factors in diabetes development
and their therapeutic implications, intending to develop and consolidate a basis for further research in this area and for the treatment of
diabetes in the future.
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1. Introduction

Diabetes is a chronic metabolic disorder characterised
by persistently high blood glucose levels over a relatively
long period [1]. Due to a paradigm shift in lifestyle, ag-
ing of the population, and increasing rates of obesity, the
global prevalence of the disease has increased phenome-
nally within the last two decades [1]. In 2021, there were
529 million (95% uncertainty interval [UI] 500-564) peo-
ple living with diabetes worldwide, and the global age-
standardised total diabetes prevalence was 6.1% (5.8-6.5).
Prevalence has been rising more rapidly in low- and middle-
income countries than in high-income countries. The study
in the Lancet predicted that between 2021 and 2050, the
global age-standardised total diabetes prevalence is ex-
pected to increase by 59.7% (95% UI 54.7-66.0), from
6.1% (5.8-6.5) to 9.8% (9.4-10.2), resulting in 1.31 bil-
lion (1.22-1.39) people living with diabetes in 2050 [2].
Diabetes leads to serious long-term complications, which
are broadly categorised as macrovascular or microvascular.
Macrovascular complications affect large vessels and re-
sult in cardiovascular events such as heart attack and stroke
[3]. Microvascular complications affect smaller vessels and
cause diabetic retinopathy, which affects the eyes, diabetic
nephropathy, and diabetic neuropathy, which affects the
nerves [4]. These complications reduce the quality of life of
patients with diabetes and contribute to other health condi-
tions, including an increased risk of infection and foot con-

ditions [4,5]. Diabetes is a life-threatening condition requir-
ing constant management and treatment [5].

Transcription factors (TFs) are a class of proteins that
bind specific DNA sequences to modulate the transcrip-
tional activity of genes. They regulate the expression of
genes at the transcription stage and, therefore, play a crit-
ical role in switching genes on and off and controlling the
extent of expression. Transcription factors may function
as activators that stimulate transcription or repressors that
block this process [6]. This regulatory system is essential
for many cellular processes, including development, dif-
ferentiation, and environmental responses. The binding of
transcription factors to DNA at the promoter or enhancer
regions is a crucial way RNA polymerase is either enabled
or prevented from transcribing a gene to produce the cor-
responding mRNA [3]. TFs are therefore central to main-
taining cellular identity and function, with consequences
of aberrant function observed in diseases such as cancer
and some genetic disorders such as diabetes, congenital hy-
pothyroidism, and syndromes such as Rett syndrome and
Waardenburg syndrome, all considered to be linked with
mutations that affect specific transcription factor genes [7].

TFs connect cellular signalling pathways to major
metabolic functions such as insulin secretion and beta cell
(B-cell) survival along with immune responses. Pancreatic
and duodenal homeobox 1 (PDX1) functions by triggering
insulin gene transcription while simultaneously maintain-
ing [-cell survival through increasing expression of anti-
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apoptotic genes such as BCL2. The signal transducer and
activator of transcription 4 (STAT4) protein triggers proin-
flammatory cytokine generation such as IFN-v in type 1
diabetes which leads to [-cell damage by activating au-
toimmune responses [8] NF-xB becomes active because
of ER stress [9]. Nuclear respiratory factor 1 (NRF1) is
a transcription factor that regulates mitochondrial function
through transactivation of genes encoding components of
the respiratory chain and factors involved in mitochondrial
biogenesis, which are required for efficient insulin secre-
tion from pancreatic 8-cells [4]. Perturbation of NRF1 di-
minishes ATP levels and impairs glucose-stimulated insulin
secretion, and thus, is an essential component of S-cell
function and survival [4]. Other transcription factors that
promote mitochondrial function and, consequently, glucose
metabolism affecting insulin secretion include peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a), the levels of which are diminished in the set-
ting of type 2 diabetes (T2D)-controlled immune responses
via modulation of inflammatory and cell stress responses,
thereby connecting metabolic health to immune function
[10].

TFs play important roles in diabetes management by
regulating metabolic pathways that influence metabolic
processes, such as lipid metabolism and insulin sensitivity.
For instance, forkhead box protein O1 (FOXOI) is a ma-
jor transcription factor that controls hepatic gluconeogen-
esis; inhibition of this factor reduces glucose overproduc-
tion and increases sensitivity to insulin. In contrast, sterol
regulatory element-binding protein 1¢ (SREBPIc) controls
lipogenesis in the liver and its overactivity contributes to
hepatic steatosis and hyperlipidaemia. Thus, the specific
targeting of these factors by selective inhibitors or modu-
lators may offer alternative valid therapeutic approaches to
metabolic dysfunction with fewer side effects. The com-
plex mechanisms developed in relation to these TFs inter-
act with signalling pathways such as PI3K/protein kinase B
(Akt) and AMP-activated protein kinase (AMPK). A deeper
understanding of these factors will lead to the development
of safer and more effective therapies against diabetes [1].

This review outlines the knowledge gaps related to the
role and mechanism of TFs in pancreatic islet cells, with
particular emphasis on pancreatic S-cells which are at the
centre of insulin production and glucose regulation in dia-
betes. Emphasis is placed on the importance of incorporat-
ing approaches that connect molecular biology with clinical
knowledge and therapeutic applications. Making such con-
nections may open new avenues of research into diabetes
and result in effective treatment of patients. Furthermore,
interdisciplinary investigations possess the capacity to em-
phasise the contributions of non--cells that affect diabetes
risk, thereby enhancing the understanding of the underlying
mechanisms of the disease.

2. Diabetes-Linked TFs

TFs are determinants of developmental stages in pan-
creatic 5-cells and functional aspects of viability through-
out life. Dysregulation of the developmental process leads
to the pathogenesis of diabetes and its complications [5].
Table 1 (Ref. [11-16]) presents some of the most relevant
TFs involved in S-cell differentiation and insulin expres-
sion: PDXI, NK6 homeobox 1 (NKX6.1), v-Maf muscu-
loaponeurotic fibrosarcoma oncogene homolog A (MAFA),
neurogenic differentiation 1 (NEURODI), and forkhead
box A2 (FOXA2), which participate in glucose homeosta-
sis [5,11]. For instance, disruption of the PDXI-a gene,
which is implicated in the process of S-cell differentiation
and insulin gene transcription, promotes /3-cell impairment,
which reduces insulin secretion and contributes to the de-
velopment of T2D. Analogous to this, NKX6.1, which is
required for S-cell maturation and expansion, its disturbed
expression causes loss of J-cell identity with impairment
in insulin biosynthesis [17]. Although MAFA is crucial for
glucose sensing and insulin secretion, its downregulation
favours glucotoxicity, leading to 5-cell dysfunction and in-
creased vulnerability to oxidative stress. Similarly, im-
pairment of NEURODI severely affects the differentiation
and viability of S-cells [18]. In contrast, dysregulation of
FOXA2 is disadvantageous to (3-cell function and survival
and contributes to the worsening of diabetes pathogenesis
[19]. These TFs constitute interwoven networks whose per-
turbation results in many defects in 3-cell function, insulin
secretion, and glucose homeostasis (See Fig. 1 for the roles
of major TFs in diabetes pathogenesis).

Additionally, Hepatocyte Nuclear Factor 4o (HNF4a)
functions as a key regulator in S-cell glucose detection and
insulin production beyond the TFs previously discussed.
HNF4a gene mutations cause Maturity-Onset Diabetes of
the Young 1 (MODY1) through progressive [-cell dys-
function. Reduced HNF4« activity in T2D leads to im-
paired insulin secretion following glucose stimulation be-
cause glycolytic enzyme expression levels decrease, partic-
ularly for solute carrier family 2 member 2 (SLC2A42) (glu-
cose transporter type 2 (GLUT2)) and glucokinase (GCK)
[15]. The zinc finger transcription factor Kriippel-like fac-
tor 11 (KLF11) is found at reduced levels in diabetic islets
which leads to increased oxidative stress and apoptosis such
as B-cell lymphoma 2-associated X protein (BAX) expres-
sion. The KLF11I transcription factor attaches to the insulin
(INS) promoter, from which its absence halts insulin pro-
duction and triggers (-cell dedifferentiation [16]. The ge-
netic and functional heterogeneity of transcriptional regula-
tors during diabetes development becomes evident through
these TFs.

As well as the TFs involved in pancreatic develop-
ment and differentiation, other TFs have been implicated
in diabetic complications. These include CCAAT enhancer
binding protein beta (CEBPB), Jun proto-oncogene (JUN),
and Fos proto-oncogene (FOS), which have all been impli-
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cated in vascular calcification (VC). High-glucose-induced
activation of CEBPB upregulates miR-32—5p [20], down-
regulates the protective regulator of vascular smooth mus-
cle cell differentiation GATA binding protein 6 (GATA6),
and promotes VC in T2D [20]. This could provide an ex-
ample of how TFs interact with diabetic vascular pathol-
ogy. Other TFs implicated in hepatic gluconeogenesis are
FOXO1I and phosphoenolpyruvate carboxykinase (PEPCK)
[18,20]. Dysregulation of FOXO1 promotes gluconeogenic
gene expression and perpetuates a state of insulin resistance
and hyperglycaemia, with PEPCK, a transcriptional target
of FOXO1, being a key mediator of glucose overproduction
[20].

Some TFs have opposing functions in diabetes. For
example, mothers against decapentaplegic homolog 3
(SMAD3) and PDXI are representative of the bifunctional
nature of TFs in diabetes, with SMAD3 inhibiting in-
sulin transcription and promoting 3-cell dysfunction via the
transforming growth factor beta (TGF-53)/SMAD3 pathway
activity, whereas PDXI activates insulin gene expression
and is required to maintain -cell function [18]. In contrast,
in type 1 diabetes (T1D), DEXI (Dexamethasone-induced
transcript 2) mediates anti-inflammatory responses in [3-
cells, whereas suppressor of cytokine signaling 1 (SOCS1)
regulates cytokine signalling [18]. Signal transducer and
activator of transcription (STAT) and activator protein (AP-
1) further exacerbate T1D by driving proinflammatory re-
sponses and chromatin remodelling, contributing to 3-cell
destruction [21].

TFs contribute to T1D and T2D through shared but
distinct mechanisms, suggesting that their roles in the
pathogenesis of diabetes are multi-layered. While PDX/
and NEURODI are essential in both T1D and T2D because
of their essential roles in 3-cell-specific functions [5], oth-
ers, such as FOXOI and PEPCK, significantly contribute
to T2D through metabolic pathways [22]. Elucidation of
the molecular dynamics of these TFs may point toward spe-
cific therapies aimed at protecting 3-cells, restoring glucose
homeostasis, and possibly reducing diabetic complications.

2.1 Pancreatic Islet TFs

Pancreatic islet TFs are among the most important
regulators of -cell development, survival, and function
because they regulate insulin gene expression. PDX] is
the major transcription factor (TF) that commits pancre-
atic progenitors to the insulin-producing 5-cell lineage, thus
providing functional identity to the cells [19,23]. PDXI
positively interacts with its expression, activating the tran-
scription of critical S-cell-specific genes, including insulin.
Similarly, MAFA plays a vital role in glucose sensing within
[-cells by modulating calcium signalling to amplify the re-
sponse to glucose stimuli, an essential event for efficient
insulin release [19,24]. Moreover, MAFA can preserve [3-
cell identity and function, thereby maintaining optimal per-
formance against metabolic stress. NEUROD] also pro-
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motes [S-cell terminal differentiation by inducing TFs such
as PDXI [17,19]. This cooperative interaction increases in-
sulin production and the formation of storage granules, re-
sulting in functional maturation of S3-cells.

Dysregulation of the action of the TFs NKX6./ and
the regulatory factor X (RFX) family is highly implicated
in diabetes pathogenesis. NKX6./ maintains S-cell iden-
tity and controls genes required for cell cycle progression,
supporting S3-cell proliferation and insulin gene expression
[25]. Mutations in these mechanisms lead to aberrant glu-
cose metabolism and insulin secretion. Conversely, Harris
etal. (2021) [26] indicated that the RFX family of TFs, no-
tably RFX3, RFX4, and RFX7, have been implicated in the
development of cilia and central nervous system functions.
However, they are also involved in glucose homeostasis.
Their dysregulation can interfere with cell signalling path-
ways and reduce insulin secretion [25]. NKX6.1 and RFX
factors are both critical in 3-cell-cell function, with NKX6. I
playing a central role mainly in proliferation and RFX fac-
tors in insulin secretion.

Specific TFs control insulin biosynthesis and secre-
tion at both levels. For example, Hasnain ez al. (2014) [17]
showed that interleukin (IL)-22 could rejuvenate glucose-
induced insulin secretion by inhibiting endoplasmic reticu-
lum stress caused by proinflammatory cytokines. This illus-
trates how TFs maintain /3-cell function through complex,
yet distinct pathways, each in response to a particular phys-
iological setting of proliferation or secretion, a schematic
representation of the sequential contribution of TFs to /-
cell differentiation is shown in Fig. 2 (Ref. [17,19,25,27—
29]).

2.2 TF’s Influencing Insulin Responsiveness in Target
Tissues

TFs in insulin-responsive tissues, such as the liver,
skeletal muscle, and adipose tissue, are critical for main-
taining glucose and lipid homeostasis. Dysfunctional activ-
ity seriously underlies the development of insulin resistance
and T2D [30].

FOXOLI is an essential modifier of hepatic glucose
metabolism that mediates gluconeogenesis in response to
metabolic and carbohydrate signalling. Stojchevski et al.
(2024) [31] demonstrated that in a model of induced in-
sulin resistance, increased FOXO! activity leads to higher
hepatic glucose output through the upregulation of glu-
coneogenic genes, thereby exacerbating hyperglycaemia.
More importantly, the interaction of FOXO! with a key
insulin signalling component, insulin receptor substrate 2
(IRS2), further supports the role of FOXO!I in perpetuating
insulin resistance and disturbing glucose metabolism dur-
ing chronic states [22,32].

Peroxisome proliferator-activated receptor gamma
(PPARY%) is responsible for lipid metabolic pathways and
insulin sensitisation [31]. It promotes the differentiation
of preadipocytes into adipocytes, enhances the accumula-
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Table 1. Roles, mechanisms, and effects of key TFs linked to diabetes pathogenesis.

Transcription Function Mechanism Diabetes type Dysregulation outcome  References
factor
PDX1 -cell differentiation, Activates T1D, T2D B-cell failure, reduced [11,12]
insulin gene expression B-cell-specific genes insulin secretion
MAFA Glucose sensing, Modulates calcium T2D Loss of -cell identity [12]
insulin production signalling for
glucose-stimulated
insulin secretion
FOX01 Gluconeogenesis Promotes T2D Insulin resistance, [12]
regulation gluconeogenic gene hyperglycemia
expression
NF-xB Mediates inflammation Regulates T1D, T2D 3-cell destruction, [13]
pro-inflammatory chronic inflammation
cytokines
SREBPIc Lipogenesis regulation  Induces genes involved T2D Hyperlipidemia, [14]
in lipid synthesis hepatic steatosis
HNF4o Regulates Activates SLC2A42, T1D, T2D, MODY'1 Impaired insulin [15]
glucose-responsive GCK secretion
genes
KLFI11 Suppresses S-cell Represses T2D B-cell loss, [16]
apoptosis pro-apoptotic BAX hyperglycaemia

TFs, Transcription factors; PDXI, pancreatic and duodenal homeobox 1; MAFA, v-Maf musculoaponeurotic fibrosarcoma oncogene
homolog A; FOXOI, forkhead box protein O1; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; SREBPIc, sterol
regulatory element-binding protein 1c; HNF4«, Hepatocyte Nuclear Factor 4«; KLF11, Kriippel-like factor 11; T1D, type 1 diabetes;
T2D, type 2 diabetes; MODY 1, Maturity-Onset Diabetes of the Young 1; SLC2A42, solute carrier family 2 (facilitated glucose transporter),
member 2; GCK, glucokinase; BAX, B-cell lymphoma 2-associated X protein.
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Fig. 1. The role(s) of the major TFs involved in the pathogenesis of diabetes, including PDX1, MAFA, FOXO01, NF-xB, and
SREBPIc, include their function, mechanism of action, consequence of dysregulation, and type of diabetes with which each is
associated with T1D and T2D. Created in BioRender.com. Simpson, A. (2025) https://BioRender.com/h37q534.
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Fig. 2. Schematic representation of how various TFs sequentially contribute to the S-cell differentiation pathway from early
gastrointestinal endoderm to mature 5-cells. The TFs forkhead box A2 (FoxA42), GATA binding protein 4 (Gata4), Pdx1, and SRY-box
transcription factor 9 (Sox9) initiate general differentiation programs at early stages [19,27]. When the pancreatic endoderm develops,
Pdx1, NK6 homeobox 1 (Nkx6.1), hairy and enhancer of split 1 (Hes!), Sox9, pancreas transcription factor 1 subunit alpha (Ptf1a),
and NK2 homeobox 2 (Nkx2.2) [25,28]. Specification of the endocrine lineage involves TFs including, but not limited to, neurogenin
3 (Ngn3), Pdxl, Nkx6.1, Hesl, and FoxA2 [29]. Early endocrine progenitors would later express Ngn3, neurogenic differentiation 1
(NeuroD1), paired box 4 (Pax4), and aristaless-related homeobox (Arx) for endocrine commitment [17,19]. NeuroD1, MafA, Pdx1, and
Hes1 regulate immature S cells. Maintenance of mature S-cell function and insulin secretion depends on other factors, including MafA4,
Nkx6.1, Pdx1, FoxA2, KIf11, and v-Maf avian musculoaponeurotic fibrosarcoma oncogene homolog B (MafB) [17,29]. Thus, all of these
TFs act in concert to develop and maintain functional -cells in glucose homeostasis Created in BioRender.com. Simpson, A. (2025)
https://BioRender.com/d30c608.

tion of stored lipids, and increases fatty acid uptake. By
further modulating the insulin signalling pathway, PPAR~y
regulates glucose homeostasis and metabolic responses in
white adipose tissue; thus, PPAR~y regulates lipid storage
and general metabolic health [10,31].

SREBPIc, through Akt signalling, is an effective in-
ducer of lipogenic genes in the insulin response, which re-
quires nuclear trafficking in the endoplasmic reticulum fol-
lowed by proteolytic processing for nuclear translocation to
activate target gene expression [33,34]. In insulin-resistant
states, however, where this is impaired, apart from disturb-
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ing glucose homeostasis, SREBPIc unleashes uncontrolled
lipogenesis, leading to hyperglycaemia, hyperlipidaemia,
and hepatic steatosis. Insulin resistance is characterised by
metabolic dysfunction and further drives the development
of diabetes.

Carbohydrate-responsive element-binding protein
(ChREBP) is a glucose-responsive transcription factor that
interacts specifically with carbohydrate response elements,
which mediate the primary transcriptional activity of
genes encoding glycolytic enzymes in response to high
glucose availability [33]. This transcription factor induces
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glycolytic and lipogenic genes in response to a high intake
of carbohydrates in the liver, including liver pyruvate
kinase (LPK), which is required for the appropriate use
of glucose and deposition of triglycerides [33,35]. The
state of its phosphorylation controls its activity, that is,
its DNA-binding ability and subsequent transcriptional
activity. This marks the final role attributed to TFs, such
as ChREBP, in maintaining blood glucose levels.

These interactions in insulin-responsive tissues are in-
tegrated into complex networks that regulate glucose and
lipid metabolisms. For example, insulin, through Akt, acti-
vates SREBP I ¢ but inhibits FOXO! in the liver, and this re-
ciprocal regulation maintains the balance between glucose
production and lipogenesis [32,35]. Insulin signalling in
skeletal muscle regulates the expression of TFs responsible
for glucose uptake and fatty acid oxidation, thus playing
a critical role in maintaining insulin sensitivity. Thus, TFs
such as PPAR~y and uncoupling protein 1 (UCP-1) influence
lipid accumulation, energy expenditure, and inflammatory
responses in adipose tissue, all of which are integral to sys-
temic insulin resistance [31].

Recent studies have focused on how some TFs, in-
cluding anterior open (Drosophila ETS transcription fac-
tor) (AOP), FOXO, and pointed (Drosophila ETS transcrip-
tion factor) (PNT), interact in hepatic and adipose tissues
to change the metabolic rate and, as a result, longevity
[10,36]. In the skeletal muscle, factors such as fibroblast
growth factor 19 (FGF19) stimulate glucose uptake and
lipid metabolism through signalling pathways initiated by
AMPK and sirtuin 1 (SIRT1), which control PGC-1a and
fibronectin type Il domain-containing protein 5 (FNDC-5)
to modulate irisin secretion [10]. This transcriptional net-
work illustrates how tissue-specific TFs cooperate to main-
tain insulin sensitivity and ameliorate metabolic disorders.

Insight into such interactions may provide a general
understanding of possible therapeutic approaches that tar-
get TFs to improve insulin resistance and T2D. Such tissue-
specific actions and systemic interactions of regulators may
reveal unique ways to restore metabolic imbalance.

2.3 TFs in Inflammation and Immune Responses

TFsare critical regulators of gene expression related to
the inflammatory and immune responses. They are molec-
ular switches that drive the expression of genes essential for
various immune processes [ 13]. S-cell dysfunction, chronic
inflammation, and insulin resistance are implicated in the
dysregulation of these TFs.

Nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-x£B) is a common mediator of inflamma-
tion and 3-cell destruction in autoimmune diseases and T2D
[13]. Typically, this is mediated by the activation of NF-xB
in response to pro-inflammatory cytokines, such as TNF-a,
which upregulates genes that induce apoptosis, leading to
the death of -cells. Saturated fatty acids enhance the in-
flammatory response through NF-£B activation and drive

B-cell apoptosis [13]. Such an inflammatory milieu also
impairs insulin signalling and further compromises S-cell
function to promote the development [13,17]. Therefore,
NF-xB plays a critical role and is an essential target for de-
scribing the relationship between inflammation and -cell
dysfunction [13].

The STAT family of TFs, particularly STAT4, have
emerged as critical regulators in immune responses im-
plicated in the pathogenesis of diabetes [8,21]. Induc-
tion by cytokines, such as IL-12, triggers S74T4-dependent
transactivation of IFN-v, orchestrating TH1 immune re-
sponses [21]. Further induction of STAT4 activity due to
diabetes promotes the production of proinflammatory cy-
tokines, thus contributing to insulin resistance and chronic
inflammation [21]. In contrast, deficiencies in STAT4 have
been demonstrated to reduce such injurious effects, and thus
have emphasised an essential role in the pathogenesis of
T1D and T2D.

Interferon Regulatory Factors (IRFs) modulate the ex-
pression of chemokines in the context of chronic inflam-
mation associated with diabetes and, by doing so, prolong
the infiltration of immune cells into the sites of inflamma-
tion, creating a continuous inflammatory environment that
contributes to insulin resistance and metabolic dysregula-
tion [10,37]. Abnormal IRF function disrupts the balance
between pro- and anti-inflammatory mediators, character-
ising chronic inflammation in T1D and 2 diabetes [37,38].
Therefore, the regulation of chemokines and inflammatory
responses places IRFs in a critical role in the develop-
ment of diabetes. /RF5 and AP-1 further exacerbate dia-
betic inflammation. The activation of /RF5 leads to M1
macrophage polarisation, which results in enhanced TNF-«
and IL-6 production within adipose tissue [39]. Activation
of AP-1 by IL-15 in -cells leads to decreased expression
of PDXI and MAFA, which results in faster dedifferentia-
tion [40]. The use of antisense oligonucleotides to target
IRF5 resulted in decreased islet inflammation in non-obese
diabetic mice (NOD mice), which demonstrates therapeutic
possibilities [39].

Chronic inflammation mediates a positive feedback
loop by inducing several TFs that in turn promote S-cell
destruction. Indeed, pro-inflammatory cytokines such as
IL-18 and TNF-« repress the expression of crucial S-cell
identity genes, including insulin 2 (INS2) and SLC2A2,
leading to [-cell dedifferentiation [10,13]. Additionally,
TGF-$ signalling initiates ST2 expression and directs the
maturation of group 2 innate lymphoid cells (ILC2) which
connects transcription factor-driven cytokine signaling with
immune balance in adipose tissue and systemic metabolic
control [41]. In this process, there is a significant down-
regulation or change in the mRNA levels of essential TFs,
such as PDX] and NKX6.1 [5,11,13]. Dedifferentiation of
B-cells highly contributes to impaired glucose metabolism
and inflammation; hence, NF-xB is involved in this pro-
cess.
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Anti-inflammatory treatments decrease [-cell dys-
function, although they do not completely restore the ex-
pression of identity markers. Such effects to fully reverse
[-cell dedifferentiation are limited, and suggest a role for
targeted therapies in modulating TFs that may dampen the
inflammatory response and protect 3-cell function in dia-
betes.

2.4 TFs and Pathways Modulating 5-cell Dysfunction and
Apoptosis

(B-Cell dysfunction and apoptosis are central events in
the pathogenesis of diabetes, driven by the disturbed ex-
pression of crucial TFs that are sensitive to cellular stress
[9]. FOXO!I and C/EBP homologous protein (CHOP) are
significant regulators of 3-cell stress response and apopto-
sis. FOXO1, induced by endoplasmic reticulum (ER) stress
and exposure to fatty acids, drives the expression of pro-
apoptotic genes, leading to 3-cell apoptosis [9,42]. Impor-
tantly, FOXO! controls CHOP expression, thus regulating
these two factors through a common apoptotic pathway. /3-
Cell death under stress was suggested to involve FOXO1,
and its inhibition reduced apoptotic markers, thereby im-
proving 3-cell survival following its dual role in adaptation
or dysfunction [9].

CHOP is an essential mediator of apoptosis after ER
stress, and while necessary to maintain cellular homeosta-
sis, it becomes deleterious after stress if it is highly acti-
vated [9]. This further complicates the understanding of /3-
cell dysfunction because of the interconnected nature of the
transcriptional regulation of proapoptotic signals. FOXO!
and CHOP are essential for regulating 3-cell apoptosis, and
their dysregulation has been implicated in the pathogenesis
of diabetes [9].

Another key player is represented by JNK and its cor-
responding JNK pathway, which is implicated in the 5-cell
ER stress response. Active JNK induces the expression of
TFs such as activating transcription factor 3 (47F3), which
transactivates pro-apoptotic genes [43]. Although JNK ac-
tivation is initially an adaptive reaction, under chronic hy-
perglycaemia and glucotoxicity conditions, its continuous
activation leads to 3-cell dysfunction and apoptosis [9,43].
It is also associated with impaired insulin sensitivity in the
liver, creating a vicious cycle caused by increased [-cell
strain and accelerated S-cell exhaustion [43].

By its very nature, hyperglycaemia impairs the ac-
tivity of key TFs, further promoting [-cell dysfunction.
For example, high glucose levels induce hypoxia-inducible
factor 1-alpha (HIF-1«), which initiates inflammatory and
pro-apoptotic pathways that adversely affect S-cell viabil-
ity [37]. Hyperglycaemia disrupts the average balance of
TFs that control insulin secretion, which reduces insulin
biosynthesis and increases [3-cell stress [37]. This differ-
ential expression underscores the multifaceted regulatory
mechanisms by which TFs accomplish cellular homeostasis
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under normal conditions and contribute to metabolic stress
and the consequent dysfunction [37,38].

Other critical oxidative stress pathways, induced by
activating certain TFs, also induce (-cell apoptosis [38].
Pro-inflammatory cytokines induce NF-xB, which, in turn,
upregulates the expression of inducible nitric oxide syn-
thase (iNOS) and further generates peroxynitrite, a potent
mediator of S-cell death [13,37]. The persistent activa-
tion of the -cell NLRP3 inflammasome increases endo-
plasmic reticulum stress and oxidative damage which trig-
gers cell death and worsens (3-cell loss in diabetes [44]. At
the same time, oxidative stress triggers pro-apoptotic genes
such as BH3-interacting domain death agonist (B/D) and
Cell death-inducing DFFA-like effector A (CIDE-A) and in-
hibits anti-apoptotic molecules such as B-cell lymphoma 2
(Bcl-2), thus tilting the balance toward apoptosis [37]. Ad-
ditionally, JNK signalling also tips the balance by downreg-
ulating the promoter activity of Bcl-2 to amplify the apop-
totic response to oxidative stress [42,43].

Through interacting and regulatory networks, these
TFs determine the balance between survival and apoptosis
of B-cells [9]. Besides accelerating the deterioration in /3
cell function, their dysfunction underlines the urgent need
for focused therapeutic approaches to restore transcriptional
homeostasis in islets from individuals with diabetes.

The connection between glucose metabolism
(Fig. 3A), ER stress (Fig. 3B), reactive oxygen species
(ROS) (Fig. 3C), NF-xB (Fig. 3D), and cytokines (Fig. 3E)
reveals how insulin production along with -cell survival
remains balanced across healthy conditions and disease
states (Fig. 3).

2.5 TFs in Non-Beta Islet Cells and Diabetic
Complications

The development of diabetes involves contributions
from non-beta islet cells through the action of transcrip-
tion factors that include aristaless-related homeobox (4ARX)
in a-cells and haematopoietically-expressed homeobox
(Hhex) in d-cells [45]. The transcription factor ARX ini-
tiates and promotes glucagon production and increased lev-
els of ARX aggravate hyperglucagonemia in T2D [45].
Hhex regulates somatostatin secretion, modulating insulin-
glucose crosstalk [46]. Islet paracrine signaling becomes
disrupted when TFs are deregulated, which reveals thera-
peutic targets across multiple cell types [45].

Specific TF pathways are implicated in the devel-
opment of diabetic complications including retinopathy,
nephropathy, and cardiovascular diseases [4]. Increased
vascular endothelial growth factor (VEGF) levels due to
HIF-1a activation under hyperglycemia initiates angio-
genesis in diabetic retinopathy [47]. NF-xB along, with
TGF-p/SMAD3, initiates fibrosis in diabetic nephropathy
through the activation of genes related to inflammation and
fibrosis [18,48]. The suppression of GATA6 by CEBPB in
vascular smooth muscle cells regulates vascular calcifica-
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Fig. 3. Integrated pathways regulating insulin production and 5-cell adaptation under metabolic stress and inflammation. This
schematic illustrates a pancreatic 3-cell, highlighting key pathways: (A) Glucose transporter type 2 (GLUT2) transporters help glucose
enter pancreatic 3-cells where glycolysis produces ATP that leads to the closure of ATP-sensitive potassium channel (KATP) channels and
depolarizes the cell membrane to open voltage-gated calcium channel (VGCC)s. Insulin granule release occurs through calcium entry
which also activates PDX] and MAFA transcription factors to boost insulin gene expression. (B) Endoplasmic reticulum (ER) Stress
Pathways: ER stress triggers C/EBP homologous protein (CHOP) activation which suppresses PDX1 protein levels to block insulin gene
transcription. (C) Reactive oxygen species (ROS) Modulation: The regulation of FOXO! function through ROS alters stress responses
and impacts the lifespan of S-cells. (D) NF-xB Pathway: NF-xB becomes active because of ER stress and inflammatory processes
resulting in both apoptotic cell death and impaired -cell function. (E) Inflammatory Cytokines: TNF-« and interleukin (IL)-1/53 (shown
in the diagram) work together with stress signals to increase damage to [3-cells. The interaction between glucose metabolism (A), ER
stress (B), ROS (C), NF-xB (D), and cytokines (E) shows how insulin production and S-cell survival balance under both normal and
disease states (see Sections 2.1, 2.4). Created in BioRender.com. Simpson, A. (2025) https://BioRender.com/094m886.

tion during atherosclerosis [22]. These pathways demon- cluding transcriptional regulation (including DNA methy-

strate how transcription factors can operate in distinct or
unique ways, as well as share mechanisms in the develop-
ment of diabetes and its subsequent complications.

3. Mechanisms of Transcription Factor
Action

TFs represent one of the most essential classes of gene
expression regulators and are significant players in cellu-
lar homeostasis in response to metabolic and environmen-
tal signals. Their mode of action involves direct interac-
tion with DNA at specific promoter or enhancer regions,
recruitment of coactivators and corepressor proteins, and
modification of chromatin structures [49]. TFs are targets
of highly sophisticated regulation at multiple levels, in-

lation and histone remodelling), post-transcriptional reg-
ulation (such as microRNA (miRNA)-mediated control),
and post-translational modifications (including phosphory-
lation and ubiquitination) [50]. These regulatory mecha-
nisms dynamically control the critical pathways essential
for S-cell function, glucose metabolism, and inflammation,
which are intrinsic to the pathogenesis of diabetes, a com-
parison of transcriptional modifications and their effects on
TFs associated with diabetes is provided in Table 2 (Ref.
[13,14,34,36,51-53]) [9,37,42,43,50]. These mechanistic
studies provide critical insights into the role of TFs in health
and disease, thereby offering possible therapeutic opportu-
nities for treating diabetes.
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Table 2. Comparison of transcriptional modifications and their effects on TFs associated with diabetes.

Modification types Target TFs Effect on activity Relevance to diabetes References

Phosphorylation FOX01 Suppresses nuclear activity, Reduces S-cell apoptosis, [14]
promotes cytoplasmic retention improves glucose metabolism

Ubiquitination EZH2 Targeted for degradation Reduces inflammation, enhances [51]

B-cell survival
Acetylation PDX1 Enhances DNA binding and Promotes S-cell differentiation and [34,52]
transcription insulin production

Sumoylation FOXO1, NF-xB Stabilises protein and enhances Exacerbates chronic inflammation [13,53]
inflammatory gene expression in diabetes

Deacetylation SIRT1 Promotes anti-inflammatory Reduces oxidative stress and [36]

response

insulin resistance

EZH2, enhancer of zeste homolog 2; SIRT1, sirtuin 1.

3.1 Transcriptional Mechanisms

TFs linked to diabetes control essential cellular func-
tions by interacting with their target DNA-binding motifs,
including positive regulatory domain IIl/positive regula-
tory domain I (PRDIII/PRDI) and AP-1 [50]. For instance,
MafB activates the AP-1 motif, stimulating the cytokine
promoter activity of genes such as interferon 51 (IFNBI),
and represses over-activation at the positive regulatory do-
main III/positive regulatory domain I composite sequence
(P31CS) motif, thereby hindering the cell from hyperactiv-
ity. Paired box 4 (PAX4) regulates the immune response,
cell cycle, and DNA damage response pathways. It is one
of the most important TFs that enhances neogenesis and sur-
vival of B-cells under stress [54]. Post-translational modi-
fications further modulate TF activity. The PDX promoter
experiences DNA hypermethylation due to hyperglycaemia
which leads to its expression silencing and increases the rate
of f-cell dedifferentiation [S55]. Chromatin remodelling
complexes further modulate the activity of TFs by changing
the chromatin conformation in a way that can be permis-
sive or nonpermissive to DNA accessibility and subsequent
gene transcription [49]. The dynamic nature of gene expres-
sion regulated by these complexes involves acetylation and
deacetylation of histones in response to metabolic signals
[56]. In addition, TFs such as FOXO1 and PDX1 are highly
regulated through feedback mechanisms in the balance of
glucose metabolism, insulin signalling, and inflammatory
responses via Akt/PI3K and mitogen-activated protein ki-
nase (MAPK), which are important for S-cell function and
metabolic homeostasis [14,34].

3.2 Post-Translational Mechanisms

Generally, post-translational modifications are essen-
tial for fine-tuning the activity of the TFs involved in dia-
betes. Phosphorylation is likely the most important process
in post-translational mechanisms. Phosphorylation is ex-
pected the most important step in these processes. FOXOI,
for instance, undergoes insulin-induced phosphorylation at
sites such as Thr-24, Ser-256, and Ser-319, which prevents
its translocation into the nucleus and causes its retention in
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the cytoplasm, thereby hindering its transcriptional activity
[14]. Furthermore, the phosphorylation of Ser-256 may be
subjected to additional phosphorylation events that allow
interaction with nuclear export proteins. Similarly, phos-
phorylation affects TFs such as SREBPc, where signalling
pathways regulate its expression via factors such as speci-
ficity protein 1 (Sp1) and liver X receptor (LXR), modulat-
ing the transcription of target genes [14].

Ubiquitination affects the stability of TFs. For exam-
ple, the E3 ligase F-box/WD repeat-containing protein 7
(FBW7) targets enhancer of zeste homolog 2 (EZH2) for
proteasomal degradation [14]. Lower levels of FBW7 in
T1D favour the stability of EZH2 and enhance (-cell in-
flammation and apoptosis [14]. In contrast, degradation of
EZH2 by FBW?7 upregulates the transcription factor zinc
finger and BTB domain-containing protein 16 (ZBTB16),
favouring insulin signalling and mitochondrial function,
thus underlining the FBW7-EZH2-ZBTB16 axis as a ther-
apeutic target [ 14].

Under ER stress FOXO! becomes Sumoylated which
maintains its nuclear localisation and increases the activ-
ity of pro-apoptotic genes such as CHOP [9,57,58]. The
study reveals that sumoylation of NF-xB homologs in-
cluding Dorsal reduces Toll/NF-«B signaling which shows
how sumo modifications regulate inflammatory transcrip-
tion factor function [57]. Metabolic stressors activate
modifications which lead to transcriptional dysregulation
[58]. For example, the diabetes-associated variant paired
box 4 Argl29Trp variant (PAX4R129W) abrogates this
protective function by reducing adaptive gene expression,
such as cyclin D3, and simultaneously upregulating pro-
apoptotic factors, including cyclin-dependent kinase in-
hibitor 2A (CDKN2A), thus negatively affecting 3-cell pro-
liferation and survival [54,59]. Upregulation of CDKN2A
(p16INK4a), promotes cell-cycle arrest. Increased expres-
sion of CDKN2A mRNA is a transcriptomic marker of
clinically aggressive meningiomas, which is also consis-
tent with a more general role for this gene in regulation of
disease-associated proliferation [60].
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Table 3. Summary of epigenetic modifications that influence TFs and their clinical implications in diabetes.

Modification Target gene/factor Impact on gene expression Clinical implication References
DNA methylation NF-xB Reduces transcriptional Suppresses pro-inflammatory [50]
activity responses, reduces S-cell dysfunction

Histone acetylation PDPXI Enhances chromatin Improves insulin secretion and S-cell [71]
openness function

Histone methylation IL-6 Increases inflammatory gene Exacerbates chronic inflammation [70]
expression and insulin resistance

Non-coding RNAs PPAR~y Regulates lipid metabolism Reduces lipid accumulation, [31]

gene expression improves insulin sensitivity
IncRNA-mediated TGF- pathway Impacts TFs indirectly Alters S-cell stress responses and [56]

modification

metabolic regulation

PPAR~, peroxisome proliferator-activated receptor gamma; IncRNA, long non-coding RNA; TGF-g, transforming growth factor

beta.

Acetylation and deacetylation are dynamic epigenetic
modifications that regulate the extent of gene expression.
Histone acetyltransferases (HATs) catalyse the addition of
an acetyl group to histones, maintaining an open config-
uration of chromatin with active transcription [61]. On
the contrary, histone deacetylases remove the acetyl groups
from histones, enabling chromatin’s condensation and in-
hibiting transcription [56,61]. The process of DNA re-
pair is regulated by histone deacetylase 1 (HDACI1) and
HDAC?2 histone deacetylases, either directly altering the
key histone residues histone H3 lysine 56 (H3K56) and
H4K 16, which affect the choice of repair pathway [51]. The
other family of nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylases consists of sirtuins, which regulate
stress responses and metabolic processes, and thus partic-
ipate in maintaining cellular homeostasis under conditions
of metabolic stress.

Sumoylation is the post-translational attachment of
small ubiquitin-like modifier proteins that links the sta-
bility, localisation, and activity of TFs to oxidative or
metabolic stress [43,53]. This modification supports cellu-
lar adaptation because it mechanistically influences the ex-
pression of stress-related genes that are essential for main-
taining homeostasis and evading apoptosis [42,43].

miRNAs are important post-transcriptional regulators
of gene expression through the specificity of their binding
to mRNAs, leading to either the prevention of translation
or the degradation of these mRNAs [62]. For instance,
miR-709 was previously identified to directly target the TFs
CCAAT enhancer-binding protein oo (CEBPA) and Myelo-
cytomatosis oncogene (MY C), which play a role in glucose
metabolism and §-cell function, and its dysregulation has
been associated with impaired insulin secretion and (5-cell
failure, thus playing a role in the development of diabetes
[63,64]. These transcriptional regulatory networks play im-
portant roles in maintaining cellular functions and orches-
trating the response to metabolic stress associated with di-
abetes.
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3.3 Epigenetic Modification

Epigenetic modifications determine the activity of
transcription factors that control gene expression and in-
fluence the development of diabetes. Transcription fac-
tor expression shows a connection with DNA methylation
which functions as a crucial epigenetic mechanism through
changes in the methylation status of cytosine-phosphate-
guanine dinucleotide (CpG) sites [65,66]. Environmental
exposure may induce methylation changes in genes that
control inflammation, which is a risk factor for the de-
velopment of diabetes. For example, DNA methylation
may target TFs, such as bromodomain-containing protein
4 (BRD#4) and basic leucine zipper ATF-like transcription
factor 3 (BATF3), which repress the expression of their re-
spective genes or be deposited on their target genes, thus
preventing correct target regulation by these factors. The
methylation pattern changes impact both immune responses
during cytomegalovirus infection and diabetes susceptibil-
ity [65]. The mentioned case stands as a single instance
demonstrating how methylation changes control diabetes-
related biological processes.

Post-transcriptional control by miRNAs functions as a
vital mechanism for gene expression regulation in diabetes
beyond DNA methylation. miRNAs are small molecules
of non-coding RNA which attach to specific mRNA tar-
gets which results in mRNA degradation or translational
blockage. The microRNA miR-709 targets transcription
factors CEBPA and MYC directly which affect glucose
metabolism and S-cell function. The malfunction of miR-
709 leads to defective insulin release and S-cell malfunction
which demonstrates its importance in the progression of di-
abetes [63]. miRNAs establish connections with epigenetic
regulators including DNA methyltransferases and histone
deacetylases to form a multifaceted regulatory system that
affects 3-cell operation and insulin response. Thus, miR-
NAs represent an additional layer of gene expression con-
trol that complements traditional epigenetic mechanisms in
diabetes.
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Non-coding RNAs include long non-coding RNAs
(IncRNAs) and miRNAs, which are major regulators of epi-
genetic modifications of transcription factor genes. IncR-
NAs can act as circRNAs (ccRNAs), thus regulating
miRNA availability and the number of TFs [67]. IncRNA
myocardial infarction-associated transcript (MIAT) affects
transcription factor expression indirectly by changing intra-
cellular signalling, which includes TGF-g. The interplay
between these non-coding RNAs and transcription factors
influences the expression of diabetes-associated genes [67].

Histone modifications including acetylation and
methylation are essential for chromatin accessibility and
transcriptional activity. High levels of acetylated histone
three (H3) within myoblasts with reduced vacuolar protein
sorting associated protein 39 (VPS39) indicate distur-
bances in the differentiation processes associated with
diabetes [65]. In a somewhat related scenario, high glucose
levels cause changes in the degree of histone acetylation,
for example, histone 3 lysine 9 and 14 (H3K9/K14), and
reduce repressive trimethylation marks on H3K9, thus
allowing for the perpetual activation of inflammatory
genes, such as IL-6 and monocyte chemoattractant protein
1 (MCP-1) [51]. Increased lipid levels, including oxidised
low-density lipoprotein (LDL), trigger active epigenetic
reprogramming and maintain both proinflammatory re-
sponses and metabolic disorders. Hence, environmental
stressors such as high glucose and lipid levels would
strongly influence epigenetics, particularly in endothelial
cells and monocytes, resulting in long-lasting changes in
gene expression observed in metabolic and cardiovascular
disorders [65]. The IncRNA metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) maintains NF-xB
transcripts in macrophages, which leads to increased islet
inflammation during T1D [67,68]. T2D involves impaired
glucose detection due to decreased H3K27ac histone
marks at MAFA enhancers and increased lipogenic gene
expression due to hyperacetylation at SREBPIc promoters
[68]. Environmental signals interact with transcription
factor activity through epigenetic layers to determine the
characteristics of diabetic phenotypes [65].

Epigenetic therapies targeting DNA methyltrans-
ferases (DNMTs) and HDACSs are promising approaches
for restoring transcription factor regulation in diabetes [65].
Dietary extremes of lipid and carbohydrate consumption, as
defined by the IDECG Working Group, have been shown
to modulate DNA methylation patterns and thereby alter
transcription factor accessibility and downstream gene ex-
pression [69]. Simultaneously, HDAC inhibitors improve
histone acetylation, thereby increasing chromatin openness
and transcriptional activity [65]. Such epigenetic therapies
could offer a potential approach for correcting dysregulated
gene expression and slowing diabetes progression Table 3
(Ref. [31,50,56,70,71]) summarises epigenetic modifica-
tions influencing TFs and their clinical implications in dia-
betes.
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4. Targeting TFs for Diabetes Treatment

Therapeutic interventions aimed at modulating these
transcription factors have, therefore, become therapeu-
tic targets in antidiabetic treatment approaches, primarily
through the enhancement of S-cell function, insulin secre-
tion, and glucose uptake. Much attention has been focused
on the major transcription factors of PDX1, NEURODI, and
MAFA, which are responsible for the differentiation of 3-
cells, expression of insulin genes, and glucose sensing [11].
Further, TFs such as FOXOI, a well-characterized gluco-
neogenic regulator, and NF-xB, mediators of inflammatory
processes, also have great potential to decrease the severity
of diabetes by influencing systemic metabolic and inflam-
matory pathways [5,11].

PDXI is critical for S-cell development, survival, and
the transcription of insulin genes [72]. In fact, therapeu-
tic enhancement of its action restored (-cell identity af-
ter metabolic stress-induced dedifferentiation. Gene ther-
apy and small-molecule approaches have been used or en-
hanced to restore glucose homeostasis and insulin secretion
[5]. The precision of delivery into pancreatic -cells with
minimum off-target effects remains a formidable challenge.

Similarly, NEURODI is essential for 5-cell differen-
tiation and the maintenance of insulin expression. NEU-
RODI, a therapeutic gene, has been employed in several
experimental models to enhance /3-cell survival and insulin
secretion in response to hyperglycaemia [7,11]. The ability
of NEURODI to activate important target genes for S-cell
identity further underlines the therapeutic value of this fac-
tor [11,73]. However, off-target effects and difficulties in
modulating its activity in vivo preclude its clinical applica-
tions.

MAFA is a key modulator of the glucose-sensing path-
way, supports insulin secretion and 3-cell health, and is nor-
mally downregulated by glucotoxicity and oxidative stress-
impaired [-cell function [19,74]. In several preclinical
studies, pharmacological stabilisation of MAFA restored its
activity and improved insulin secretion [24,52]. Such an ap-
proach may yield durable therapeutic benefits by protecting
MAFA from degradation during chronic stress.

Other key transcription factors implicated as gen-
eral regulators of metabolic pathways, including FOXO1,
PPAR~, SREBPIc, and ChREBP, are similar to pharma-
cological targets [14,20,31,33]. Inhibition of the activity of
FOXOI has been proven to be effective in decreasing 5-cell
apoptosis and enhancing insulin expression [75]. PPAR~y
agonists have been widely used to improve insulin sensitiv-
ity, especially in adipose tissue; however, the collateral side
effects of weight gain and cardiovascular risks limit their
clinical use. SREBPIc- and ChREBP-targeting modulators
aim to affect lipid and glucose metabolic pathways, respec-
tively, so insulin resistance in peripheral tissues is targeted
[14,33]. However, therapeutic specificity is difficult to
achieve, because these transcription factors have numerous
activities in different tissues. Clinically, PPAR~ agonists
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Table 4. Therapeutic strategies for targeting transcription factors in diabetes management, including their mechanisms and

challenges.

Transcription factor Therapeutic approach Mechanism of action Challenges References

PDX1 Gene therapy Restores S-cell identity and Precision targeting of 3-cells [12,79]
insulin transcription

NEURODI Pharmacological modulator Enhances $3-cell survival and Off-target effects, in vivo [7,11,73]

insulin secretion modulation issues
FOXO1 Inhibitor Reduces S-cell apoptosis Systemic side effects due to [12]
broad activity
SREBPIc Modulator Reduces lipogenesis and hepatic Difficulties in achieving [41,78]
steatosis tissue-specific action
NF-xB Anti-inflammatory drugs Suppresses pro-inflammatory Risk of immunosuppression [37]

pathways

such as pioglitazone effectively increase insulin sensitiv-
ity in adipose tissue yet face limitations because of weight
gain and cardiovascular risks [76]. MAFA stabilisers such as
ML397 have been shown in preclinical research to recover
glucose-driven insulin release in diabetic mice through the
inhibition of MAFA breakdown [52]. AS1842856 functions
as a FOXOI inhibitor to suppress hepatic gluconeogenesis
while enhancing glycemic management in rodent models of
T2D [77].

Epigenetic treatments add another layer of complex-
ity to target transcription factors in diabetes. Inhibitors
of HDACs and DNMTs-enzymes that modify chromatin
accessibility can indirectly influence the transcription and
activity of transcription factors [65]. Such methods have
shown promise in restoring appropriate gene expression in
B cells and improving their function [65]. However, much
work is required to ensure the safety and durability of epi-
genetic modifications before their translation to the clinic.

The therapeutic potential associated with the modula-
tion of TFs in diabetes reflects the advances that have been
made in understanding their role in disease mechanisms
Table 4 (Ref. [7,11,12,37,41,73,78,79]) outlines therapeu-
tic strategies for targeting transcription factors in diabetes
management, including their mechanisms and challenges.
Although there have been valuable insights into preclinical
studies and early clinical trials, developing safe, selective,
and effective treatments is a major barrier to the translation
of TFs into diabetes therapeutics.

Emerging Strategies to Enhance Specificity

Transcriptional activators based on the clustered reg-
ularly interspaced short palindromic repeats/deactivated
Cas9 system (CRISPR/dCas9) system allow targeted over-
expression of PDXI in [-cells while avoiding DNA se-
quence alterations [80]. Targeting the PDX/ promoter
with deactivated Cas9 fused to the VP64 transcriptional
activation domain (dCas9-VP64) systems successfully re-
stored insulin secretion in human islets. Lipid nanoparti-
cles (LNPs) which contain glucagon-like peptide 1 (GLP-
1) receptor ligands specifically target pancreatic islets to
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transport siRNA against NF-xB and decrease inflammation
while avoiding systemic immune suppression [81,82].

5. Conclusion

Transcription factors are instrumental targets for ther-
apeutic intervention in treating the complex pathogene-
sis of diabetes. They are relevant to disease progres-
sion, given their key roles in beta-cell function, glucose
metabolism, and inflammation. Therapeutic restoration ap-
proaches for transcription factors, including PDXI, NEU-
ROD1, and MAFA, have shown promise, whereas modula-
tion of FOXO1, SREBPIc, and PPAR~, also potential tar-
gets, have been aimed at improving insulin sensitivity and
metabolic stress. However, the complexity of their action
in various tissues makes it difficult to achieve and minimise
their systemic effects.

Future research should focus on delivery systems,
such as tissue-specific gene therapy and advanced drug de-
livery techniques, to achieve greater therapeutic specificity.
Studying combinatorial approaches using transcription fac-
tor manipulation combined with different metabolic inter-
ventions may yield additional benefits. This calls for in-
creasing insights into transcriptional networks, especially
the mutual influences between transcription factors and epi-
genetic regulators when developing new therapeutic ap-
proaches. Overcoming these issues with thorough preclin-
ical and clinical testing will be important to ensure that
transcription factor-based therapies can be safely and ef-
fectively applied to treat diabetes. Also, future research
should focus on single-cell multi-omics techniques to in-
vestigate TF networks within human islets from various
diabetes subtypes. Light-activated dCas9 among other in-
ducible CRISPR systems presents a method for controlling
TF activity during specific time periods. Patient-derived
organoid models will help demonstrate the effects of ge-
netic variations in transcription factors such as HNF4« or
KLF11 on the progression of diseases.
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TFs, transcription factors; (S-cell, beta cell; BATF3,
basic leucine zipper ATF-like transcription factor 3;
CDKN2A, cyclin-dependent kinase inhibitor 2A; CEBPB,
CCAAT enhancer binding protein beta; CHOP, C/EBP
homologous protein; DNMTs, DNA methyltransferases;
GLUT?2, glucose transporter type 2; SLC2A2, solute car-
rier family 2 member 2; INS, insulin; BAX, B-cell lym-
phoma 2-associated X protein; JUN, Jun proto-oncogene;
FOS, Fos proto-oncogene; GATA6, GATA binding pro-
tein 6; IRS2, insulin receptor substrate 2; ChREBP,
carbohydrate-responsive element-binding protein; LPK,
liver pyruvate kinase; UCP-1, uncoupling protein 1;
AOP, anterior open (Drosophila ETS transcription fac-
tor); PNT, pointed (Drosophila ETS transcription fac-
tor); FGF19, fibroblast growth factor 19; FNDC-5, fi-
bronectin type III domain-containing protein 5; NOD mice,
non-obese diabetic mice; INS2, insulin 2; ATF3, acti-
vating transcription factor 3; iNOS, inducible nitric ox-
ide synthase; Bcl-2, B-cell lymphoma 2; KATP, ATP-
sensitive potassium channel; VGCC, voltage-gated cal-
cium channel; ROS, reactive oxygen species; VEGF, vas-
cular endothelial growth factor; IFNBI, interferon f1;
P31CS, positive regulatory domain I1l/positive regulatory
domain I composite sequence motif; Spl, specificity pro-
tein 1; LXR, liver X receptor; ZBTB16, zinc finger and
BTB domain-containing protein 16; PAX4R129W, paired
box 4 Argl29Trp variant; H3K56, histone H3 lysine 56;
NAD, nicotinamide adenine dinucleotide; CEBPA, CCAAT
enhancer-binding protein «; MYC, Myelocytomatosis
oncogene; CpG, cytosine-phosphate-guanine dinucleotide;
BRD4, bromodomain-containing protein 4; MIAT, my-
ocardial infarction-associated transcript; MCP-1, mono-
cyte chemoattractant protein 1; LDL, low-density lipopro-
tein, MALAT1, metastasis-associated lung adenocarci-
noma transcript 1; CRISPR/dCas9, clustered regularly in-
terspaced short palindromic repeats/deactivated Cas9 sys-
tem; dCas9-VP64, deactivated Cas9 fused to the VP64
transcriptional activation domain; GLP-1, glucagon-like
peptide 1; ER, endoplasmic reticulum; EZH2, enhancer
of zeste homolog 2; FBW7, F-box/WD repeat-containing
protein 7; FOXOI, forkhead box protein O1; H3K9/K 14,
histone 3 lysine 9 and 14; HDAC, histone deacetylase;
HIF-1a, hypoxia-inducible factor 1-alpha; IL, interleukin;
IncRNA, long non-coding RNA; MAFA, v-Maf muscu-
loaponeurotic fibrosarcoma oncogene homolog A; MAPK,
mitogen-activated protein kinase; miRNA, microRNA;
NF-£B, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells; NRF1, nuclear respiratory factor 1; PAX4,
paired box 4; PDXI, pancreatic and duodenal homeobox
1; PEPCK, phosphoenolpyruvate carboxykinase; PGC-1a,
peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha; PPAR~, peroxisome proliferator-activated
receptor gamma; PRDIII/PRDI, positive regulatory domain
Il/positive regulatory domain I; SIRT1, sirtuin 1; SMAD3,
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mothers against decapentaplegic homolog 3; SOCS1, sup-
pressor of cytokine signaling 1; SREBPIc, sterol regulatory
element-binding protein 1c; GATA4, GATA binding pro-
tein 4; SOX9, SRY-box transcription factor 9; NKX6. 1, NK6
homeobox 1; HESI, hairy and enhancer of split 1; PTFIA,
pancreas transcription factor 1 subunit alpha; NKX2.2, NK2
homeobox 2; NGN3, neurogenin 3; FOXA?2, forkhead
box A2; NEURODI, neurogenic differentiation 1; ARX,
aristaless-related homeobox; KLF1I, Kriippel-like factor
11; MAFB, v-Maf avian musculoaponeurotic fibrosarcoma
oncogene homolog B; STAT, signal transducer and activa-
tor of transcription; T1D, type 1 diabetes; T2D, type 2 di-
abetes; TGF-3, transforming growth factor beta; VC, vas-
cular calcification, MODY, maturity-onset diabetes of the
young; LNPs, lipid nanoparticles.
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