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ABSTRACT

The forkhead box O1 (FoxO1), the first discovered member of the FoxO family, is a critical transcription factor
predominantly found in insulin-secreting and insulin-sensitive tissues. In the pancreas of adults, FoxO1l
expression is restricted to islet § cells. We determined that in human islet microarray datasets, FoxO1 expression
is higher than other FoxO transcription factors. Our analyses of three human islet datasets revealed that FoxO1
expression tends to shows a negative correlation with type 2 diabetes and no correlation with body mass index
(BMI) between individuals with low levels of HbA; ¢ (or ND, non-diabetic) and high levels of HbA;¢ (or T2D, type
2 diabetes). However, FoxO1 function is multifaceted and mainly regulated by post-translational modifications
including phosphorylation and deacetylation that involved in pancreatic p cell function and insulin sensitivity.
This study summarized the molecular mechanisms underlying the role of FoxO1 activity in pancreatic p-cell
dysfunction and insulin resistance in T2D. In addition, we collected the clinical trials of FoxO1 inhibitor and

agonist in diabetes, and discussed the therapeutic potential of FoxO1 activity in diabetes treatment.

1. Introduction

Recently, it has been reported that approximately 828 million adults
globally are afflicted with diabetes. Notably, 59 % of diabetic patients
aged 30 and above receive no treatment with oral hypoglycemic drugs
or insulin. In most countries, especially low- and middle-income ones,
the growth of diabetes treatment lags behind the rising prevalence,
resulting in an increasingly heavy burden of diabetes and its untreated
manifestations [1]. Type 2 diabetes mellitus (T2D) is primarily charac-
terized by impaired insulin secretion from pancreatic f§ cells and insulin
resistance (IR) in the peripheral tissues, such as liver, adipose tissue and
muscle [2]. Insulin secretion in obese diabetic people fails to meet the
heightened insulin demand leading to hyperglycemia. Chronic hyper-
glycemia and hyperlipidemia induce the glycotoxicity and lipotoxicity
of pancreatic islets, triggering cytokine and chemokine expression, im-
mune cell infiltration and islet inflammation. This cascade results in
cell apoptosis, dedifferentiation, fibrosis and amyloid deposition,
further impairing p cell function and worsening diabetes [3].

The forkhead box O (FoxO) transcription factors are a key family of
transcription factors that regulate target gene expression by binding to
specific DNA elements in their promoters in response to internal and
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external signals. FoxO proteins are involved in cellular processes such as
proliferation, differentiation, metabolism and apoptosis [4]. The FoxO
family in mammals comprises four genes: FoxO1, FoxO3a, FoxO4, and
FoxO6. Each encodes a distinct forkhead box DNA domain, playing
critical roles in regulating the cell cycle, DNA repair, glucose meta-
bolism, apoptosis, autophagy and cellular senescence [5]. Forkhead box
01 (FoxOl1) is the earliest identified member of the FoxO family and
plays a crucial role as a transcription factor in humans [6]. It is pre-
dominantly found in insulin-sensitive and insulin-secreting tissues,
including adipocytes, hepatocytes, myocytes, and pancreatic cells. Many
studies indicates that FoxO1 influences both insulin synthesis and in-
sulin resistance. In type 2 diabetes, FoxOl is involved in glucose and
lipid metabolism, insulin resistance, and the proliferation, differentia-
tion, and apoptosis of §§ cells, making it a significant target for potential
therapeutic interventions [7]. During human embryonic development,
FoxO1 is expressed throughout the pancreas, but in adulthood, its
expression is restricted to pancreatic f cells. In healthy individuals,
FoxO1 remains inactive in pancreatic f§ cells but can be activated in
response to hyperglycemia. In type 2 diabetes patients, the loss of FoxO1
function in B cells correlates with diminished insulin secretion [8].
Additionally, FoxOl has been shown to promote adipocyte



differentiation by regulating insulin, negatively regulate skeletal muscle
production, and modulate the expression of type I myofiber genes
[9,10]. Prolonged imbalance in FoxO1 activity can lead to the devel-
opment of hyperglycemia, hyperlipidemia, and hypertension, collec-
tively referred to as the “three highs”, which are fundamental
contributors to chronic metabolic diseases [11]. In general, FoxO1 ac-
tivity is intricately regulated through post-translational modifications,
primarily phosphorylation and acetylation, which influence its nuclear
translocation and protein stability. Additionally, FoxO1l undergoes
ubiquitination-mediated degradation, playing a crucial role in glucose
metabolism regulation.

Notwithstanding the profusion of reports on FoxO1, there exists a
paucity of comprehensive articles delineating its implications for
pancreatic islet function and glycolipid metabolism. In this review, the
PubMed database was utilized to search for literatures on FoxO1 pub-
lished over the past 25 years, spanning from 2001 to 2024. The primary
search terms included FoxOl, Insulin, f§ cell, T2D, Insulin Resistance.
Through the individual or combined use of these terms, over 100 articles
related to FoxO1 were retrieved, forming the literature foundation for
this review. This review explores the effects of FoxO1 on pancreatic
cell function and insulin resistance with the modulating molecular
mechanisms. We also summarize the potential application of FoxO1
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Fig. 1. The expression of FoxO1 in human pancreatic islets. The forkhead box O (FoxO) family of transcription factors expression (Logy) in islets of individuals with
low (gray) and high (red) HbA;. levels, or ND (gray) and T2DM (red) in three datasets. A: GSE54279 (n = 113) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE54279); B: GSE38642 (n = 63) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38642); C: GSE76894 (n = 103) (https://www.ncbi.nlm.nih.go
v/geo/query/acc.cgi?acc=GSE76894); FoxO1 expression (Logs) in islets of individuals with low (gray) and high (red) HbA;. levels, or ND (gray) and T2DM (red) in
the three datasets. D: GSE54279 (Low HbA;.: n = 94, High HbA;.: n = 19); E: GSE38642 (ND: n = 54, T2DM: n = 9); F: GSE76894 (ND: n = 84, T2DM: n = 19); Islet
FoxO1 expression in Normal (18.5 kg/m? < BMI < 25 kg/m?, gray), Overweight (25 kg/m? < BMI < 30 kg/m?, red), Obese (BMI > 30 kg/m?, purple) individuals
with ND or T2DM in two datasets according to BMI. G: GSE38642 (ND: n = 54, T2DM: n = 9); H: GSE76894 (ND: n = 84, T2DM: n = 19). Statistical test using in the
study is t-test or Two-way ANOVA (Tukey). Data are presented as mean + SEM. *P < 0.05. ND, non-diabetic; T2DM, type 2 diabetes mellitus.



inhibitor or agonist in clinical trials. This provides a theoretical foun-
dation for developing and applying FoxOl-targeted therapies in the
treatment of T2D.

2. The role of FoxO1 in insulin secretion

To examine the impact of FoxO1 expression on type 2 diabetes, we
investigated the gene expression data from human pancreatic islets. In
the GSE54279 dataset [12], individuals are classified based on blood
HbA. levels into low and high HbA;. groups. The GSE38642 [13] and
GSE76894 [14] datasets classify participants into those with type 2
diabetes mellitus and non-diabetic individuals. Our analysis of FoxO
family gene expression in pancreatic islets revealed that FoxO1
expression was highest across the three individual islet sample datasets
(Fig. 1A-C). In T2D, the loss of FoxO1 function in islet p-cells is asso-
ciated with reduced insulin secretion [8]. Guerra et al. [15] reported
that glucose-stimulated insulin secretion and insulin mRNA expression
in 13 human islet tissue samples from type 2 diabetic patients were
lower than in non-diabetic controls, whereas FoxO1 mRNA expression
was higher, suggesting that elevated FoxO1l levels may contribute to
B-cell dysfunction Within the three individual islet sample databases, we
noted lower FoxO1 expression in the high HbA;. group. FoxO1 levels in
the diabetic group were slightly lower than those in the non-diabetic
group without significant difference (Fig. 1D-F). Moreover, we sub-
divided the non-diabetic and diabetic groups within GSE38642 and
GSE76894 datasets according to the body mass index (BMI) from the
World Health Organization criteria. In the GSE38642 dataset, we
observed a negative correlation without significance. Conversely, in the
GSE76894 dataset, FoxO1 expression in the obese non-diabetic group
was higher than in the normal-weight group, while in the diabetic
population, a positive correlation was noted, although without signifi-
cant difference (Fig. 1G-H).

Pancreatic duodenal homeobox-1 (Pdx1) is a crucial transcription
factor for pancreatic development and p cell proliferation, differentia-
tion, maturation, and function [16]. Disruption in Pdx1 expression is
linked to impaired f cell activity and the pathogenesis of diabetes and
other pancreatic disorders. Overexpression of FoxO1 in B cells reduces
Pdx1 transcription, leading to defective insulin secretion [17]. In rodent
models, FoxO1 pancreatic knock-in (KI) mice exhibit obesity, glucose
intolerance, impaired insulin secretion, enlarged islets, and reduced
insulin content [18]. However, FoxO1 haploinsufficiency does not alter
glucose-stimulated insulin secretion in Insulin receptor substrate 2
(Irs2) /"FoxO1™~ mouse islets, nor does the overexpression of wild-
type or mutant FoxO1 affect insulin secretion in fTC-3 islet cells [19].
These findings indicated that FoxO1 expression may be associated with
insulin secretion. More reports suggest that FoxO1l activity, such as
phosphorylation via the phosphatidylinositol 3-kinase (PI3K)/serine/
threonine kinase 1(Akt) signaling pathway, directly influences pancre-
atic p cell function. In glucose-damaged INS-1 rat pancreatic § cells,
increased IRS2 expression and Akt phosphorylation correlate with
reduced FoxO1 protein levels and enhanced Pdx1 mRNA expression,
resulting in improved glucose-stimulated insulin secretion (GSIS) and
intracellular insulin levels [20].In addition, earlier studies have
demonstrated that the islet cell line HIT-T15, when cultured in high
concentrations of advanced glycation end products (AGEs), exhibits
reduced phosphorylation of FoxO1 and decreased expression and nu-
clear localization of Pdx1. This results in significantly diminished insulin
secretion and content [21]. Beyond phosphorylation by PI3K/Akt,
FoxO1 is deacetylated by sirtuins (Sirtl, Sirt3, and Sirt6), NAD +
-dependent deacetylases primarily located in mitochondria. In db/db
mice, intravenous administration of an adenovirus encoding 3 A/LXXAA
FoxO1 inhibited the interaction between FoxO1 and Sirt1, reducing the
transcriptional activity of FoxO1l. This intervention lowered fasting
blood glucose levels, improved glucose tolerance, and decreased
expression of the G-6-Pase gene, underscoring the critical role of the
Sirt1-FoxO1 interaction in regulating glucose metabolism in vivo [22].

Furthermore, histone deacetylases (HDACs) also modulate FoxO1 ac-
tivity. Specifically, mutations in HDAC4 in mouse pancreatic p cells
impair FoxOl deacetylation, diminish p cell function and insulin
secretion, and contribute to the onset of diabetes mellitus [23].

Gupta et al. [24] identified FoxO1 as a key regulator in pancreatic
cells, influencing B cell function through modulation of peroxisome
proliferators-activated receptor y (PPARy) and its target genes.
Increased FoxOl1 activity suppresses the expression of PPARy and Pdx1,
whereas reduced FoxO1 activity enhances their expression, impacting
insulin secretion in f cells. Additionally, PPARy agonists upregulate G
protein-coupled receptor GPR40 expression and Akt phosphorylation,
while concurrently inhibiting FoxO1 and enhancing Pdx1 expression,
thereby promoting insulin secretion in rat insulinoma INS-1 cells [25].
Recent findings suggest that GPR120, another G protein-coupled re-
ceptor, may also be a PPARy target gene, and the combined action of
PPARy and GPR120 enhances insulin sensitivity [26].

In summary, under normal conditions, the FoxO1 transcription fac-
tor is inactive in pancreatic f} cells but can be activated by stimuli such as
high glucose or lipids, thereby regulating insulin secretion (Fig. 2).

3. The role of FoxO1 in oxidative responses of pancreatic f cells

Oxidative stress is characterized by oxidative damage resulting from
the accumulation of reactive oxygen species (ROS) due to inadequate
removal of oxygen free radicals by cells or organisms. ROS play a role in
regulating various intracellular signaling pathways, and research in-
dicates that low ROS levels can enhance insulin secretion [27]. How-
ever, elevated ROS levels can lead to DNA and protein damage in islets,
as well as apoptosis of p cells [28]. Chronic lipotoxicity-induced
pancreatic p cell dysfunction is primarily attributed to oxidative stress
impairing intracellular signaling pathways [29]. Furthermore, oxidative
stress linked to hyperglycemia contributes to abnormal protein accu-
mulation, a recognized mechanism by which hyperglycemia impairs
pancreatic f cell function [30]. High glucose levels increase ROS pro-
duction by activating NADPH oxidase on cell membranes and disrupting
the mitochondrial electron transport chain at complex III, thereby
compromising antioxidant systems such as superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT) [31].

Oxidative stress resulting from ROS accumulation significantly en-
hances the transcriptional activity of FoxO1, impacting the expression of
antioxidant markers such as SOD and CAT [32]. FoxO1 is known to
protect pancreatic f cells from low-level ROS-induced damage by
upregulating SOD [33,34]. This protective mechanism involves the
deacetylation of FoxO1 by Sirt3 [35]. Sirt3, expressed in pancreatic is-
lets, mitigates ROS production; its reduction is linked to increased ROS
levels in high-fat diet-fed rats, whereas Sirt3 overexpression reduces
palmitate-induced p cell dysfunction [35,36]. Additionally, Sirt3
deacetylates mitochondrial proteins such as CAT and manganese su-
peroxide dismutase (MnSOD) to alleviate oxidative stress [37]. Zhichen
Cai et al. [34] demonstrated that high glucose conditions lead to
increased ROS, which downregulates Sirt3. This downregulation en-
hances FoxOl acetylation, thereby decreasing the expression of its
target proteins MnSOD and CAT [38], thus further elevating ROS levels
in db/db mouse islets and high-glucose cultured INS-1 § cells. Therefore,
Sirt3 may regulate CAT and MnSOD expression via FoxO1, influencing
ROS accumulation [34].

Generally, acetylation reduces the transcription level of FoxO1, but
under stress, it stabilizes FoxO1, preventing its degradation via ubig-
uitination. Deacetylation of FoxO1 by sirtuins or HDAGCs is a strategy to
combat oxidative stress. Notably, sirtuins exert a dual regulatory effect
on FoxO1, modulating its transcriptional capacity by either retaining it
in the cytoplasm or translocating it to the nucleus [39]. Additionally,
activation of insulin-like growth factor (IGF-1) has been shown to
ameliorate STZ-induced oxidative damage in INS-1 cells through the
IRS1/PI3K/Akt/FoxO1 pathway [40]. These findings highlight the
Sirt3/Fox01/SOD/CAT and IGF-1/IRS1/PI3K/Akt/FoxO1 signaling
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Fig. 2. Molecular mechanisms underlying FoxO1 function in pancreatic f§ cells. As a fundamental transcription factor, FoxO1 plays an indispensable role in the
normal development and differentiation of pancreatic islet cells. In mature islet f-cells, the transcriptional activity of FoxO1l is primarily modulated through
phosphorylation, dephosphorylation, acetylation, and deacetylation modifications. On one hand, growth factors such as IGF, GLP - 1, or G-protein-coupled receptor
(GPR) agonists trigger the activation of the PI3K/Akt signaling cascade. This activation induces the phosphorylation of FoxO1, compelling its export from the nucleus
and resulting in a decrease in its transcriptional activity. On the other hand, upon exposure to specific stimuli such as oxidative stress or nutrient deprivation, p-cells
respond with the involvement of Sirt family genes, notably Sirtl and Sirt3, which regulate the deacetylation of FoxO1, promoting its translocation into the nucleus.
Once within the nucleus, FoxO1 orchestrates the transcription of downstream target genes, thereby exerting influence over multiple biological processes in pancreatic
p-cells, encompassing proliferation, differentiation, apoptosis, and metabolism. FoxO1 directly interacts with specific DNA sequences in the promoter region of the
Pdx1 gene, thereby suppressing the transcriptional level of Pdx1. Alternatively, it can indirectly affect the transcription of Pdx1 by regulating other transcription
factors such as PPARy, or signaling pathways like JNK and MAPK. Consequently, these actions lead to a reduction in the expression level of Pdx1 or an impact on its
stability, thereby attenuating Pdx1's ability to transcribe target genes including Insulin, MafA and Glut2, and ultimately impacting islet function.

pathways as potential mechanisms underlying p cell damage due to
oxidative stress (Fig. 2).

4. The dual role of FoxO1 in proliferation and apoptosis of
pancreatic f§ cells

Pancreatic fp-cell apoptosis is a primary contributor to islet
dysfunction in type 2 diabetes (T2D) patients and rodent models [41].
FoxO1 plays a dual role in regulating p-cell proliferation and apoptosis
through multiple signaling pathways and gene expression. Under low-
stress conditions, FoxO1 can inhibit apoptosis by activating antioxi-
dant genes like MnSOD, thereby enhancing cellular antioxidant capacity
[34]. Conversely, in severe stress conditions, FoxO1 can induce pro-
apoptotic genes, promoting apoptosis [42].

In the islets of T2D patients, reduced p-cell mass and increased a-cell
mass are observed, accompanied by downregulated expression of insulin
receptor substrates (IRS) and cyclin-dependent kinase 2 (CDK2). Studies
with mice lacking insulin receptors specifically in f cells show decreased
B-cell mass and increased a-cell mass. This may result from reduced
phosphorylated Akt activity, increased nuclear retention of FoxO1, and
decreased CDK2 expression, which together inhibit B-cell proliferation
and enhance apoptosis [43]. Saturated free fatty acids and endoplasmic
reticulum stress significantly contribute to apoptosis in pancreatic p
cells. In studies where MING cells were exposed to high concentrations of
palmitate for 4 h, Jun NH (2)-terminal kinase (JNK) activation led to
increased nuclear FoxO1l. The use of a JNK inhibitor (SP600125)
decreased FoxOl nuclear translocation and activity, thereby reducing
B-cell apoptosis [44] (Fig. 2).

Numerous studies have shown that various hormones, growth

factors, and mitokines regulate f-cell proliferation by modulating cell
cycle activation and inhibiting apoptosis-related pathways [45,46]. For
instance, PI3K can be activated by insulin, insulin-like growth factor 1
(IGF-1), glucagon-like peptide 1 (GLP-1), or glucose-dependent insuli-
notropic polypeptide (GIP), which then influences downstream Akt.
Activated Akt phosphorylates FoxO1 at Ser256 and Thr24, retaining it in
the cytoplasm and preventing its binding to nuclear DNA. This process is
crucial for balancing p-cell proliferation and apoptosis, thereby sup-
porting pancreatic islet health and function [40,47]. Additionally,
ghrelin treatment of MIN6 cells inhibits FoxO1 nuclear translocation
and transcriptional activity through the PI3K/Akt pathway, mitigating
lipotoxicity-induced apoptosis and functional impairment of pancreatic
B cells [48]. Du LJ et al. [49] demonstrated that Banxia Xingxin
decoction (BXXD) inhibits apoptosis in MIN6 f cells by activating the
PI3K/Akt/FoxO1 signaling pathway, offering potential for type 2 dia-
betes prevention and treatment. Additionally, the Akt/FoxO1 pathway
influences p-cell proliferation by modulating Pdx1 activity. The GLP-1
analog liraglutide has been shown to counteract lipotoxicity-induced
downregulation of Pdx1, MAF bZIP transcription factor A (MafA), and
neuronal differentiation 1 Gene (NeuroD) through PI3K/Akt/FoxO1
modulation, thereby promoting p-cell proliferation [50,51]. Pdx1
expression is regulated by the transcription factor forkhead box A2
(FoxA2), which shares a common DNA binding site on the Pdx1 pro-
moter with FoxO1, leading to competitive binding and inhibition of
Pdx1. Studies indicate that Pdx1 and FoxO1 localization in f cells is
often mutually exclusive; in Pdx1-positive cells, FoxO1 is typically
cytoplasmic, while in other contexts, FoxO1 is primarily located in nu-
clear [52,53].

In research involving hTERT-MSCs administered to 50 %



pancreatectomized NMRI nude mice via intrapancreatic and intrave-
nous routes, MSCs were found to activate FoxA2 and Pdx1 in pancreatic
progenitor cells by downregulating FoxO1 [54]. However, FoxO1 and
Pdx1 expression may not be entirely mutually exclusive. Jayron J. et al.
[55] reported thatknocking down Four and a half LIM domains 2 (FHL2)
in MING6 cells increased Pdx1 mRNA expression even when FoxO1 nu-
clear localization was enhanced.

In addition to T2D, insulin sensitivity disorders and impaired insulin
secretion are also observed in neurodegenerative diseases such as
Huntington's, Alzheimer's, and Parkinson's diseases. Research indicates
that in Huntington's disease (HD), glucose-stimulated PI3K/Akt/FoxO1
signaling is disrupted in pancreatic f cells. Specifically, IRS-2 expression
is reduced and sequestered into mutant huntingtin protein (mHTT) ag-
gregates, preventing glucose-induced PI3K activation. This leads to
decreased phosphorylation of Akt and FoxO1, increased apoptosis, and
reduced Pdx1 expression in f cells [56]. Beyond phosphorylation, FoxO1
deacetylation significantly influences p-cell proliferation. Studies show
that GLP-1 treatment in primary isletand INS cells inhibits Sirt1 activity,
decreases Sirtl-FoxO1 binding, and impedes FoxO1l deacetylation,
thereby promoting f-cell expansion [57]. In mice with knock-in alleles
encoding deacetylated FoxO1, this modification enhances the expres-
sion of Insl/2, Pdx1, MafA, and glucose transporter 2 (GLUT2) in
pancreatic islets [58].

FoxO1 plays a crucial role in the proliferation and apoptosis of
pancreatic f cells by modulating insulin signaling and the expression of
genes essential for islet function. This is closely related to the phos-
phorylation and acetylation of serine or threonine and lysine residues of
FoxO1, processes regulated by multiple signaling pathways, including
the INS/IGF-1/Akt and mitogen-activated protein kinase (MAPK) path-
ways. The INS/IGF-1 signaling pathway activates IRS through binding to
the insulin receptor (InR), subsequently activating Akt via PI3K. This
cascade results in the phosphorylation and cytoplasmic translocation of
FoxO1, thereby diminishing its activation of pro-apoptotic genes and
protecting cells from apoptosis [40]. Conversely, MAPK pathway acti-
vation can lead to FoxO1 dephosphorylation, enhancing its nuclear ac-
tivity and promoting apoptosis [59,60] (Fig. 2). Additionally, the
microenvironment of p cells including nutrient availability, oxidative
stress, and the cell cycle, also influences FoxO1-regulated cell prolifer-
ation and apoptosis.

5. Effects of FoxO1 on f cell differentiation and dedifferentiation

Recent research suggests that p cell dedifferentiation is a significant
contributor to f cell loss in diabetic pancreases. Mature pancreatic f cells
possess a degree of plasticity, allowing them to dedifferentiate into other
cell types lacking insulin secretion, and islet cells can transdifferentiate
among themselves [8]. In the progression of type 2 diabetes, pancreatic
B cell function may be compromised due to chronic hypersecretion of
insulin. This stress can trigger dedifferentiation or transformation of f
cells into other cell types, potentially serving as a protective mechanism
for B cell function [61].

In both human patients and animal models of type 2 diabetes, f cell
dedifferentiation has been observed. This process is marked by the
downregulation of B cell-specific transcription factors and upregulation
of endocrine progenitor cell markers, inversely correlated with FoxO1
expression [62]. Interestingly, some studies report the absence of FoxO1
in dedifferentiated mouse pancreatic p cells [63]. Targeted knockdown
of FoxO1 in mouse f cells does not induce cell death but results in a
decrease in f cells, an increase in « cells, and subsequent hyperglycemia.
In studies using cell fate lineage tracking in p FoxO1-specific knockout
mice, there is a notable downregulation of key f cell genes such as Pdx1,
MafA, and NK6 Homeobox 1 (Nkx6.1). Concurrently, there's an upre-
gulation of markers for endocrine precursor cells, including neurogenin-
3 (Ngn3), NeuroD1, and octamer-binding transcription factor 4 (Oct4).
This shift from insulin-positive to insulin-negative cells indicates  cell
dedifferentiation [61]. Ngn3 is a crucial transcription factor expressed in

pancreatic endocrine progenitor cells during embryogenesis, playing a
pivotal role in initiating the differentiation of pancreatic precursor cells
into endocrine cells [64].

In experiments involving isolated human fetal pancreatic progenitor
cell clusters (18-21 weeks), transfection with FoxO1 siRNA led to a
significant increase in Ngn3 and NKx6.1 expression, thereby negatively
impacting pancreatic p cell differentiation [65]. This effect may be
associated with the Notch signaling pathway [66]. Conversely, research
by Ryotaro Bouchi et al. [67] utilizing intestinal organoids derived from
human pluripotent stem cells demonstrated that FoxO1 inhibition fos-
ters the generation of insulin-positive cells. Similarly, Yu et al. [68] used
AS1842856, a FoxO1 inhibitor, to promote the differentiation of em-
bryonic stem cells into f-like cells, suggesting a potential strategy for
restoring insulin secretion in diabetic patients.

In addition, oxidative stress-induced activation of the JNK pathway
in B cells reduces FoxO1 phosphorylation, represses Pdx1 expression,
and triggers p cell dedifferentiation and dysfunction [60]. In pancreatic
B cells lacking mTOR Complex 2 (mTORC2)/RPTOR independent com-
panion of MTOR complex 2 Gene (Rictor), overexpression of long chain
acyl-CoA synthetase 4 (Acsl4) has been linked to increased acetylation
and ubiquitination of FoxO1, elevated ROS production, and decreased
MafA levels, all contributing to B cell dedifferentiation [69]. Inflam-
matory cytokines, including Interleukin-1(IL-1), IL-6, and tumor ne-
crosis factor-alpha (TNF-a), have also been implicated in promoting p
cell dedifferentiation. Specifically, IL-1p exposure to human islets
downregulates the mRNA expression of FoxO1, MafA, Nkx6.1, and Pdx1
[70]. Furthermore, Kailun Lee et al. [71] reported reduced mRNA levels
of Pdx1, Beta2 (Neurod1), Nkx6.1, and FoxO1 in dedifferentiated p cells
from mice with Xbpl gene deletion.

These studies indicate that FoxO1 plays a multifaceted role in the
regulation of pancreatic f cell differentiation and dedifferentiation.
FoxO1 influences pancreatic f cell function by modulating the expres-
sion of insulin and related genes. Additionally, it is involved in regu-
lating cell stress responses and proliferation, which in turn affects f cell
differentiation and survival.

6. The role of FoxO1 in insulin resistance

Insulin resistance is a hallmark of type 2 diabetes, characterized by a
diminished biological response to insulin in tissues such as the liver and
adipose tissue, leading to various metabolic disorders. FoxO proteins are
key targets of insulin signaling in the liver and play a crucial role in
glucose metabolism regulation [72]. In studies by Garcia Whitlock AE
et al. [73], the deletion of FoxO1, 3, and 4 in mouse models resulted in
reduced hyperglycemia and prevented hyperinsulinemia, underscoring
their involvement in glucose homeostasis.

Typically, postprandial insulin activates the PI3K/Akt signaling
pathway, resulting in the phosphorylation and exclusion of FoxO1 from
the nucleus. This process inhibits hepatic gluconeogenesis and helps
maintain postprandial blood glucose levels within a normal range
(Fig. 3). Conversely, during fasting, reduced insulin activity allows
FoxO1 to translocate into the nucleus, where it promotes the tran-
scription of glucose-6-phosphatase (G-6-Pase) and phosphoenolpyr-
uvate carboxylase (PEPCK), thereby increasing gluconeogenesis to
regulate glycemic balance [74]. In the context of insulin resistance, the
expression of these gluconeogenic enzymes is upregulated, leading to
increased hepatic gluconeogenesis and glycogenolysis, further exacer-
bating hyperglycemia [75]. The FoxOl1 protein is a key positive regu-
lator of the enzymes PEPCK and G-6-Pase. It promotes their expression
by binding to the insulin-responsive element (IRE) in their gene pro-
moters. Research indicates that reduced phosphorylation of FoxO1 en-
hances its protein levels and transcriptional activity, activating
gluconeogenesis-related genes, which in turn increases glucose pro-
duction and worsens hyperglycemia in insulin-resistant cells [76]. Mice
lacking FoxO1 function show inhibited gluconeogenesis, increased in-
sulin sensitivity, and improved fasting glucose levels [77]. Conversely,
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Fig. 3. The role of FoxO1 in insulin resistance in liver and adipose tissues. A reduction in the responsiveness of insulin-sensitive tissues, including the liver and
adipose tissue, to the biological effects of circulating insulin precipitates a cascade of metabolic derangements. In hepatocytes, post-prandial insulin activates the
PI3K/Akt signaling pathway, inhibiting hepatic gluconeogenesis and preventing excessive elevation of blood glucose. FoxO1, as a downstream target of Akt, is
phosphorylated by p-Akt, leading to its translocation out of the nucleus. Intranuclear FoxO1 promotes the expression of PGC-1a, which regulates the expression of
PEPCK and G-6-Pase, consequently, augmenting gluconeogenesis and influencing insulin sensitivity. Additionally, enhanced nuclear localization of FoxO1 induces
the expression of inflammatory factors such as NF-xB and IL-1p, and triggers some signaling pathways such as JNK, which further impacts the binding between
insulin receptor and insulin receptor substrate (IRS), impeding insulin signal transduction and ultimately contributing to insulin resistance. In adipocytes, FoxO1
would induce leptin resistance by suppressing the Leptin-STAT3-POMC signaling pathway, thereby affecting insulin resistance. ROS generated during fasting are
capable of enhancing the transcriptional activity of FoxO1. These events increase the expression of lipid catabolism and antioxidant responses related genes, such as
Fsp27 and Rab7. Moreover, the attenuation of the mTORCI1-to-IRS feedback is also implicated in insulin resistance under diabetic conditions.

enhanced FoxOl activity in the liver leads to excessive glucose pro-
duction, impaired insulin signaling, and upregulation of lipogenesis
genes, exacerbating hepatic steatosis and advancing hyperglycemia and
hypertriglyceridemia in obese diabetic patients [78]. In db/db mice,
high expression and activation of FoxO1l in hepatocytes contribute to
glucose intolerance [79]. Inhibition of the interaction between FoxO1
and Sirtl, as well as the transcriptional activity of FoxO1, has been
shown to increase liver glycogen content in db/db mice. Conversely,
specific knockout of the FoxO1 gene in hepatocytes inhibits gluconeo-
genesis and mitigates hyperglycemia associated with chronic insulin
resistance [80].

FoxO1 is notably overexpressed in individuals with morbid obesity
and hyperinsulinemia, promoting the expression of peroxisome
proliferator-activated receptor-y coactivator-la (PGC-la), thereby
enhancing gluconeogenesis and exacerbating obesity-related insulin
resistance. Inhibition of FoxO1/PGC-1a activation has been reported to
suppress gluconeogenesis, reduce inflammation, and ameliorate insulin
resistance in type 2 diabetes patients [81]. Moreover, FoxO1 regulates
several inflammatory mediators implicated in pancreatic resistance.
Increased nuclear localization of FoxO1 enhances the expression of in-
flammatory factors such as NF-kB and IL-1p, and influences signaling
pathways including JNK, inhibitor of kappa B kinase (IKK)/NF-kB,
protein kinase C (PKC), Suppressor of cytokine signaling (SOCS), and
inducible nitric oxide sythase (iNOS)/NO. This leads to abnormal
phosphorylation of IRS serine/threonine residues, inhibits IRS tyrosine
phosphorylation, reduces the binding affinity of insulin receptors to IRS,
impairs insulin signaling, and contributes to insulin resistance [82,83].

In adipose tissue, FoxO1 is highly expressed and localizes to the
nucleus, cytoplasm, and mitochondria of adipocytes, responding to
various nutrient cues and ROS, such as ROS produced during fasting.
This enhances nuclear activity of FoxO1 and initiates the transcription of
genes involved in lipid catabolism and antioxidant responses [84].
FoxO1 plays a critical role in lipid metabolism by upregulating
autophagy-related proteins, including adipose-specific protein 27

(Fsp27), Ras-related protein Rab7, transcription factor EB (TFEB), and
mitochondrial uncoupling proteins [85]. FoxO1-specific inhibitors, such
as AS1842856, have been shown to upregulate Fsp27 expression, inhibit
autophagy in adipocytes, and reduce adipogenesis [86]. Inhibition of
FoxO1 in human adipocytes decreases the expression of key metabolic
proteins including the insulin receptor, glucose transporter-4 (Glut4),
ribosomal protein S6 (RPS6), RPTOR-independent partner (raptor) of
rapamycin target complex (mTOR), and MTOR complex 2. Studies
suggest that mTORC1 can regulate the phosphorylation and transcrip-
tional activity of FoxO1. Rajan et al. [87] highlighted that disruption of
the mTORC1-to-IRS1 feedback loop may contribute significantly to in-
sulin resistance in diabetes, based on a FoxO1-related insulin signaling
model. Additionally, FoxO1 can induce leptin resistance by inhibiting
the STAT3-Leptin-Proopiomelanocortin(POMC) signaling pathway,
thereby contributing to obesity and insulin resistance [88] (Fig. 3).

As illustrated in Fig. 3 and Table 1, FoxO1 plays a crucial role in
maintaining normal insulin signaling. In healthy individuals, inhibition
of FoxO1 function may lead to insulin resistance [89]. FoxO1 regulates
the expression of antioxidant genes, mitigating oxidative stress often
linked with insulin resistance. Additionally, FoxO1 induces autophagy,
which is vital for cellular homeostasis and preventing the buildup of
damaged proteins and organelles. Thus, comprehending the complex
regulatory role of FoxO1l in insulin resistance pathophysiology is
essential for developing targeted therapies aimed at enhancing insulin
sensitivity and addressing metabolic disorders.

7. FoxOl1 as a therapeutic target in T2D

The diverse role of FoxO1 in cellular processes and diseases make it
an attractive target for drug development. Drugs that inhibit FoxO1 are
primarily categorized into small molecule inhibitors and activity mod-
ifiers. AS1842856, a small molecule compound, selectively binds to the
dephosphorylated, active form of FoxO1. This interaction disrupts the
binding of FoxOl to the IRE consensus site, thereby inhibiting its



Table 1
Overview of the studies related to FoxO1 in insulin resistance.

Mice/tissue/ FoxOl function  Effects Reference
cell line
FoxO1-S253A/ FoxO1 Gluconeogenesis was inhibited, [77]1
A knockin dysfunction insulin sensitivity was improved
mice and fasting blood glucose was
decreased
T2DM KK-Ay FoxO1 Increased liver glycogen content  [80]
mice inactivation
db/db mice FoxO1 Glucose intolerance [79]
activation
HepG2 cell FoxO1 Abnormal increase in glucose [78]
enhancement production and impaired insulin

action, aggravating liver fat

infiltration, promoting

hyperglycemia and
hypertriglyceridemia in obese

diabetics

Inhibit gluconeogenesis, reduce [81]
inflammation, and reduce

insulin resistance in type 2

diabetes patients

High-fat-diet-
induced rats

FoxO1/PGC-1a
inhibition

3T3L1 FoxO1 specific Increase the expression of [86]
preadipocyte inhibition adipose-specific protein 27,
inhibit autophagy of adipocytes,
reduce adipogenesis and
improve lipid metabolism
Human Decreased IRS, Glut4, RPS6, mTOR and [87]1
adipocytes FoxO1 activity raptor activity were reduced

HEK293 cell FoxO1 mutant

transfection

Inhibition of the STAT3-Leptin- [88]
POMC signaling pathway causes

leptin resistance, leading to

obesity and insulin resistance

transcriptional activity and reducing the expression of genes involved in
gluconeogenesis [4,90]. In diabetic mice, oral administration of
AS1842856 lowers fasting blood glucose levels and enhances glucose
tolerance following pyruvate injection, while it has no effect on fasting
blood glucose levels in non-diabetic mice [90]. AS1842856, when
induced by streptozotocin in diabetic rats, can reduce FoxO1 nuclear
translocation in cardiomyocytes, thereby improving cardiac dysfunc-
tion, restoring glucose oxidation, alleviating mitochondrial dysfunction,
and reducing apoptosis [91]. Additionally, AS1842856 can be applied to
insulin-producing cells (IPCs) derived from human embryonic stem cells
(hESCs) to enhance the expression of f cell differentiation markers such

as Nkx6.1, Pdx1, insulin, glucokinase (GK), and GLUT2. This treatment
promotes the glucose-stimulated insulin secretion (GSIS) response in IPC
progeny, offering insights into the use of FoxO1 inhibitors for inducing
mature f cells from hESCs [68]. In 2010, Tanaka H et al. [92] identified
another small molecule FoxO1 inhibitor, AS1708727, for use in diabetic
db/db mice. The study demonstrated that AS1708727 inhibited the
expression of G-6-Pase, PEPCK, and gluconeogenesis in the liver of db/
db mice, while also reducing apoC-III gene expression. These effects
contribute to its antidiabetic and anti-hypertriglyceridemic properties.
Additionally, FoxO1l inhibitors have been shown to increase the
expression of the cell surface death receptor (FAS) in studies targeting
basal-like breast cancer (BBC) and glioblastoma multiforme (GBM) with
AS1708727 [93]. Furthermore, Lee YK et al. [94] introduced two oral
FoxO1 inhibitors, FBT432 and FBT374, which promote the formation of
intestinal f-like cells and enhance glucose tolerance in STZ-induced
diabetic mice.

In addition to direct FoxO1 inhibitors, researchers have investigated
various compounds targeting components of the FoxOl signaling
pathway. Diazoxide (DZX) has been demonstrated to augment the
phosphorylation levels of AKT and FoxO1 by activating mitochondrial
potassium channels (mitoKATP), leading to decreased insulin secretion
in pancreatic cells [95]. In terms of clinical investigations, current evi-
dence indicates that DZX has been exclusively incorporated into clinical
trials related to obesity (Table 2). Metformin has been shown to reduce
oxidative stress, enhance autophagy, and alleviate glycolipid disorders
through the AMPK/SIRT1-FOXO1 pathway [96]. Insulin sensitizers can
modulate FoxO1 activity by improving Akt-mediated phosphorylation
of FoxO1 [97]. Additionally, FoxO1 activity can be influenced by acti-
vating kinases such as JNK and AMPK [96]. Deletion of miR-223 inhibits
Pdx1 and Glut2 expression by reducing Akt phosphorylation and
increasing nuclear accumulation of FoxO1, while elevating p27 protein
levels, leading to pancreatic dysfunction and insulin resistance [98].
Conversely, miR-223 overexpression suppresses FoxO1 and improves
pancreatic cell function, which may be beneficial for diabetes treatment.
Recent studies have identified that m6A modifications on FoxO1 mRNA
can be demethylated by obesity-associated gene (FTO) proteins,
enhancing FoxO1 expression [99]. Supplementation with entacapone,
an FTO inhibitor, in diet-induced obese mice reduces body weight and
fasting blood glucose levels. Entacapone, on the other hand, has been
investigated in clinical trials concerning obesity, schizophrenia, and
Parkinson's disease, with the most extensive research being conducted in

Table 2
Overview of the clinical trials of FoxO1 inhibitors and agonists in diabetes (assess at ClinicalTrials.gov).
Product name Disease Phase Study location Subject Number of subject Start date Completion date Registry #
DZX Obesity I Netherlands Adult 51 2008-07 2011-12 NCT00631033
25-50 years
Entacapone Obesity /11 China Adult 30 2015-01 2015-11 NCT02349243
18-60 years
Resveratrol Insulin resistance NA United States Adult 28 2012-10 2018-07 NCT01714102
Metabolic syndrome 30-60 years
Obesity
Resveratrol T2DM NA Netherlands Adult, older adult 24 2012-05 2014-12 NCT01638780
40-70 years
Resveratrol Pre-diabetes NA Netherlands Adult, older adult 42 2016-04 2019-03-28 NCT02565979
40-70 years
Resveratrol Insulin resistance i United States Adult, older adult 20 2008-03 2017-09-15 NCT01354977
T2DM 45-65 years
Resveratrol Obesity I Singapore Adult 36 2009-07 2012-10 NCT02247596
Diabetes 21-55 years
Resveratrol Inflammation 111 Italy Adult, older adult 192 2013-10 2016-02 NCT02244879
Insulin resistance 35-85 years
T2DM
Resveratrol Gestational diabetes v Canada Adult 112 2014-05 2016-12 NCT01997762
18-40 years
Resveratrol T2DM 1I Mexico Adult 22 2016-09 2018-02-01 NCT02549924
30-60 years

NA: not applicable.



the context of Parkinson's disease. In one of the studies on Parkinson's
disease (NCT00391898), it was demonstrated that at the conclusion of
the study, the efficacy of the combination Levodopa/Carbidopa/Enta-
capone surpassed that of Levodopa/Carbidopa in Parkinson's disease
patients exhibiting early wearing-off symptoms (Table 2).

The application of FoxOl specific activators remains limited.
Resveratrol has been shown to indirectly augment the transcriptional
activity and protein abundance of FoxO1, predominantly through the
inhibition of the PI3K/Akt signaling cascade and the activation of Sirt1.
Li et al. [100] demonstrated that resveratrol, in the context of chronic
kidney disease in rats, inhibits tubular injury and glomerulosclerosis by
promoting the interaction between FoxO1l and Sirtl, leading to the
reduction in the acetylated form of FoxO1. Regarding its clinical trial
approvals for diverse diseases, herein, we will solely enumerate those
associated with type 2 diabetes mellitus, insulin resistance, and obesity
(Table 2). Although substantial progress has been made in the basic
research of FoxO1 inhibition and activation, the FoxO1-specific com-
pound is still in its infancy. FoxO1-specific potential therapy is yet to be
further explored in clinical T2D treatment.

8. Conclusions and prospects

Pancreatic p-cell dysfunction and insulin resistance are hallmark
features of type 2 diabetes. This review consolidates current literature
on the role of FoxO1l in regulating oxidative stress, proliferation,
apoptosis, differentiation, and insulin resistance in pancreatic f-cells,
highlighting its involvement in the pathogenesis of type 2 diabetes.
FoxO1 serves as a critical transcription factor in pancreatic islet cells,
with its activity modulated by various internal and external factors.
FoxO1 preserves the normal development of pancreas and participates
in glycolipid metabolism via intricate signaling pathways. Typically,
FoxO1 maintains f-cell function under low-stress conditions, while its
pro-apoptotic effects become more prominent under high-stress sce-
narios. As a pivotal effector in the INS/IGF-1 signaling pathway and a
direct downstream target of PI3K/Akt, FoxO1 transcription is intricately
linked to its phosphorylation and acetylation status. The phosphoryla-
tion and dephosphorylation of FoxO1 by PI3K/Akt, as well as its acet-
ylation and deacetylation by Sirtuins and mTOR, are key regulatory
processes. Additionally, the mTOR pathway and ROS levels influence its
transcriptional activity. Inhibition of FoxOl in type 2 diabetes model
animals has been associated with improved gluconeogenesis, glucose
tolerance, reduced oxidative stress-induced p-cell damage, and lowered
hypertriglyceridemia, while there is no report about FoxO1l-specific
activator in diabetes management. In summary, FoxO1 plays a multi-
faceted role in modulating pancreatic $-cell function and insulin sensi-
tivity. The therapeutic potential of FoxO1-targeted compounds needs to
be further explored in T2D and other metabolic disorders.

In the prospective research, investigations into FoxO1 are antici-
pated to commence along three aspects. First, it is imperative to pre-
cisely define the molecular mechanisms by which FoxO1l governs
downstream gene expression within distinct cell sub-populations. This
necessitates an in-depth exploration of the intricate network of in-
teractions between FoxO1 and other transcription factors or signaling
cascades. Amidst the complexity of cellular signal transduction, the
specific functional nodes of FoxOl, along with its synergistic and
antagonistic relationships, need to be accurately identified. For
example, a detailed examination of the dynamic binding patterns be-
tween FoxO1 and pivotal molecules in the insulin signaling pathway is
crucial, as is the analysis of how such binding impacts insulin secretion,
f-cell survival or senescence across a spectrum of physiological and
pathological states. Second, the focus should be on discerning how the
FoxOl1 signaling pathway operative in the context of cell metabolism,
growth, and differentiation, exerts its influence on glucose, lipid, and
amino-acid metabolism. Additionally, the differential effects of FoxO1-
mediated metabolic reprogramming on insulin resistance among
various diabetes types, including type 1, type 2, and gestational

diabetes, would to be thoroughly investigated. These research un-
dertakings are fundamental for establishing a robust theoretical foun-
dation for personalized therapeutic approaches. Finally, future research
endeavors should center on the systematic screening and rational design
of small-molecule compounds or biological agents capable of selectively
modulating FoxO1 activity. Initiate pre-clinical investigations to strin-
gently assess the efficacy and safety profiles of these agents in a variety
of diabetic animal models. Based on the findings, optimize the dosing
regimen to achieve the optimal therapeutic outcome. Concurrently,
conduct meticulously designed clinical trials to validate the effective-
ness and tolerability of FoxO1-targeted treatment strategies in diabetic
patients. This holds the potential to introduce novel pharmacother-
apeutic options for the management of diabetes.
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