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Abstract: Type 2 diabetes is a disease that causes numerous complications disrupting the functioning
of the entire body. Therefore, new treatments for the disease are being sought. Studies in recent
years have shown that forkhead box O (FOXO) proteins may be a promising target for diabetes
therapy. FOXO proteins are transcription factors involved in numerous physiological processes
and in various pathological conditions, including cardiovascular diseases and diabetes. Their roles
include regulating the cell cycle, DNA repair, influencing apoptosis, glucose metabolism, autophagy
processes and ageing. FOXO1 is an important regulator of pancreatic beta-cell function affecting
pancreatic beta cells under conditions of insulin resistance. FOXO1 also protects beta cells from
damage resulting from oxidative stress associated with glucose and lipid overload. FOXO has been
shown to affect a number of processes involved in the development of diabetes and its complications.
FOXO regulates pancreatic β-cell function during metabolic stress and also plays an important role
in regulating wound healing. Therefore, the pharmacological regulation of FOXO proteins is a
promising approach to developing treatments for many diseases, including diabetes mellitus. In this
review, we describe the role of FOXO proteins in the pathogenesis of diabetes and the role of the
modulation of FOXO function in the therapy of this disease.

Keywords: FOXO; diabetes; therapy

1. Introduction

Forkhead box class O proteins (FOXO) belong to a family of transcription proteins
that are involved in many cellular processes and are, therefore, important links in the
regulation of cell homeostasis. The FOXO family comprises approximately 100 proteins
classified alphabetically from A to R. In mammals, the O group includes the following
transcription factors: FOXO1, FOXO3, FOXO4 and FOXO6. Their roles include regulating
the cell cycle, DNA repair, influencing apoptosis, glucose metabolism, autophagy processes
and ageing [1]. FOXOs respond to a wide range of external stimuli such as growth factors,
oxidative stress, genotoxic stress and nutrient deprivation. These interactions are crucial
in coordinating the body’s response to environmental changes and maintaining cellular
homeostasis in a broad sense.

Such multidirectional activity is possible due to the post-translational modifications that
FOXO undergoes: phosphorylation, acetylation, ubiquitination, methylation and glycosylation.
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The importance of FOXO proteins has been proven in a number of pathophysiological
processes such as diabetes, cardiovascular diseases, cancer and neurodegenerative diseases;
therefore, they are being investigated as therapeutic targets for the above-mentioned disorders.

2. Structure of FOXO

FOXO proteins have a conserved part that binds to cellular DNA and four motifs:
forkhead DBD, nuclear localisation signal (NLS), nuclear export signal NES (and) transacti-
vation domains (TAD) (Figure 1).

The sequences responsible for nuclear localisation and nuclear export are located on
the C-terminal DNA-binding domain [2].

The post-translational changes that FOXO undergoes enable it to reach a precise
location in the cell nucleus and initiate transcriptional activity. On the other hand, the
presence of 14-3-3 proteins allows the active export of FOXO from the nucleus and the
inhibition of its reassembly with DNA [3].
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Figure 1. Description of mammalian FOXO proteins expressed in skeletal muscle. The following are
indicated: locations of the forkhead domain (FD), nuclear localisation sequence (NLS), nuclear export
sequence (NES) and helical motif (LXXLL), Akt phosphorylation sites (green squares) and AMPK
phosphorylation sites (purple squares) [4].
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3. Post-Translational Changes—A Brief Overview
Phosphorylation

FOXO phosphorylation is an important mechanism for regulating FOXO transport
to and from the cell nucleus. Several kinases are involved in the phosphorylation of
FOXO proteins: AKT (serine/threonine kinase), SGKs (serum/glucocorticoid regulated
kinase), PERK (PKR-like ER kinase), MST1 (mammalian sterile 20-like kinase), JNK, (Jun-
N-terminal kinase), CDK1/2 (cyclin-dependent kinase), ERK/p38 (extracellular signal-
regulated kinase), AMPK (adenosine monophosphate-activated protein kinase) and IK
(IK kinase). Each of them modifies FOXO at a specific site in a characteristic manner
(Table 1). Depending on the kinase and the site of phosphorylation, FOXO either undergoes
translocation to the nucleus or is retained in the cytoplasm [5].

Table 1. Short characteristics of FOXO proteins.

Kinase/FOXO/Site of Phosphorylation Physiological Effect of Phosphorylation

AKT
FOXO1: Thr24, Ser256, Ser319

FOXO3: Thr32, Ser253, Ser315

FOXO4: Thr28, Ser193, Ser256

FOXO6: Thr26, Ser184

FOXO retention in the cytoplasm

SGKs/Ser315 FOXO retention in the cytoplasm

PERK/ Ser298 Ser301 Ser303 FOXO retention in the cell nucleus, increase in
transcriptional activity

MST1/Ser212 Phosphorylation of FOXO3 translocation into
the cell nucleus

AMPK Ser399, Ser413, Ser555, Ser588, Ser626 Promoting interaction between cofactors
and FOXO3

JNK Thr447, Thr451 Phosphorylation of FOXO4, translocation of
FOXO into the cell nucleus

P38 Ser294, Ser425, Ser7
Phosphorylation of FOXO3 in response to

oxidative stress, translocation to the
cell nucleus

ERK Ser294, ser344, ser425 Phosphorylation of FOXO3, retention in
the cytoplasm

4. Acetylation and Deacetylation of FOXO

The acetylation of FOXO, similar to phosphorylation, leads to changes in the DNA
strand-binding properties of these proteins. In general, acetylation impairs the transcrip-
tional activity of FOXO, whereas under stress conditions, it stabilises FOXO and prevents
degradation by ubiquitination [6].

The opposite process, the deacetylation of FOXO, occurs through sirtuins and HDACs,
among others, in response to oxidative stress. Sirtuins have dual effects; they can increase
or decrease the transcriptional capacity of FOXO, either through retention in the cytoplasm
or translocation into the cell nucleus [7].

5. Ubiquitination

Ubiquitination is another process of enzymatic post-translational modification of pro-
teins. It involves the attachment of molecules of a small protein, ubiquitin, which occurs in
the cytoplasm and the nucleus of cells. The result of ubiquitination depends on the amount
of attached ubiquitin [8]. The attachment of ubiquitin monomers, monoubiquitination,
results in an increase in FOXO activity. Polyubiquitination causes the protein labelled
in this way to enter the proteasome before it is degraded. FOXO degradation involving
ubiquitination depends on the ubiquitin–proteasome pathway [9].



Int. J. Mol. Sci. 2022, 23, 11611 4 of 14

6. Methylation

The methylation of FOXO at positions Arg248 and Arg250 inhibits the Akt-induced
transformation of FOXO. As a result, FOXO remains in the cell nucleus [10].

7. Glycosylation

Glycosylation involves the attachment of carbohydrates to organic compounds, in-
cluding proteins. The attachment of a sugar moiety to a protein occurs through an N- or
O-glycosidic bond. FOXO 1 is the substrate for the O-glycosylation process. This process
does not affect the transport of FOXO from the nucleus to the cytoplasm [11].

8. Role of FOXO Proteins in Diabetes and Its Complications

Type 2 diabetes affects a growing number of people; when poorly controlled, it causes
numerous complications involving the functioning of the whole body. Cardiovascular,
ocular and renal complications are well known. The cause of diabetes is both a dysfunction
in insulin secretion by the beta cells of the pancreas and a disturbance in insulin action in
tissues leading to insulin resistance. FOXO proteins can affect both insulin synthesis in
pancreatic beta cells and can also affect insulin resistance. FOXO1 is an important regulator
of pancreatic beta-cell function. FOXO1 influences pancreatic beta cells under conditions of
insulin resistance and during their differentiation in the developing foetal pancreas. FOXO1
also protects beta cells from damage resulting from oxidative stress associated with glucose
and lipid overload [12] (Figure 2). Blocking FOXO1 function has been shown to result in
impaired pancreatic beta-cell function [13]. In healthy individuals, FOXO transcription fac-
tors remain inactive in beta cells and become activated in response to hyperglycaemia [14].
In patients with type 2 diabetes, loss of FOXO in beta cells correlates with a loss of insulin
secretion capacity [15]. In the early stages of diabetes, FOXO transcription factors remain
inactive. Animal studies have shown that this is due to an attempt to maintain a balance
between acetyl-coenzyme A (Acetyl-CoA) synthesis from glucose and synthesis from lipids.
Acetyl-CoA is essential for mitochondrial oxidation [16]. In the early phase of diabetes,
glucose oxidation is impaired compared to beta cells of healthy individuals, while lipid
oxidation is significantly increased. Excessive lipid oxidation leads to the formation of toxic
products, mainly peroxides, impaired ATP synthesis and impaired insulin secretion [17].
Chronic oxidative stress in diabetes is likely induced by excessive cellular glucose concen-
trations that exceed the glycolytic capacity of beta cells. Under these conditions, glucose
is enolysed, resulting in the synthesis of superoxide anions and induction of apoptosis of
these cells [18]. Oxidative stress enhances FOXO1 activation, which protects beta cells from
acute metabolic disturbances and damage caused by short-term oxidative stress but does
not protect against chronic changes associated with long-term hyperglycaemia [19]. FOXO1
also enhances the expression of the enzymes catalase and glutathione peroxidase in beta
cells, leading to better function of these cells during oxidative stress and increased survival.
Previous studies have shown an important function for FOXO in protecting pancreatic beta
cells from oxidative stress, which are particularly susceptible to the effects of oxidative
stress due to their low expression of antioxidant enzymes [20]. FOXO1 has been shown
to protect β-cells from oxidative stress by inhibiting the expression of the thioredoxin
interacting protein (TXNIP), a cytosolic factor whose deregulation is associated with β-cell
apoptosis [21]. FOXO1 also enhances the expression of the DNA repair enzyme GADD45α,
protecting β-cells from nitric-oxide-induced DNA damage [22].

FOXO1 also plays an important role in regulating muscle energy homeostasis. FOXO1
is an important regulator of glucose metabolism in skeletal muscle, as well as in adipose
tissue, liver, pancreas and bone [23]. FOXO1 has been shown to affect muscle energy
homeostasis by reducing carbohydrate catabolism during caloric deficiency [24]. FOXO1
regulates the expression of pyruvate dehydrogenase kinase 4 (PDK4), involved in main-
taining blood glucose levels [25]. High levels of pyruvate dehydrogenase kinase result in
a decrease in pyruvate dehydrogenase (PDH) activity, which is responsible for utilising
carbohydrates as an energy substrate. Thus, the FOXO1-induced increase in pyruvate dehy-
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drogenase kinase 4 expression results in the preservation of glucose and gluconeogenesis
substrates such as lactate, pyruvate and alanine [26]. FOXO1 also affects the transport of
fatty acids into muscle cells. FOXO1 is an important regulator of lipid oxidation in muscle.
FOXO1 has been shown to stimulate lipoprotein lipase (LPL), an enzyme that hydrolyses
plasma triglycerides into fatty acids and glycerol for uptake by muscle cells [27]. In ad-
dition, FOXO1 upregulates the expression of adiponectin receptors (AdipR), enhancing
fatty acid oxidation in muscle and increasing adiponectin sensitivity [28]. Together, these
data show that FOXO1 causes the use of lipids instead of glucose as an energy substrate
under stress conditions. FOXO1 appears to be an important regulator of muscle energy
homeostasis by regulating glucose and lipid metabolism.

FOXO1 plays a key role in the regulation of hepatic glucose and lipid synthesis. FOXO1
controls the metabolic switch between glucose and lipid oxidation depending on food
availability. In hyperinsulinemic mice, FOXO1 inhibition decreased glycogenolysis and
gluconeogenesis, leading to increased tissue sensitivity to insulin [29]. Under conditions of
insulin resistance, FOXO1 remains active and continues to affect microsomal triglyceride
transfer protein (MTTP) and apolipoprotein C-III (APO C-III), which is one of the proteins
responsible for hypertriglyceridemia [30].

A significant problem for patients with diabetes is impaired wound healing (Figure 3).
FOXO1 has been shown to play an important role in cellular processes related to wound
healing [31]. FOXO1 is involved in the regulation of keratinocyte function [32]. FOXO1
deletion has been shown to delay wound healing as a result of a reduction in the number
of migrating keratinocytes in both the wounded epithelium and hair follicles [33]. It was
detected that the main factor regulated by FOXO1 is the expression of TGF-β1, which is
essential for normal wound healing. Blocking FOXO1 has been shown to reduce TGF-
β1 expression in keratinocytes [34]. On the other hand, TGF-β1 stimulates keratinocyte
migration and enhances the wound healing process. FOXO1 has also been shown to
promote other pathways involved in wound healing by stimulating integrins-α3 and -β6
and matrix metalloproteinases-3 and -9 [34]. Thus, it appears that treatment with FOXO1
agonists may represent a potential therapeutic target for wound healing by mobilising
keratinocytes for rapid wound epithelialisation and protection against oxidative stress.
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FOXO1 is translocated into the β-cell nucleus during metabolic stress. However,
severe metabolic stress and increased demands could lead to a lack of FOXO1 and insulin
expression by β-cells. In such conditions, β-cells undergo a redifferentiation process. Some
start to remind α-cells as they start to express glucagon.
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FOXO1 has an essential role in the regulation of wound healing. In normoglycemic
conditions, FOXO1 increases the transcription and expression of transforming growth factor
β1 (TGF-β). TGF-β activates keratinocytes, promoting wound healing. The process is also
regulated by insulin through the Akt and PI3K pathways, which remove FOXO1 from the
nucleus, preventing its hyperactivation. In diabetic conditions, there is no regulation by
insulin. Glucose, advanced glycation end products (AGEs) and tumour necrosis factor α
(TNF-α) promote FOXO1 movement into the nucleus. FOXO1 increases TGF-β1 expression
in keratinocytes. TGF-β1 stimulates keratinocyte migration and enhances the wound
healing process. Moreover, FOXO1 is also modulated by those factors, so it elevates the
expression of chemokine ligand 20 (CCL20), serpin peptidase inhibitor (SERPINB2) and
interleukin 36Υ(IL-36Υ). Those products influence keratinocytes and disturb the process of
re-epithelialisation and wound healing.

9. FOXO as a Therapeutic Target in Type 2 Diabetes and its Complications
1,25-Dihydroxyvitamin D

1,25-dihydroxyvitamin D (1,25 D) is the most biologically active form of vitamin D. As
a nuclear hormone, 1,25 D participates in the regulation of gene transcription by binding to
the vitamin D receptor (VDR). Prospective studies have clearly shown that 1,25 D reduces
the risk of developing type 2 diabetes in predisposed individuals [35–37]. Furthermore,
1,25 D supplementation has been shown to reduce insulin resistance (IR) in individuals
with prediabetes and IR [38–40] and improve insulin secretion, insulin sensitivity and
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HbA1c [41]. New studies have shown that 1,25 D can improve carbohydrate metabolism
and reduce the risk of developing diabetic complications by decreasing the expression
and nuclear exclusion of the FOXO1 protein. A study by Chen et al. demonstrated that
1,25 D-dependent VDR signalling inhibits FOXO1 expression, its nuclear translocation and
activity in skeletal muscle cells in mice [42]. In the same study, VDR receptor blockade led
to the loss of FOXO1 suppression, thus indicating that the suppressive effects of vitamin D
are strictly dependent on the VDR receptor. In another study, 1,25 D was shown to benefit
carbohydrate metabolism and bone turnover in mice by inhibiting FOXO1 expression
through a PI3K/Akt-dependent pathway [43]. Through phosphorylation and the nuclear
exclusion of the FOXO1 protein, 1,25 D led to increased osteoblast differentiation and
increased total osteocalcin, as well as noncarboxylated osteocalcin. The study authors
postulate that by this mechanism, vitamin D may at least partially reverse the negative
effects of high glucose concentrations on bone metabolism. In a newly published study, Guo
et al. demonstrated a protective role of 1,25 D on the diabetic heart in a rat model [44]. The
activation of 1,25 D/VDR led to the blockade of FOXO1 nuclear translocation, decreased
total and nuclear FOXO1 expression and the reduced severity of autophagy and apoptosis
in the heart. In the same study, 1,25 D treatment had beneficial effects on carbohydrate
metabolism, improving oral glucose tolerance test results, reducing fasting glucose levels
and creatine kinase isoform CK-MB levels.

10. N1-Methylnicotinamide

N1-Methylnicotinamide (MNAM) is a product of nicotinamide methylation by the
enzyme nicotinamide N-methyltransferase. Several studies to date have demonstrated
the beneficial role of MNAM in the treatment of obesity and IR by modifying blood
glucose and insulin levels [45,46]. Zhang et al. demonstrated that the administration of
MNAM to obese diabetic mice is responsible for the regulation of hepatic gluconeogenesis,
reducing fasting glucose and insulin levels [47]. MNAM treatment was associated with an
increase in both the concentration and activity of the silent information regulator T1 (SITR-
1) protein through its ubiquitination. SIRT1 reduced the transcriptional capacity of FOXO,
thereby leading to reduced glucose production, reduced IR, reduced lipid accumulation
and improved liver morphology, as shown in the cited study.

11. Fucoxanthin

Fucoxanthin (Fx) is an organic compound from the xanthophyll group that is a natural
brown pigment. Among the numerous uses of Fx, its beneficial effects of normalising
glycaemia and insulinaemia are mentioned [48]. Yang et al. recently evaluated the effects
of Fx on oxidative stress and fibrotic processes in diabetic kidney disease and the role of
FOXO3, Sirt1 and Akt kinase [49]. It has been shown that Sirt1 exerts anti-inflammatory
effects and reduces the hyperglycaemia-induced fibrosis of glomerular mesangial cells by
promoting the transcriptional activity of the FOXO3 protein [50,51]. FOXO3 is responsible
for regulating the expression of genes responsible for protection against free radicals and
is an important factor in the regulation of insulin secretion [52]. In the above study, the
administration of Fx reversed the hyperglycaemia-induced deposition of the extracellular
matrix in the kidney and reduced free radical generation, thereby inhibiting the progression
of diabetic kidney disease. Fx also caused the reversal of Akt kinase activation and Sirt1
inhibition observed in the model studied, resulting in increased FOXO3 expression. The
authors suggest that Fx may prove to be an effective treatment for diabetic kidney disease.

12. miR-233

MicroRNAs (miRNAs) are 20-nucleotide, single-stranded, noncoding molecules in-
volved in the post-transcriptional regulation of the expression of numerous genes. Recently,
a beneficial role of microRNAs in carbohydrate metabolism and pancreatic beta-cell de-
velopment has been postulated [53,54]. A study by Li et al. [55] evaluated the role of
microRNA-223 in maintaining pancreatic cell function. In this study, miR-223 was shown to
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positively affect pancreatic cell function and quantity through the regulation of FOXO1 and
the developmental determinant factor Y-nucleus ((sex-determining region Y-box (Sox6)).
The authors showed that miR-223 depletion leads to IR, the dysfunction of pancreatic cells
and reduced cell proliferation. One of the mechanisms responsible is the decreased phos-
phorylation of Akt, leading to the decreased phosphorylation of FOXO1 and the increased
accumulation of FOXO1 in the cell nucleus, which, in turn, resulted in the suppression of
pancreatic and duodenal homeobox 1 (Pdx1) and glucose transporter 2 (Glut2) promoter
and increased p27 protein expression. In turn, the overexpression of miR-223 in pancreatic
cells improved the proliferation and function of these cells. The authors conclude that the
inhibition of FOXO1 by the overexpression of miR-223 may lead to the improved function
of pancreatic cells and contribute to the development of a new treatment for diabetes.

13. Entacapone

Entacapone is a medication used in Parkinson’s disease. It is a selective and reversible
inhibitor of COMT (catechol-O-methyltransferase), an enzyme involved in the metabolism
of levodopa. Its action is also based on the selective inhibition of FTO (fat mass and
obesity protein). FTO is a recognised genetic risk factor for the development of obesity, and
the FTO protein it encodes belongs to a group of mRNA-demethylating enzymes at the
m6A (N6-adenosine-modified) and m6Am (N6,2’-O-dimethyladenosine-modified) sites.
In a recently published study, Peng et al. [56] demonstrated that by regulating FOXO1
expression through the demethylation of FOXO1 mRNA at the m6A site, FTO is responsible
for the regulation of hepatic gluconeogenesis. FTO deficiency induced by entacapone
treatment resulted in decreased FOXO1 expression and, clinically, decreased body fat,
increased energy expenditure and decreased fasting blood glucose levels.

14. Diazoxide

Diazoxide (DZX) is a benzothiadiazine derivative that acts by, among other things,
activating mitochondrial ATP-dependent potassium channels (mitoKATP) by increasing cell
membrane permeability to potassium ions. The opening of mitoKATP channels regulates
the AKT–FOXO1 signalling pathway and leads to the formation of their phosphorylated
forms: pAKT and pFOXO1. The result is decreased insulin secretion by pancreatic cells. As
an activator of mitoKATP, DZX has been recognised as a cardioprotective factor. It affects
the reduction in oxidative stress and apoptosis and the repair of ischaemia-reperfusion
injury [57]. The expression of phosphorylated forms of AKT and FOXO1 has been shown
to be decreased in diabetic cardiomyopathy [58]. A study by Duan et al. analysed the
effect of DZX treatment on cardiomyocyte function in diabetic mice. They showed that
the opening of mitoKATP channels and the phosphorylation of AKT-FOXO1 resulted in
decreased plasma B-type natriuretic peptide (BNP) levels and improved left ventricular
ejection fraction [59].

15. AS1842856

In 2010, researchers identified 5-amino-7-(cyclohexyl-amino)-1-ethyl-6-fluoro-4-oxo-
1,4-dihydroquinoline-3-carboxylic acid (AS1842856) as a selective FOXO1 inhibitor [60].
In this study, the oral administration of AS1842856 was associated with a reduction in
fasting plasma glucose levels and improved glucose tolerance in diabetic db/db mice [60].
The mechanism of action of AS1842856 is based on binding to the dephosphorylated,
or active, form of FOXO1. Thus, inhibition of the transcriptional capacity of FOXO1
leads to reduced hepatic gluconeogenesis through the inhibition of mRNA glucose-6
phosphatase (glucose-6 phosphatase) and PEPCK (phosphoenolpyruvate carboxykinase)
in vivo and in vitro. In a recently published study, we evaluated the effect of FOXO1
inhibition by AS1842856 on improving endothelial cell (EC) function and neovascularisation
in a diabetic model. FOXO1 blockade was shown to be associated with improved blood
flow and increased capillary density, resulting in an improvement in wound healing.
Furthermore, the administration of AS1842856 resulted in decreased reactive oxygen species
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(ROS) free radical production and the inhibition of apoptosis induced by high glucose
concentrations in ECs. The beneficial effect of FOXO1 inhibition could be achieved by
modulation of the ROCK1-Drp1(Rho-associated coiled-coil containing protein kinase 1-
dynamin-related protein-1) pathway [61]. Another study evaluated the effect of FOXO1 on
stem cell differentiation towards insulin-producing cells. Successful in vitro differentiation
of human embryonic stem cells (hESCs) into insulin-producing cells (IPCs) raises hope for
the future use of this method in the treatment of diabetes. FOXO1 is believed to be one of
the factors that negatively regulates the differentiation of hESCs into IPCs. Yu et al. showed
that AS1842856 treatment induced the phosphorylation of FOXO1 and its export from the
cell nucleus to the cytoplasm, thus inhibiting the FOXO1-dependent activation of genes
involved in pancreatic islet cell differentiation. Simultaneously, AS1842856 had a beneficial
effect on insulin secretion by IPCs. A similar effect was obtained by lentiviral silencing of
FOXO1. The authors conclude that FOXO1 inhibition and knockout have beneficial effects
on IPC maturation and glucose-dependent insulin secretion [62].

16. Atorvastatin

Atorvastatin is a representative of the group of statins, or HMG-CoA 3-hydroxy-3-
methyl-glutaryl-coenzyme A) reductase inhibitors, used in the treatment of atherosclerosis.
In addition to their hypolipemic effect, statins exhibit pleiotropic effects, including stabilis-
ing EC cell function. Their protective effect on EC homeostasis was assessed in a study by
Park et al. The researchers demonstrated that high glucose levels inactivate Akt and Skp2
(S-phase kinase-associated protein 2) in EC cells. This is a dependent proteosomal degra-
dation pathway of FOXO1 and ICAM-1 (intercellular adhesion molecule 1). The results
of the inhibition of this pathway are the development of inflammation and endothelial
destruction, which leads to the clinical manifestations of vascular complications of diabetes.
The study also showed that atorvastatin treatment increased the binding of FOXO1 and
ICAM-1 by Skp2, causing an increase in the ubiquitination and degradation of FOXO1 and
ICAM-1 [63].

The beneficial effect of atorvastatin was also demonstrated in another study. In a high
glucose environment, the activation of FOXO and inhibition of KLF2 (Kruppel-like factor
2) have been reported. KLF-2 is a factor found in ECs that is responsible for vasodilation
and has anti-inflammatory, antithrombotic and antiproliferative effects. In the presence of
atorvastatin, the FOXO protein was phosphorylated and shuttled into the cytoplasm; on
the other hand, increased KLF 2 levels were also observed [64,65].

The authors suggest that the inactivation of FOXO1 by atorvastatin was due to an
increase in its phosphorylation and the blocking of translocation into the cell nucleus.

17. Resveratrol

Resveratrol is an organic chemical compound that is a polyphenolic derivative of
stilbene. Biological activity is demonstrated by the trans isomer. Resveratrol is primarily
found in grapes, mainly in the skin, but also in other fruits such as blackcurrant and
mulberry. Resveratrol has been shown to have the following properties: anti-inflammatory,
reducing oxidative stress, inhibiting fibrosis and modulating cellular ageing processes,
angiogenesis and platelet aggregation [66,67]. The mechanism of beneficial action involves
activation of the SIRT1 gene.

A study by Wang et al. showed that resveratrol increased SIRT1 deacetylase activ-
ity, thereby reducing the expression of the acetylated form of FOXO3a and inhibiting
hyperglycaemia-induced oxidative stress. In contrast, the silencing of SIRT1 resulted in
the overexpression of the acetylated form of FOXO3, which potentiated hyperglycaemia-
induced oxidative stress induced in renal tubules [68].

In contrast, in another study, Li et al. demonstrated that resveratrol also stimulates
the fusion of FOXO1 with SIRT1. This resulted in a decrease in the acetylated form of
FOXO1 and the consequently beneficial effects on cardiac remodelling, the inhibition of
renal tubular damage and glomerular sclerosis in rats with chronic kidney disease [69].
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18. Liraglutide

Liraglutide is a drug used to treat diabetes; this is an analogue of human glucagon-
like peptide-1 (GLP-1). The drug improves glycaemic control by reducing fasting and
postprandial blood glucose levels. A study by Chen et al. examined the effects of liraglutide
on renal function in diabetic rats. Based on this study, it was not possible to demonstrate
a direct mechanism for the effect of liraglutide on FOXO, but the conclusions that were
obtained indicate that it may have a protective effect on renal function using FOXO1-
mediated upregulation of renal MnSOD (manganese superoxide dismutase) expression in
early DKD (diabetes kidney disease) [70].

19. Metformin

Metformin is a drug that has been used to treat diabetes for a very long time. In addi-
tion to its antihyperglycemic effect, it has many other proven beneficial effects, including
its effect on lowering lipids and body weight and reducing the risk of cardiovascular death
independent of glycaemic control. The mechanism of action of metformin involves effects
on adenosine monophosphate-activated protein kinase, resulting in the inhibition of gluco-
neogenesis [71]. Experimental studies have shown that metformin effectively mitigated
carbohydrate and lipid disturbances, reduced oxidative stress, improved renal function,
enhanced autophagy and slowed the proliferation of abnormal cells under hyperglycaemic
conditions through the AMPK/SIRT1–FOXO1 pathway [12].

20. Clinical Significance and Future Perspectives

Diabetes is a disease that leads to numerous complications, so proper therapy is very
important. Studies to date suggest that FOXO may provide an opportunity for effective
prevention and treatment of diabetes mellitus and its complications. Recent studies also
indicate great potential for the clinical use of FOXO proteins in regenerative medicine.
FOXO1 inactivation in intestinal endocrine cells has been shown to induce the formation of
enteroendocrine progenitor cells containing neurogenin-3 and the emergence of functional
insulin-producing cells that express all markers of mature pancreatic beta cells, including
C-peptide, and release insulin in response to glucose [72]. Thus, it seems that blocking
FOXO1 in the gut may be a promising strategy for the treatment of diabetes. FOXO proteins
are essential for maintaining the normal differentiation process of pancreatic beta cells.
The development of diabetes is associated with impaired differentiation of pancreatic beta
cells. FOXO stabilises insulin-producing pancreatic beta cells and prevents their loss of
function. Therefore, modulating FOXO proteins may be a promising method of preventing
the development of diabetes [13]. However, the clinical application of FOXO proteins
requires a thorough understanding of the role of FOXO in the many processes and path-
ways involved in the development of diabetes. Based on the studies performed so far,
FOXO proteins can be described as a group of proteins with very versatile capabilities.
Post-translational modifications are crucial, primarily for maintaining cellular homeostasis.
Importantly, depending on the state of the body (e.g., oxidative stress or lack thereof), the
same modification produces different effects at any given time. It is also not insignificant
that FOXO proteins are associated with carbohydrate metabolism, among other things.
Diabetes is a disease that is being diagnosed with increasing frequency and in younger and
younger individuals. FOXO proteins offer hope for therapies, not only for glucose regula-
tion itself but for a positive effect on delaying the onset of diabetes complications. Research
should be conducted in this direction. High hopes are being pinned on the mechanism
of the increased phosphorylation of FOXO by Akt and the consequent overexpression of
miR-223 [73]. The use of FOXO proteins in clinical practice must be preceded by a further
understanding of the mechanisms leading to the development of complications in diabetes
and the role FOXO proteins play in them. In addition, it is very important to know through
which factors FOXO proteins affect cellular metabolism. Several studies suggest that the
inactivation of FOXO proteins may promote cytoprotection, reduce insulin resistance and
increase pancreatic β-cell survival [13]. In contrast, other experimental studies suggest that
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increased expression of FOXO protein is beneficial for insulin signalling and maintenance
of energy reserves [74]. It appears that epigenetic changes, as well as post-translational
modifications of the FOXO protein under conditions of impaired cellular metabolism, may
influence the directions of FOXO action in diabetes. Only a thorough understanding of the
action of FOXO proteins in various states of cellular metabolic disorders can enable their
use in the treatment of metabolic disturbances in diabetes.
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