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A substantial proportion of patients with diabetes will develop kidney disease. Diabetic
kidney disease (DKD) is one of the most serious complications in diabetic patients and
the leading cause of end-stage kidney disease worldwide. Although some mechanisms
have been revealed to contribute to the understanding of the pathogenesis of DKD and
some drugs currently in use have been shown to be beneficial, prevention and
management of DKD remain tricky and challenging. FoxO1 transcriptional factor is
a crucial regulator of cellular homeostasis and posttranslational modification is a major
mechanism to alter FoxO1 activity. There is increasing evidence that FoxO1 is involved
in the regulation of various cellular processes such as stress resistance, autophagy, cell
cycle arrest, and apoptosis, thereby playing an important role in the pathogenesis of
DKD. Improving the dysregulation of FoxO1 activity by natural compounds, synthetic
drugs, or manipulation of gene expression may attenuate renal cell injury and kidney
lesion in the cells cultured under a high-glucose environment and in diabetic animal
models. The available data imply that FoxO1 may be a potential clinical target for the
prevention and treatment of DKD.
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INTRODUCTION

Diabetic kidney disease (DKD), one of the common complications related to both types of
diabetes, occurs in approximately 30–40% of diabetic patients and is the main cause of end-stage
renal disease worldwide (Gnudi et al., 2016; Bonner et al., 2020; Chen et al., 2020). Renal
enlargement and increased glomerular filtration rate are the initial changes of kidneys in
diabetes. The earliest symptom is often albuminuria, which can develop into nephrotic-range
proteinuria with morphological abnormalities such as glomerular hypertrophy, glomerular
basement membrane (GBM) thickening, and extracellular matrix (ECM) expansion. Progressive
glomerulosclerosis from nodular (Kimmelstiel-Wilson lesion) to global and tubulointerstitial
fibrosis contributes to progressive loss of renal function in advanced DKD (Fioretto and Mauer,
2010; Tervaert et al., 2010; Badal and Danesh, 2014). The pathogenesis of DKD is multifactorial.
The major pathophysiologic mechanisms contributing to glomerulopathy and tubulointerstitial
lesions and the related morphological alterations are exhibited in Figure 1. Intensive
management of patients with DKD including control of blood glucose and blood pressure,
blockade of the renin-angiotensin-aldosterone system (RAAS), and inhibition of the sodium-
glucose cotransporter 2 (SGLT2) may slow the progression of the disease. However, owing to the
intricate pathogenesis of DKD, there is still no effective treatment to prevent the onset and to
arrest the progression of the disease (Stanton, 2014; Thomas et al., 2015; Kidney Disease:
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Improving Global Outcomes Diabetes Work, 2020). Therefore,
exploring the underlying mechanisms of renal impairment in
the pathophysiological state of diabetes will be helpful to
identify possible intervention targets and develop promising
therapeutic strategies for DKD.

Forkhead box O (FoxO) transcription factors are essential
modulators of cellular homeostasis. FoxO proteins respond to
various external stimuli, including nutrient deprivation, growth
factor signaling, oxidative stress (OS), and genotoxic stress. These
input signals influence FoxOs intracellular localization, DNA
binding, and interactions with other cofactors via a series of
posttranslational modifications (PTM) containing
phosphorylation, acetylation, ubiquitination, and methylation.
Through integrating these modifications, FoxOs regulate cell-
type-specific gene expression programs to respond to stress,
maintain metabolic homeostasis, and balance redox (Tothova
et al., 2007; Link and Fernandez-Marcos, 2017; Murtaza et al.,
2017; Brown and Webb, 2018). There is growing evidence that,
via the downstream target genes that are involved in the

regulation of a variety of cellular processes such as energy
metabolism, stress resistance, apoptosis, autophagy, and cell
cycle arrest, FoxOs play a crucial role in the molecular
mechanisms of DKD development, among which FoxO1 is the
most extensively studied. This review summarizes our current
perspectives on the regulation of FoxOs activity and the
physiological functions of FoxO1, highlighting evidence to
support the notion that dysregulated FoxO1 activity
contributes toward renal parenchymal cell damage in the
pathogenesis of DKD.

The Regulation of FoxO Activity
There are four different FoxO transcription factors in mammals
including FoxO1, FoxO3a, FoxO4, and FoxO6, which belong to
the family of forkhead proteins. Each FoxO protein consists of
four regions: a DNA-binding domain at N-terminal, a
transactivation domain at C-terminal, a nuclear export
sequence, and a nuclear localization sequence. All FoxO
proteins share a common highly conserved DNA-binding

FIGURE 1 | Major events and morphological changes related to the pathogenesis of glomerulopathy and tubulointerstitial lesion in diabetes. GBM, glomerular
basement membrane; EMT, epithelial-mesenchymal cell transformation; ROS, reactive oxygen species; ECM, extracellular matrix.
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domain, while other domains are enriched in sites for PTM and
protein-protein interactions and are specific for the unique
members (Tothova et al., 2007; Arden, 2008; Link and
Fernandez-Marcos, 2017). In cells receiving survival or
growth factor signal, the activity of FoxO protein is
downregulated, primarily by being sequestered in the
cytoplasm of the cell (Brunet et al., 1999; Brunet et al., 2002).
The decrease in the level of FoxO protein may result from
increased proteasomal degradation (Aoki et al., 2004).
Upregulation of FoxO activity is by increased mRNA stability
and expression as well as chromosomal rearrangement causing
fusion of FoxO transactivation domain with DNA-binding
domain of other transcription factors (Fritz and Radziwill,
2011).

The activity of FoxO protein is largely regulated by PTM that
has been recognized as a crucial mechanism for the alteration of
FoxO activity. Phosphorylation of FoxO by serine/threonine
kinase Akt or serum- and glucocorticoid-induced kinase
(SGK) exposes the nuclear export sequence and increases
FoxO translocation to the cytoplasm, and the cytoplasmic
sequestration or ubiquitination and subsequent proteasomal
degradation inhibit FoxO activity (Brunet et al., 1999; Zhao
et al., 2004; Huang et al., 2005; Huang and Tindall, 2011;
Tzivion et al., 2011; Saline et al., 2019). Conversely, specific
phosphorylation of FoxO by kinase mammalian sterile 20-like
kinase 1 (MST1) or c-Jun N-terminal kinase (JNK) regulates
FoxO activity in the opposite direction (Lehtinen et al., 2006;
Densham et al., 2009; Brown and Webb, 2018). Reversible
acetylation of FoxO regulates its activity as a second
modulation layer. The acetylation of FoxO by cAMP-response
element-binding protein (CREB)-binding protein (CBP), p300 or
p300/CBP-associated factors (PCAF), and the subsequent
deacetylation by class I and II histone deacetylases including
the nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylase sirtuin-1 (Sirt1) alter the transcriptional activity of
FoxO (Imai et al., 2000; Perrot and Rechler, 2005; Haigis and
Sinclair, 2010). Acetylated FoxO is retained in the nucleus for
engaging Sirt1, while deacetylation of FoxO by Sirt1 promotes
FoxO transcriptional activity and accelerates FoxO degradation
(Kitamura et al., 2005). Acetylation reduces the DNA-binding
capacity of FoxO protein and enhances Akt-dependent
phosphorylation of FoxO, suggesting the interplay between
different PTM in regulating FoxO activity. Phosphorylation-
dependent nuclear exclusion and deacetylation-dependent
nuclear retention synergistically regulate the activity of FoxO
protein, and each PTMmay affect another (Matsuzaki et al., 2005;
Qiang et al., 2010).

The Physiological Function of FoxO1
FoxO binds via the DNA-binding domain to the same
consensus binding site (5’-TTGTTTAC-3’) within the
promoter of its target gene. FoxO-DNA affinity differs
between response element and PTM (Brent et al., 2008).
The combination of FoxO with different sets of genes in
different tissues results in a diversity of FoxO-mediated
biological effects. The physiological functions of different

FoxO proteins are not identical (Link and Fernandez-
Marcos, 2017; Murtaza et al., 2017; Brown and Webb, 2018).

FoxO1, highly expressed in insulin-responsive tissues such
as liver, adipose tissue, skeletal muscle, and pancreas,
coordinates transcriptional cascades to modulate glucose
metabolism and is therefore considered as a major governor
of insulin signaling and glucose homeostasis. As a final effector
of the insulin signaling pathway, FoxO1 responds in general to
decreased nutrients by inducing gluconeogenesis in the liver,
inhibiting adipocyte and myocyte differentiation, or shifting
fuel utilization in muscle from glucose to lipids (Dong et al.,
2008; Kousteni, 2012). In the absence of growth factor or
insulin signaling or with stress stimuli, FoxO1 resides in the
nucleus and is active as a transcription factor that governs
apoptosis, autophagy, cell cycle arrest, stress resistance, and
immune response. The program of gene expression
transcriptionally regulated by FoxO1 ordinarily protects
cells from the life-threatening consequences of nutrient,
oxidative, or genotoxic stress (Dong et al., 2008; Murtaza
et al., 2017).

Dysregulation of FoxO1 Activity Is Involved
in the Pathogenesis of Diabetic Kidney
Disease
Several studies suggest that genetic variation in the FoxO1 gene
is a predisposing factor for type 2 diabetes (T2D) or DKD in
humans, revealing that FoxO1 may be involved in the
initiation and development of DKD in patients with T2D,
which provides new insight into the etiology of DKD (Müssig
et al., 2009; Gong et al., 2017; Zhao et al., 2017).

Studies for investigating the protective effects of certain oral
hypoglycemic drugs or natural compounds on the kidneys in
diabetic animal models demonstrate that FoxO1 is an
important target. Xu et al. reported that puerarin, a natural
isoflavone from Pueraria lobata (Wild.), upregulated the
expression of Sirt1, peroxisome proliferator-activated
receptor c coactivator 1α (PGC-1α), and FoxO1 in renal
cortex from type 1 diabetic (T1D) mice. Puerarin reduced
reactive oxygen species (ROS) and increased the activity of
manganese superoxide dismutase (Mn-SOD) and catalase
(CAT), accompanied by attenuated kidney tissue damage.
These findings suggest that puerarin exerts renal protection
effect on DKD through the Sirt1-PGC-1α/FoxO1 pathway (Xu
et al., 2016). In a T2D rat model, liraglutide, a glucagon-like
peptide-1 agonist, markedly reduced renal damage including
the production of ECM proteins. Liraglutide inhibited the
phosphorylation of FoxO1 and increased Mn-SOD
expression in the diabetic kidneys. It seems that liraglutide
exerts a protective effect on early DKD by a FoxO1-mediated
upregulation of renal Mn-SOD (Chen et al., 2018). Hussein
et al. reported that treatment of DKD rats with the Sirt1
agonist resveratrol increased superoxide dismutase (SOD)
activity and reduced malondialdehyde (MDA), collagen
(Col) IV, and fibronectin (FN) expression by increasing
FoxO1 activity (Hussein and Mahfouz, 2016).
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In addition to these in vivo studies, many studies have
investigated the effect of the change in FoxO1 activity on renal
parenchymal cell injury in diabetic conditions by in vitro and in
vivo experiments, as shown below by the different cell types
studied.

Podocyte
Podocyte is one of the components of the glomerular filtration
barrier (GFB) and plays an essential role in maintaining the
integrity of GFB. As a terminal differentiated atypical
epithelial cell, podocyte cannot regenerate after suffering
from injury and apoptosis (Quaggin and Kreidberg, 2008).
Under a diabetic environment, the podocyte often undergoes
hypertrophy, epithelial-mesenchymal cell transformation
(EMT), apoptosis, and detachment, leading to the
impairment and destruction of GFB, which becomes a
crucial constituent in the development of DKD (Figure 1)
(Fioretto andMauer, 2010; Tervaert et al., 2010; Oh et al., 2012;
Dai et al., 2017).

The glomerular insulin signaling is critical for GFB integrity
and normal kidney function (Welsh et al., 2010), and podocyte is
a unique insulin-responsive cell in the GFB (Coward et al., 2005).
The insulin-dependent phosphorylation of Akt was impaired in
the podocytes from diabetic mice at the onset of albuminuria.
Dysregulation of Akt phosphorylation and subsequent FoxO1
phosphorylation in podocytes was associated with its
susceptibility to apoptosis, suggesting that the inability of
podocyte to respond to insulin partially accounts for the
decreased podocyte number seen in early DKD (Tejada et al.,
2008; Katsoulieris et al., 2016).

Several studies investigated the effect of FoxO1 on protecting
podocytes from injury in diabetes. The transcriptional activity of
FoxO1 decreased in the kidney from type 1 diabetic rodents
induced by streptozotocin (STZ) and the podocytes cultured
under high-glucose (HG) condition (Guo et al., 2015; Du
et al., 2016; Li et al., 2016; Li et al., 2017). Guo et al. found
that overexpressing FoxO1 by injection of recombinant lentivirus
into the renal cortex decreased albuminuria and serum urea
nitrogen and creatinine levels, preserved podocalyxin and
nephrin expression, and ameliorated pathological changes in
the glomerulus of diabetic kidneys, suggesting the protective
effect of FoxO1 on podocyte injury (Guo et al., 2015). Li et al.
reported that upregulation of FoxO1 activity reversed HG-
dependent downregulation of PTEN-induced putative kinase 1
(PINK1), an important functional protein in mitophagy, which
suggests that, through downstream PINK1/Parkin pathway,
FoxO1 limits the production of ROS under HG conditions
and maintains mitochondrial morphology and stability, thus
playing a crucial role in the protection against mitochondrial
dysfunction and podocyte apoptosis (Li et al., 2016; Li et al.,
2017). Du et al. found that constitutive FoxO1 activation
suppressed HG-induced activation of the transforming growth
factor (TGF)-β1/Smad3/integrin-linked kinase (ILK) pathway
and thus partially reversed podocyte EMT (Du et al., 2016).

A number of studies have revealed that the renoprotective
effect of certain drugs used to treat diabetes or some protein
molecules is FoxO1-mediated. For example, FoxO1 was

identified as a target of microRNA (miR)-21, and the
upregulation of miR-21 in podocytes cultured under HG
conditions inhibited the expression of FoxO1, thus
attenuating autophagy and promoting apoptosis (Wang
et al., 2019a). While Atrasentan, an endothelin-1 receptor
antagonist (Egido et al., 2017), could enhance FoxO1
expression by downregulating miR-21 and thereby attenuate
HG-induced podocyte injury and hamper the progression of
DKD (Wang et al., 2019a). In another study, progranulin
(PGRN), a secreted glycoprotein, attenuated mitochondrial
damage and dysfunction in the podocytes treated with HG.
Since PGRN induced the expression of Sirt1 and reduced the
acetylation levels of PGC-1α and FoxO1 in HG-treated
podocytes, it suggests that PGRN modulates mitochondrial
biogenesis and mitophagy through Sirt1-PGC-1α/FoxO1
signaling and thus protects against podocyte injury in DKD
(Zhou et al., 2019).

Mesangial Cell
Mesangial cell (MC) plays an important role in maintaining the
structural integrity of glomerular capillary and mesangial matrix
homeostasis. MC also can regulate filtration surface area and
phagocytose apoptotic cells or immune-complexes. MC
hypertrophy and mesangial matrix expansion are among the
earliest pathological features of DKD. MCs are primary targets
of diabetes and they respond differently to a diabetic
environment, where some of them acquire an activated
phenotype undergoing hypertrophy and proliferation with
excessive production of matrix proteins, growth factors,
chemokines, and cytokines, whereas others undergo apoptosis
(Figure 1) (Abboud, 2012).

Das et al. found that HG induced Akt-dependent
phosphorylation of FoxO1, and dominant-negative FoxO1
increased the phosphorylation of Akt. CAT blocks HG-
stimulated Akt phosphorylation to inhibit the inactivation of
FoxO1 and PRAS40, leading to the inhibition of mTORC1
activity. In contrast, HG-inactivated FoxO1 decreased CAT
expression, leading to an increase in ROS production,
mTORC1 activation, MC hypertrophy, and FN and PAI-1
expression. These findings suggest the existence of a positive
feedback loop involving sustained Akt activation, FoxO1
inactivation, decreased CAT expression, and increased ROS,
resulting in mTORC1 activation, MC hypertrophy, and matrix
excessive production (Das et al., 2014).

Wu et al. reported that HG-induced FoxO1 inhibition and
relevant PGC-1α downregulation were accompanied by
mitochondrial dysfunction and increased ROS generation,
whereas constitutive FoxO1 activation increased PGC-1α
expression and partially reversed these changes in MCs. PGC-
1α was identified as a direct transcriptional target of FoxO1.
Overexpression of FoxO1 in diabetic rat kidneys significantly
increased the expression of PGC-1α, mitochondrial-related
transcription factor (Nrf1), and mitochondrial fusion protein
(Mfn2) and decreased MDA production and proteinuria.
These findings suggest that the activation of FoxO1/PGC-1α
attenuated HG-induced mitochondrial dysfunction and MC
injury (Wu et al., 2015).
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Guo et al. found that HG-elevated p-Akt level and subsequent
alleviation of FoxO1 activity were accompanied by the
downregulation of CAT and SOD2 mRNA expression,
activation of TGF-β/Smad signaling, and increases in the
protein expression of FN and Col I in MCs. Conversely,
overexpression of nucleus-localized FoxO1 upregulated the
expression of antioxidative enzymes, accompanied by
inhibition of TGF-β/Smad3 signaling and a decrease in the
expression of ECM proteins. This study suggests that the
antioxidative effect mediated by FoxO1 may play a crucial role
in attenuating TGF-β-induced ECM production in MCs under an
HG environment (Guo et al., 2016).

Fiorentino et al. found that tissue inhibitors ofmetalloproteinase3
(TIMP3), an inhibitor of ADAM metallopeptidase domain 17
(ADAM17), were reduced in the kidneys from type 1 diabetic
mice. In the kidneys of diabetic Timp3-deficient mice, the
expression of FoxO1 and FoxO1-targeted autophagy-related
genes, including Atg5, Atg8, LC3, and Beclin1, was decreased,
and the expression of signal transducers and activator of
transcription 1 (STAT1), a repressor of FoxO1 transcription, was
increased. Renal biopsy of patients with DKD showed similar data.
Knockdown of TIMP3 in the MCs cultured under an HG
environment led to the downregulation of FoxO1 and FoxO1-
targeted autophagy-related genes and an increase in the LC3II/I
ratio. This study suggests that the reduction of autophagy, especially
in MCs, caused by TIMP3 deficiency may deteriorate DKD
(Fiorentino et al., 2013).

Liu et al. reported that overexpression of FoxO1 in MCs
caused upregulation of p27 and downregulation of cyclin D1
and CDK4, which promoted cell cycle arrest at the G0/G1 phase
and attenuated proliferation induced by HG. Degradation of
FoxO1 caused a decrease in p27 and stimulated MCs
proliferation. These findings suggest that FoxO1 is involved in
regulating MCs proliferation induced by HG via FoxO1/p27
signaling (Liu et al., 2014).

In a recent study, metformin effectively attenuated glycolipid
metabolic disorders as well as renal damage in a T2D rat model.
Mechanistically, metformin relieved OS, enhanced autophagy,
and suppressed cell proliferation in cultured MCs stimulated by
HG through AMPK/Sirt1-FoxO1 signaling pathway (Ren et al.,
2020).

Glomerular Endothelial Cell
The glomerular endothelial cell (GEC), which is highly
fenestrated and covered by a rich glycocalyx, participates in
the sieving properties of GFB and in the maintenance of
podocyte structure. Both a reduction in the thickness of the
glycocalyx and a reduction in the fenestration of endothelium
are early characteristics of DKD. GEC injury can occur via
hemodynamic stimuli that cause reduced nitric oxide (NO)
bioavailability via suppression of endothelial nitric oxide
synthase (eNOS), or it can result from growth factor driven
altered metabolism. As GEC is the first cell encountered by
any circulating stimulus relevant to diabetes, it not only is a
direct target of diabetes but also serves as cell sending paracrine
signals to adjacent MC and podocyte (Figure 1) (Dane et al.,
2013; Jourde-Chiche et al., 2019).

Carota et al. reported that the expression of vascular
endothelial protein tyrosine phosphatase (VE-PTP), which can
dephosphorylate tyrosine kinase with Ig and EGF homology
domains 2 (TIE2), was robustly upregulated in the GECs in a
diabetic mouse model. The reduction of TIE2 signaling due to
increased VE-PTP expression under diabetic conditions resulted
in decreased eNOS phosphorylation, as well as increased
FoxO1 levels and its downstream profibrotic and
proinflammatory targets (Carota et al., 2019). In this
study, FoxO1 appears to play an opposite role in GECs
than in other renal parenchymal cells and reduced
transcriptional activity of FoxO1 and subsequent
downstream target genes expression may ameliorate GECs
injury in diabetic rodents. The mechanism of FoxO1 activity
regulation in GEC and the effect of FoxO1 on GEC injury
under diabetic conditions need further studies.

Proximal Tubular Epithelial Cell
Although glomerulosclerosis is a major feature of DKD, the severity
of tubulointerstitial lesions ultimately determines the extent of renal
impairment. Albuminuria, a hallmark of DKD, can activate
proximal tubular epithelial cell (PTEC) to evoke tubulointerstitial
inflammation (Tang et al., 2003). In addition to albumin, several
diabetes-related substrates such as HG, advanced glycation end-
products, and angiotensin II may activate a number of signaling
pathways including nuclear factor kappa B, extracellular signal-
regulated kinase 1/2, p38 mitogen-activated protein kinases,
protein kinase C, STAT1, and ROS generation, leading to the
accumulation of numerous growth factors, cytokines, chemokines,
and adhesion molecules in the interstitium to orchestrate further
inflammation and fibrosis (Figure 1) (Donadelli et al., 2003; Tang
et al., 2003; Tang and Lai, 2012).

Thioredoxin-interacting protein (TXNIP) is a negative regulator
of thioredoxin (TRX). TXNIP-TRX has been shown to be an
important contributor to the enzyme system involved in ROS
production and renal OS (Li et al., 2009; Kibbe et al., 2013). Ji
et al. reported that TXNIP and TXN were identified as the direct
FoxO1 transcriptional targets, and kidney-specific overexpression of
FoxO1 attenuated renal tubular injury by restraining the increase in
TXNIP and the decrease in TRX levels in diabetic mice. The study
suggests that FoxO1 protects against HG-induced renal PTECs
injury through regulating TXNIP-TRX-mediated ROS generation
(Ji et al., 2019).

The activation of STAT1, the phosphorylated form of STAT1
(p-STAT1), has been shown to be involved in tubular EMT and
tubulointerstitial fibrosis (TIF) in animal models including
diabetes (Nakajima et al., 2004; Nightingale et al., 2004).
Huang et al. reported that kidney-specific overexpression of
FoxO1 significantly downregulated p-STAT1, accompanied
by reduced renal damage, apoptosis, and TIF in diabetic mice.
Knockdown of FoxO1 in PTECs enhanced the expression of
p-STAT1, resulting in EMT and apoptosis, whereas
overexpression of FoxO1 markedly inhibited EMT and
apoptosis in PTECs under an HG environment. These
findings suggest that, partially through STAT1 signaling,
FoxO1 plays a protective role against PTECs injury in
DKD (Huang et al., 2019).
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The effects of Sirt1 on suppressing apoptosis induced by kidney
cell injuries, alleviating renal inflammation, improving mitochondrial
function, and repressing OS indicate that it is involved in the
development of DKD (Dong et al., 2014; Wang et al., 2019b).
Zhou et al. reported that HG induced PTECs injury by attenuating
the deacetylase activity of Sirt1 (Zhou et al., 2015). Further study
showed that metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), which belongs to the long noncoding RNA (lncRNA),
was upregulated in the kidney from diabetic mice and in the PTECs
cultured with HG, and the expression of Sirt1 was decreased. The
interaction between MALAT1 and FoxO1 was promoted by HG. By
combination with the promoter of Sirt1, FoxO1 induced Sirt1
transcription, whereas MALAT1 repressed Sirt1 expression by
targeting FoxO1. These findings suggest that the interaction
between lncRNA MALAT1 and FoxO1 represses the transcription

of Sirt1 in PTECs treated with HG and thus promotes HG-induced
PTECs injury (Zhou et al., 2018).

DISCUSSION

Metabolic disturbance, mitochondrial dysfunction, OS,
inflammation, impaired autophagy, and apoptosis may
contribute to diabetic renal cell injury. Data from animal models
and cell experiments suggest that the dysregulation of FoxO1 activity
may be associated with these cellular processes, leading to kidney
damage in the diabetic environment, thereby being involved in the
pathogenesis of DKD. Mechanisms underlying renal cell
damage associated with dysregulation of FoxO1 activity in
HG conditions are summarized in Figure 2.

FIGURE 2 |Mechanisms underlying renal cell damage associated with dysregulation of FoxO1 activity in high-glucose conditions. PINK1, PTEN-induced putative
kinase 1; TGF-β1, transforming growth factor-beta1; ILK, integrin-linked kinase; EMT, epithelial-mesenchymal cell transformation; TIMP3, tissue inhibitors of
metalloproteinase3; CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde; ROS, reactive oxygen species; ECM, extracellular matrix; TXNIP, thioredoxin-
interacting protein; TRX, thioredoxin; p-STAT1, phosphorylated STAT1.
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PTM is an important mechanism for regulating FoxO activity,
and the abnormality in PTM in diabetic conditions is the
common reason for FoxO1 dysfunction. Kidney is an
important target organ of insulin action (Lay and Coward,
2018). The disruption of normal insulin signaling owing to
hyperinsulinemia, insulin resistance, or absolute insulin
deficiency associated with diabetes causes dysregulation of

FoxO1 phosphorylation and subcellular localization, leading to
improper FoxO1 activity and its target genes transcription
(Katsoulieris et al., 2016). Furthermore, the inactivation of
FoxO1 owing to Akt-dependent phosphorylation and the
phosphorylation of Akt owing to FoxO1 inactivation are
mutually reinforcing, which results in a positive feedback
between activation of Akt and inactivation of FoxO1 in
diabetic conditions (Das et al., 2014). On the other hand,
the reduced deacetylase activity of Sirt1 by HG inhibits
transcriptional activity of FoxO1 (Wang et al., 2019b),
while the decreased transcriptional activity of FoxO1
causes the reduced Sirt1 transcription and expression,
which seems also to be positive feedback in diabetic
conditions (Zhou et al., 2018) (Figure 3).

Based on the majority of the available evidence,
dysregulation of FoxO1 activity may reduce the
antioxidant effect to respond to OS, leading to apoptosis,
inflammation, and ECM accumulation in diabetic kidneys.
Given that FoxO1 inactivation induced by high glucose may
be enhanced unceasingly even if hyperglycemia is
controlled, it is conceivable that the self-reinforcement
of the FoxO1 activity dysregulation could be one of the
reasons for the progression of kidney damage in patients
with DKD who have well levels of blood glucose. Therefore,
natural compounds or synthetic drugs that can modulate the
activity of FoxO1 could be a novel therapeutic option for
alleviating DKD. Potential FoxO1 modulators, their cellular

targets, and their effects on cell physiology are summarized in
Table 1.
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FIGURE 3 | Schematic diagram shows that high glucose may induce
two positive feedback loops in which FoxO1 inactivation is involved. Loop A is
positive feedback between activation of Akt and inactivation of FoxO1and loopB is
positive feedback between inactivation of Sirt1 and inactivation of FoxO1.

TABLE 1 | Potential FoxO1 modulators and their effects in DKD.

Modulators Cellular targets Effects on FoxO1-mediated
pathway and cell

physiology

Experimental model of DKD References

Puerarin ↑Sirt1 expression ↑PGC-1α/FoxO1 deacetylation ↓ROS ↑Mn-SOD and CAT
activity

T1D mice Xu et al. (2016)

Liraglutide ↓FoxO1
phosphorylation

↑FoxO1 activity ↑Mn - SOD expression ↓ECM production T2D rats Chen et al. (2018)

Resveratrol ↑Sirt1 activity ↑FoxO1 deacetylation ↑SOD activity ↓MDA expression ↓Col
IV and FN expression

T2D rats Hussein and Mahfouz (2016)

Atrasentan ↓miR-21 expression ↑FoxO1 expression Podocytes cultured in HG, T2D (KK-
Ay) mice
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Progranulin ↑Sirt1 expression ↑PGC-1α/FoxO1 deacetylation ↓Mitophagy ↑Mitochondrial
biogenesis

Podocytes cultured in HG, T1D
mice

Zhou et al. (2019)

Metformin ↑AMPK/Sirt1 ↑FoxO1 activity ↓ROS ↑Autophagy ↓Cell proliferation Mesangial cells cultured in HG, T2D
rats
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T1D, type 1 diabetes; T2D, type 2 diabetes; Mn-SOD, manganese superoxide dismutase; CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde; ROS, reactive oxygen
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Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6306177

Wang and He FoxO1 and DKD

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FUNDING
This work was supported by grants from the National
Nature Science Foundation of China (31571169/

C110201) to WH and the Postgraduate Research
Practice Innovation Program of Jiangsu Province
(SJCX20_0499) to YW.

REFERENCES

Abboud, H. E. (2012). Mesangial cell biology. Exp. Cell Res. 318, 979–985. doi:10.
1016/j.yexcr.2012.02.025

Aoki, M., Jiang, H., and Vogt, P. K. (2004). Proteasomal degradation of the FoxO1
transcriptional regulator in cells transformed by the P3k and Akt oncoproteins.
Proc. Natl. Acad. Sci. USA 101, 13613–13617. doi:10.1073/pnas.0405454101

Arden, K. C. (2008). FOXO animal models reveal a variety of diverse roles for
FOXO transcription factors. Oncogene 27, 2345–2350. doi:10.1038/onc.2008.27

Badal, S. S., and Danesh, F. R. (2014). New insights intomolecular mechanisms of diabetic
kidney disease. Am. J. Kidney Dis. 63, S63–S83. doi:10.1053/j.ajkd.2013.10.047

Bonner, R., Albajrami, O., Hudspeth, J., and Upadhyay, A. (2020). Diabetic kidney
disease. Prim. Care 47, 645–659. doi:10.1016/j.pop.2020.08.004

Brent, M. M., Anand, R., and Marmorstein, R. (2008). Structural basis for DNA
recognition by FoxO1 and its regulation by posttranslational modification.
Structure 16, 1407–1416. doi:10.1016/j.str.2008.06.013

Brown, A. K., and Webb, A. E. (2018). Regulation of FOXO factors in mammalian
cells. Curr. Top. Dev. Biol. 127, 165–192. doi:10.1016/bs.ctdb.2017.10.006

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., et al. (1999). Akt
promotes cell survival by phosphorylating and inhibiting a Forkhead
transcription factor. Cell 96, 857–868. doi:10.1016/s0092-8674(00)80595-4

Brunet, A., Kanai, F., Stehn, J., Xu, J., Sarbassova, D., Frangioni, J. V., et al. (2002).
14-3-3 transits to the nucleus and participates in dynamic nucleocytoplasmic
transport. J. Cell Biol. 156, 817–828. doi:10.1083/jcb.200112059

Carota, I. A., Kenig-Kozlovsky, Y., Onay, T., Scott, R., Thomson, B. R., Souma, T.,
et al. (2019). Targeting VE-PTP phosphatase protects the kidney from diabetic
injury. J. Exp. Med 216, 936–949. doi:10.1084/jem.20180009

Chen, P., Shi, X., Xu, X., Lin, Y., Shao, Z., Wu, R., et al. (2018). Liraglutide
ameliorates early renal injury by the activation of renal FoxO1 in a type 2
diabetic kidney disease rat model. Diabetes Research Clin. Pract. 137, 173–182.
doi:10.1016/j.diabres.2017.09.006

Chen, Y., Lee, K., Ni, Z., and He, J. C. (2020). Diabetic kidney disease: challenges,
advances, and opportunities. Kidney Dis. 6, 215–225. doi:10.1159/000506634

Coward, R. J., Welsh, G. I., Yang, J., Tasman, C., Lennon, R., Koziell, A., et al.
(2005). The human glomerular podocyte is a novel target for insulin action.
Diabetes 54, 3095–3102. doi:10.2337/diabetes.54.11.3095

Dai,H., Liu,Q., andLiu, B. (2017). Researchprogress onmechanismof podocyte depletion
in diabetic nephropathy. J. Diabetes Res. 2017, 2615286. doi:10.1155/2017/2615286

Dane,M. J., van den Berg, B.M., Avramut,M.C., Faas, F. G., van derVlag, J., Rops, A. L.,
et al. (2013). Glomerular endothelial surface layer acts as a barrier against albumin
filtration. Am. J. Pathol. 182, 1532–1540. doi:10.1016/j.ajpath.2013.01.049

Das, F., Ghosh-Choudhury, N., Dey, N., Bera, A., Mariappan, M. M., Kasinath, B.
S., et al. (2014). High glucose forces a positive feedback loop connecting Akt
kinase and FoxO1 transcription factor to activate mTORC1 kinase for
mesangial cell hypertrophy and matrix protein expression. J. Biol. Chem.
289, 32703–32716. doi:10.1074/jbc.M114.605196

Densham, R. M., O’Neill, E., Munro, J., Konig, I., Anderson, K., Kolch, W., et al.
(2009). MST kinases monitor actin cytoskeletal integrity and signal via c-Jun
N-terminal kinase stress-activated kinase to regulate p21Waf1/Cip1 stability.
Mol. Cell. Biol. 29, 6380–6390. doi:10.1128/MCB.00116-09

Donadelli, R., Zanchi, C., Morigi, M., Buelli, S., Batani, C., Tomasoni, S., et al.
(2003). Protein overload induces fractalkine upregulation in proximal tubular
cells through nuclear factor kappaB- and p38 mitogen-activated protein kinase-
dependent pathways. J. Am. Soc. Nephrol. 14, 2436–2446. doi:10.1097/01.asn.
0000089564.55411.7f

Dong, X. C., Copps, K. D., Guo, S., Li, Y., Kollipara, R., DePinho, R. A., et al. (2008).
Inactivation of hepatic Foxo1 by insulin signaling is required for adaptive
nutrient homeostasis and endocrine growth regulation. Cell Metab. 8, 65–76.
doi:10.1016/j.cmet.2008.06.006

Dong, Y. J., Liu, N., Xiao, Z., Sun, T.,Wu, S. H., Sun,W. X., et al. (2014). Renal protective
effect of sirtuin 1. J. Diabetes Res. 2014, 843786. doi:10.1155/2014/843786

Du, M., Wang, Q., Li, W., Ma, X., Wu, L., Guo, F., et al. (2016). Overexpression of
FOXO1 ameliorates the podocyte epithelial-mesenchymal transition induced
by high glucose in vitro and in vivo. Biochem Biophys Res. Commun. 471,
416–422. doi:10.1016/j.bbrc.2016.02.066

Egido, J., Rojas-Rivera, J., Mas, S., Ruiz-Ortega, M., Sanz, A. B., Gonzalez Parra, E.,
et al. (2017). Atrasentan for the treatment of diabetic nephropathy. Expert Opin.
Investig. Drugs 26, 741–750. doi:10.1080/13543784.2017.1325872

Fiorentino, L., Cavalera, M., Menini, S., Marchetti, V., Mavilio, M., Fabrizi, M.,
et al. (2013). Loss of TIMP3 underlies diabetic nephropathy via FoxO1/STAT1
interplay. EMBO Mol. Med. 5, 441–455. doi:10.1002/emmm.201201475

Fioretto, P., and Mauer, M. (2010). Diabetic nephropathy: diabetic nephropathy-
challenges in pathologic classification. Nat. Rev. Nephrol. 6, 508–510. doi:10.
1038/nrneph.2010.96

Fritz, R. D., and Radziwill, G. (2011). CNK1 and other scaffolds for Akt/FoxO signaling.
Biochim. Biophys Acta 1813, 1971–1977. doi:10.1016/j.bbamcr.2011.02.008

Gnudi, L., Coward, R. J. M., and Long, D. A. (2016). Diabetic nephropathy:
Perspective on novel molecular mechanisms. Trends Endocrinol. Metab. 27,
820–830. doi:10.1016/j.tem.2016.07.002

Gong, L., Li, R., Ren,W.,Wang, Z.,Wang, Z., Yang,M., et al. (2017). The FOXO1 gene-
obesity interaction increases the risk of type 2 diabetes mellitus in a Chinese han
population. J. Korean Med. Sci. 32, 264–271. doi:10.3346/jkms.2017.32.2.264

Guo, F., Wang, Q., Zhou, Y., Wu, L., Ma, X., Liu, F., et al. (2016). Lentiviral vector-
mediated FoxO1 overexpression inhibits extracellular matrix protein secretion
under high glucose conditions in mesangial cells. J. Cell. Biochem. 117, 74–83.
doi:10.1002/jcb.25249

Guo, F., Zhang, Y., Wang, Q., Ren, L., Zhou, Y., Ma, X., et al. (2015). Effects of
FoxO1 on podocyte injury in diabetic rats. Biochem. Biophys. Res. Commun.
466, 260–266. doi:10.1016/j.bbrc.2015.09.024

Haigis, M. C., and Sinclair, D. A. (2010). Mammalian sirtuins: biological insights
and disease relevance. Ann. Rev. Pathol. 5, 253–295. doi:10.1146/annurev.
pathol.4.110807.092250

Huang, F., Wang, Q., Guo, F., Zhao, Y., Ji, L., An, T., et al. (2019). FoxO1-mediated
inhibition of STAT1 alleviates tubulointerstitial fibrosis and tubule apoptosis in
diabetic kidney disease. EBioMedicine 48, 491–504. doi:10.1016/j.ebiom.2019.09.002

Huang, H., Regan, K. M., Wang, F., Wang, D., Smith, D. I., van Deursen, J. M., et al.
(2005). Skp2 inhibits FOXO1 in tumor suppression through ubiquitin-
mediated degradation. Proc. Natl. Acad. Sci. USA 102, 1649–1654. doi:10.
1073/pnas.0406789102

Huang, H., and Tindall, D. J. (2011). Regulation of FOXO protein stability via
ubiquitination and proteasome degradation. Biochim. Biophys. Acta 1813,
1961–1964. doi:10.1016/j.bbamcr.2011.01.007

Hussein, M. M., and Mahfouz, M. K. (2016). Effect of resveratrol and rosuvastatin
on experimental diabetic nephropathy in rats. Biomed. Pharmacother. 82,
685–692. doi:10.1016/j.biopha.2016.06.004

Imai, S., Armstrong, C. M., Kaeberlein, M., and Guarente, L. (2000).
Transcriptional silencing and longevity protein Sir2 is an NAD-dependent
histone deacetylase. Nature 403, 795–800. doi:10.1038/35001622

Ji, L., Wang, Q., Huang, F., An, T., Guo, F., Zhao, Y., et al. (2019). FOXO1
overexpression attenuates tubulointerstitial fibrosis and apoptosis in diabetic
kidneys by ameliorating oxidative injury via TXNIP-TRX. Oxi. Med. Cell.
Longev. 2019, 3286928. doi:10.1155/2019/3286928

Jourde-Chiche, N., Fakhouri, F., Dou, L., Bellien, J., Burtey, S., Frimat, M., et al.
(2019). Endothelium structure and function in kidney health and disease. Nat.
Rev. Nephrol. 15, 87–108. doi:10.1038/s41581-018-0098-z

Katsoulieris, E. N., Drossopoulou, G. I., Kotsopoulou, E. S., Vlahakos, D. V., Lianos,
E. A., and Tsilibary, E. C. (2016). High glucose impairs insulin signaling in the
glomerulus: an in vitro and ex vivo approach. PLoS One 11, e0158873. doi:10.
1371/journal.pone.0158873

Kibbe, C., Chen, J., Xu, G., Jing, G., and Shalev, A. (2013). FOXO1 competes with
carbohydrate response element-binding protein (ChREBP) and inhibits
thioredoxin-interacting protein (TXNIP) transcription in pancreatic beta cells.
J. Biol. Chem. 288, 23194–23202. doi:10.1074/jbc.M113.473082

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6306178

Wang and He FoxO1 and DKD

https://doi.org/10.1016/j.yexcr.2012.02.025
https://doi.org/10.1016/j.yexcr.2012.02.025
https://doi.org/10.1073/pnas.0405454101
https://doi.org/10.1038/onc.2008.27
https://doi.org/10.1053/j.ajkd.2013.10.047
https://doi.org/10.1016/j.pop.2020.08.004
https://doi.org/10.1016/j.str.2008.06.013
https://doi.org/10.1016/bs.ctdb.2017.10.006
https://doi.org/10.1016/s0092-8674(00)80595-4
https://doi.org/10.1083/jcb.200112059
https://doi.org/10.1084/jem.20180009
https://doi.org/10.1016/j.diabres.2017.09.006
https://doi.org/10.1159/000506634
https://doi.org/10.2337/diabetes.54.11.3095
https://doi.org/10.1155/2017/2615286
https://doi.org/10.1016/j.ajpath.2013.01.049
https://doi.org/10.1074/jbc.M114.605196
https://doi.org/10.1128/MCB.00116-09
https://doi.org/10.1097/01.asn.0000089564.55411.7f
https://doi.org/10.1097/01.asn.0000089564.55411.7f
https://doi.org/10.1016/j.cmet.2008.06.006
https://doi.org/10.1155/2014/843786
https://doi.org/10.1016/j.bbrc.2016.02.066
https://doi.org/10.1080/13543784.2017.1325872
https://doi.org/10.1002/emmm.201201475
https://doi.org/10.1038/nrneph.2010.96
https://doi.org/10.1038/nrneph.2010.96
https://doi.org/10.1016/j.bbamcr.2011.02.008
https://doi.org/10.1016/j.tem.2016.07.002
https://doi.org/10.3346/jkms.2017.32.2.264
https://doi.org/10.1002/jcb.25249
https://doi.org/10.1016/j.bbrc.2015.09.024
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1016/j.ebiom.2019.09.002
https://doi.org/10.1073/pnas.0406789102
https://doi.org/10.1073/pnas.0406789102
https://doi.org/10.1016/j.bbamcr.2011.01.007
https://doi.org/10.1016/j.biopha.2016.06.004
https://doi.org/10.1038/35001622
https://doi.org/10.1155/2019/3286928
https://doi.org/10.1038/s41581-018-0098-z
https://doi.org/10.1371/journal.pone.0158873
https://doi.org/10.1371/journal.pone.0158873
https://doi.org/10.1074/jbc.M113.473082
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Kidney Disease: Improving Global Outcomes Diabetes Work Group. (2020). KDIGO
2020 clinical Practice guideline for diabetes management in chronic kidney disease.
Kidney Int. 98, S1–S115. doi:10.1016/j.kint.2020.06.019

Kitamura, Y. I., Kitamura, T., Kruse, J. P., Raum, J. C., Stein, R., Gu, W., et al.
(2005). FoxO1 protects against pancreatic beta cell failure through NeuroD and
MafA induction. Cell Metab. 2, 153–163. doi:10.1016/j.cmet.2005.08.004

Kousteni, S. (2012). FoxO1, the transcriptional chief of staff of energy metabolism.
Bone 50, 437–443. doi:10.1016/j.bone.2011.06.034

Lay, A. C., and Coward, R. J. M. (2018). The evolving importance of insulin signaling in
podocyte health and disease. Front. Endocrinol. 9, 693. doi:10.3389/fendo.2018.00693

Lehtinen, M. K., Yuan, Z., Boag, P. R., Yang, Y., Villen, J., Becker, E. B., et al. (2006). A
conserved MST-FOXO signaling pathway mediates oxidative-stress responses and
extends life span. Cell 125, 987–1001. doi:10.1016/j.cell.2006.03.046

Li, W., Du, M., Wang, Q., Ma, X., Wu, L., Guo, F., et al. (2017). FoxO1 promotes
mitophagy in the podocytes of diabetic male mice via the PINK1/parkin
pathway. Endocrinology 158, 2155–2167. doi:10.1210/en.2016-1970

Li, W., Wang, Q., Du, M., Ma, X., Wu, L., Guo, F., et al. (2016). Effects of
overexpressing FoxO1 on apoptosis in glomeruli of diabetic mice and in
podocytes cultured in high glucose medium. Biochem. Biophys. Res.
Commun. 478, 612–617. doi:10.1016/j.bbrc.2016.07.115

Li, X. N., Song, J., Zhang, L., LeMaire, S. A., Hou, X., Zhang, C., et al. (2009).
Activation of the AMPK-FOXO3 pathway reduces fatty acid-induced increase
in intracellular reactive oxygen species by upregulating thioredoxin. Diabetes
58, 2246–2257. doi:10.2337/db08-1512

Link, W., and Fernandez-Marcos, P. J. (2017). FOXO transcription factors at the interface
of metabolism and cancer. Int. J. Cancer 141, 2379–2391. doi:10.1002/ijc.30840

Liu, F., Ma, X. J., Wang, Q. Z., Zhao, Y. Y., Wu, L. N., and Qin, G. J. (2014). The
effect of FoxO1 on the proliferation of rat mesangial cells under high glucose
conditions. Nephrol. Dial. Transplant. 29, 1879-1887. doi:10.1093/ndt/gfu202

Müssig, K., Staiger, H., Machicao, F., Stancáková, A., Kuusisto, J., Laakso, M., et al.
(2009). Association of common genetic variation in the FOXO1 gene with beta-
cell dysfunction, impaired glucose tolerance, and type 2 diabetes. J. Clin.
Endocrinol. Metab. 94, 1353–1360. doi:10.1210/jc.2008.1048

Matsuzaki, H., Daitoku, H., Hatta, M., Aoyama, H., Yoshimochi, K., and Fukamizu,
A. (2005). Acetylation of Foxo1 alters its DNA-binding ability and sensitivity to
phosphorylation. Proc. Natl. Acad. Sci. USA 102, 11278–11283. doi:10.1073/
pnas.0502738102

Murtaza, G., Khan, A. K., Rashid, R., Muneer, S., Hasan, S. M. F., and Chen, J.
(2017). FOXO transcriptional factors and long-term living. Oxi. Med. Cell.
Longev. 2017, 3494289. doi:10.1155/2017/3494289

Nakajima, H., Takenaka, M., Kaimori, J. Y., Hamano, T., Iwatani, H., Sugaya, T.,
et al. (2004). Activation of the signal transducer and activator of transcription
signaling pathway in renal proximal tubular cells by albumin. J. Am. Soc.
Nephrol. 15, 276–285. doi:10.1097/01.asn.0000109672.83594.02

Nightingale, J., Patel, S., Suzuki, N., Buxton, R., Takagi, K. I., Suzuki, J., et al. (2004).
Oncostatin M, a cytokine released by activated mononuclear cells, induces
epithelial cell-myofibroblast transdifferentiation via Jak/Stat pathway
activation. J. Am. Soc. Nephrol. 15, 21–32. doi:10.1097/01.asn.0000102479.
92582.43

Oh, S. W., Kim, S., Na, K. Y., Chae, D. W., Kim, S., Jin, D. C., et al. (2012). Clinical
implications of pathologic diagnosis and classification for diabetic nephropathy.
Diabetes Res. Clin. Prac. 97, 418–424. doi:10.1016/j.diabres.2012.03.016

Perrot, V., and Rechler, M. M. (2005). The coactivator p300 directly acetylates the
forkhead transcription factor Foxo1 and stimulates Foxo1-induced
transcription. Mol. Endocrinol. 19, 2283–2298. doi:10.1210/me.2004-0292

Qiang, L., Banks, A. S., and Accili, D. (2010). Uncoupling of acetylation from
phosphorylation regulates FoxO1 function independent of its subcellular
localization. J. Biol. Chem. 285, 27396–27401. doi:10.1074/jbc.M110.140228

Quaggin, S. E., and Kreidberg, J. A. (2008). Development of the renal glomerulus: good
neighbors and good fences. Development 135, 609–620. doi:10.1242/dev.001081

Ren, H., Shao, Y., Wu, C., Ma, X., Lv, C., and Wang, Q. (2020). Metformin alleviates
oxidative stress and enhances autophagy in diabetic kidney disease via AMPK/SIRT1-
FoxO1 pathway. Mol. Cell. Endocrinol. 500, 110628. doi:10.1016/j.mce.2019.110628

Saline, M., Badertscher, L., Wolter, M., Lau, R., Gunnarsson, A., Jacso, T., et al.
(2019). AMPK and AKT protein kinases hierarchically phosphorylate the
N-terminus of the FOXO1 transcription factor, modulating interactions
with 14-3-3 proteins. J. Biol. Chem. 294, 13106–13116. doi:10.1074/jbc.
RA119.008649

Stanton, R. C. (2014). Clinical challenges in diagnosis and management of diabetic
kidney disease. Am. J. Kidney Dis. 63, S3-21. doi:10.1053/j.ajkd.2013.10.050

Tang, S. C., and Lai, K. N. (2012). The pathogenic role of the renal proximal tubular
cell in diabetic nephropathy. Nephrol. Dial. Transplant. 27, 3049–3056. doi:10.
1093/ndt/gfs260

Tang, S., Leung, J. C., Abe, K., Chan, K. W., Chan, L. Y., Chan, T. M., et al. (2003).
Albumin stimulates interleukin-8 expression in proximal tubular epithelial cells
in vitro and in vivo. J. Clin. Invest. 111, 515–527. doi:10.1172/JCI16079

Tejada, T., Catanuto, P., Ijaz, A., Santos, J. V., Xia, X., Sanchez, P., et al. (2008). Failure to
phosphorylate AKT in podocytes from mice with early diabetic nephropathy
promotes cell death. Kidney Int. 73, 1385–1393. doi:10.1038/ki.2008.109

Tervaert, T. W., Mooyaart, A. L., Amann, K., Cohen, A. H., Cook, H. T.,
Drachenberg, C. B., et al. (2010). Pathologic classification of diabetic
nephropathy. J. Am. Soc. Nephrol. 21, 556–563. doi:10.1681/ASN.2010010010

Thomas, M. C., Brownlee, M., Susztak, K., Sharma, K., Jandeleit-Dahm, K. A.,
Zoungas, S., et al. (2015). Diabetic kidney disease. Nat Rev. Dis. Primers 1,
15018. doi:10.1038/nrdp.2015.18

Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H., Cullen, D. E.,
et al. (2007). FoxOs are critical mediators of hematopoietic stem cell resistance
to physiologic oxidative stress. Cell 128, 325–339. doi:10.1016/j.cell.2007.01.003

Tzivion, G., Dobson, M., and Ramakrishnan, G. (2011). FoxO transcription factors;
Regulation by AKT and 14-3-3 proteins. Biochim. Biophys. Acta 1813,
1938–1945. doi:10.1016/j.bbamcr.2011.06.002

Wang, J., Shen, L., Hong, H., Li, J., Wang, H., and Li, X. (2019a). Atrasentan
alleviates high glucose-induced podocyte injury by the microRNA-21/forkhead
box O1 axis. Eur. J. Pharmacol. 852, 142–150. doi:10.1016/j.ejphar.2019.03.013

Wang, W., Sun, W., Cheng, Y., Xu, Z., and Cai, L. (2019b). Role of sirtuin-1 in diabetic
nephropathy. J. Mol. Med. 97, 291–309. doi:10.1007/s00109-019-01743-7

Welsh, G. I., Hale, L. J., Eremina, V., Jeansson, M., Maezawa, Y., Lennon, R., et al.
(2010). Insulin signaling to the glomerular podocyte is critical for normal
kidney function. Cell Metab. 12, 329–340. doi:10.1016/j.cmet.2010.08.015

Wu, L., Wang, Q., Guo, F., Zhou, Y., Ji, H., Liu, F., et al. (2015). Activation of
FoxO1/PGC-1alpha prevents mitochondrial dysfunction and ameliorates
mesangial cell injury in diabetic rats. Mol. Cell. Endocrinol. 413, 1–12.
doi:10.1016/j.mce.2015.06.007

Xu, X., Zheng, N., Chen, Z., Huang, W., Liang, T., and Kuang, H. (2016). Puerarin,
isolated from Pueraria lobata (Willd.), protects against diabetic nephropathy by
attenuating oxidative stress. Gene 591, 411–416. doi:10.1016/j.gene.2016.06.032

Zhao, X., Gan, L., Pan, H., Kan, D., Majeski, M., Adam, S. A., et al. (2004). Multiple
elements regulate nuclear/cytoplasmic shuttling of FOXO1: characterization of
phosphorylation- and 14-3-3-dependent and -independent mechanisms.
Biochem. J. 378, 839–849. doi:10.1042/BJ20031450

Zhao, Y., Wei, J., Hou, X., Liu, H., Guo, F., Zhou, Y., et al. (2017). SIRT1 rs10823108
and FOXO1 rs17446614 responsible for genetic susceptibility to diabetic
nephropathy. Sci. Rep. 7, 10285. doi:10.1038/s41598-017-10612-7

Zhou, D., Zhou, M., Wang, Z., Fu, Y., Jia, M., Wang, X., et al. (2019). PGRN acts as
a novel regulator of mitochondrial homeostasis by facilitating mitophagy and
mitochondrial biogenesis to prevent podocyte injury in diabetic nephropathy.
Cell Death Dis. 10, 524. doi:10.1038/s41419-019-1754-3

Zhou, L., Xu, D. Y., Sha, W. G., Shen, L., and Lu, G. Y. (2018). Long non-coding
RNA MALAT1 interacts with transcription factor Foxo1 to regulate SIRT1
transcription in high glucose-induced HK-2cells injury. Biochem. Biophys. Res.
Commun. 503, 849–855. doi:10.1016/j.bbrc.2018.06.086

Zhou, L., Xu, D. Y., Sha, W. G., Shen, L., Lu, G. Y., Yin, X., et al. (2015). High
glucose induces renal tubular epithelial injury via Sirt1/NF-kappaB/microR-29/
Keap1 signal pathway. J. Transl. Med. 13, 352. doi:10.1186/s12967-015-0710-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang and He. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6306179

Wang and He FoxO1 and DKD

https://doi.org/10.1016/j.kint.2020.06.019
https://doi.org/10.1016/j.cmet.2005.08.004
https://doi.org/10.1016/j.bone.2011.06.034
https://doi.org/10.3389/fendo.2018.00693
https://doi.org/10.1016/j.cell.2006.03.046
https://doi.org/10.1210/en.2016-1970
https://doi.org/10.1016/j.bbrc.2016.07.115
https://doi.org/10.2337/db08-1512
https://doi.org/10.1002/ijc.30840
https://doi.org/10.1093/ndt/gfu202
https://doi.org/10.1210/jc.2008.1048
https://doi.org/10.1073/pnas.0502738102
https://doi.org/10.1073/pnas.0502738102
https://doi.org/10.1155/2017/3494289
https://doi.org/10.1097/01.asn.0000109672.83594.02
https://doi.org/10.1097/01.asn.0000102479.92582.43
https://doi.org/10.1097/01.asn.0000102479.92582.43
https://doi.org/10.1016/j.diabres.2012.03.016
https://doi.org/10.1210/me.2004-0292
https://doi.org/10.1074/jbc.M110.140228
https://doi.org/10.1242/dev.001081
https://doi.org/10.1016/j.mce.2019.110628
https://doi.org/10.1074/jbc.RA119.008649
https://doi.org/10.1074/jbc.RA119.008649
https://doi.org/10.1053/j.ajkd.2013.10.050
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.1172/JCI16079
https://doi.org/10.1038/ki.2008.109
https://doi.org/10.1681/ASN.2010010010
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1016/j.bbamcr.2011.06.002
https://doi.org/10.1016/j.ejphar.2019.03.013
https://doi.org/10.1007/s00109-019-01743-7
https://doi.org/10.1016/j.cmet.2010.08.015
https://doi.org/10.1016/j.mce.2015.06.007
https://doi.org/10.1016/j.gene.2016.06.032
https://doi.org/10.1042/BJ20031450
https://doi.org/10.1038/s41598-017-10612-7
https://doi.org/10.1038/s41419-019-1754-3
https://doi.org/10.1016/j.bbrc.2018.06.086
https://doi.org/10.1186/s12967-015-0710-y
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Improving the Dysregulation of FoxO1 Activity Is a Potential Therapy for Alleviating Diabetic Kidney Disease
	Introduction
	The Regulation of FoxO Activity
	The Physiological Function of FoxO1
	Dysregulation of FoxO1 Activity Is Involved in the Pathogenesis of Diabetic Kidney Disease
	Podocyte
	Mesangial Cell
	Glomerular Endothelial Cell
	Proximal Tubular Epithelial Cell


	Discussion
	Author Contributions
	Funding
	References


