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ARTICLE INFO ABSTRACT

Keywords: Diabetic vascular complications can affect both microvascular and macrovascular. Diabetic microvascular
N?X4 ) o complications, such as diabetic nephropathy, diabetic retinopathy, diabetic neuropathy, and diabetic cardio-
Diabetic vascular complications myopathy, are believed to be caused by oxidative stress. The Nox family of NADPH oxidases is a significant

Epigenetic regulation
Nox4 inhibitors
Dietary strategies

source of reactive oxygen species and plays a crucial role in regulating redox signaling, particularly in response to
high glucose and diabetes mellitus. This review aims to provide an overview of the current knowledge about the
role of Nox4 and its regulatory mechanisms in diabetic microangiopathies. Especially, the latest novel advances
in the upregulation of Nox4 that aggravate various cell types within diabetic kidney disease will be highlighted.
Interestingly, this review also presents the mechanisms by which Nox4 regulates diabetic microangiopathy from
novel perspectives such as epigenetics. Besides, we emphasize Nox4 as a therapeutic target for treating micro-
vascular complications of diabetes and summarize drugs, inhibitors, and dietary components targeting Nox4 as
important therapeutic measures in preventing and treating diabetic microangiopathy. Additionally, this review
also sums up the evidence related to Nox4 and diabetic macroangiopathy.

1. Introduction The role of oxidative stress in promoting diabetic microangiopathy has
been acknowledged as critical in recent decades. Reactive oxygen spe-

Diabetic microangiopathy is the earliest and most common compli- cies (ROS) are generated through several pathways, including the
cation of diabetes, which is caused by micro-arterial, capillary, and mitochondrial electron transport chain, cytochrome P450, xanthine
micro-venous lesions. It can involve all tissues and organs of the body, in oxidase, and uncoupled nitric oxide synthase [1-4]. Apart from that,
particular the kidney, retina, myocardium, and nerve tissue clinically nicotinamide adenine dinucleotide phosphate oxidase (Nox) is consid-
manifested as diabetic kidney disease (DKD), diabetic retinopathy (DR), ered to be a significant contributor to the production of ROS in the or-
diabetic cardiomyopathy (DCM), and diabetic neuropathy, respectively. ganism [5,6]. The Nox family comprises of seven isoforms so far, which
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are Nox1, Nox2, Nox3, Nox4, Nox5, Doux1, and Doux 2, where Nox4 is
the most well-studied one.

Combined with the latest research progress, the objective of this
review is to concentrate on the molecular properties and biological
functions of Nox4 and its role in diabetic microangiopathy, especially
the mechanism of Nox4 action on different cell types during the devel-
opment of DKD, and summarizes therapeutic approaches targeting Nox4
in diabetic microangiopathy. Finally, evidence is drawn for the associ-
ation of Nox4 with diabetic macroangiopathy, a complication frequently
observed in patients with diabetes, which can lead to conditions such as
diabetic atherosclerosis, aortic disease, coronary artery disease, pe-
ripheral arterial disease, and cerebrovascular disease.

2. Molecular properties and biological functions of Nox4 and
other Nox proteins

Nox was first discovered in macrophages, otherwise known as the
phagocyte Nox family proteins. The oxidase complex consists of six
subunits, namely gp91phox (also called Nox2), p22phox, p47phox,
p67phox, p40phox, and Rac. Among them, gp91phox, located on the
plasma membrane with p22phox, is the major catalytic subunit, while
the other four subunits are distributed in the cytoplasm, also called
regulatory subunits. When exposed to an external stimulus, the regula-
tory subunits could form an enzymatic complex by binding to p22phox,
which catalyzes the reaction of NADPH-dependent oxygen molecules
that reduces into superoxide anions and thus exert cellular defense
functions. Subsequently, a series of homologs of Nox2 (the non-
phagocyte Nox family proteins) were identified in multiple cell types,
including Nox1, Nox3, Nox4, Nox5, Duox1, and Duox2, and then the
scientific community called Nox2 and its homologs collectively as Nox
family proteins. The differences in the structure of the Nox family pro-
teins lead to the variance in their activation mechanisms and biological
functions. Nox1, Nox3, and Nox4, sharing a similar structure with Nox2,
use p22phox as an activator [7]. Notably, to exert biological effects,
Nox1-3 need to bind to their respective regulatory subunits to form
active Nox complexes, proving that the Nox complexes are mediated by
complex protein-protein interactions. Comparatively, Nox4 does not
require further activation by other regulatory subunits [8], its expres-
sion level is directly regulated by various external stimuli instead.
Conversely, Nox5, Duox1, and Duox2 isoforms are not subject to regu-
lation by p22phox or other regulatory subunits [7,9], but rely on
intracellular EF-hand calcium-binding domains to bind to enzymes and
thus exert their biological functions [9,10].

Nox1 was initially discovered in the colonic epithelium and shares
60% homology with Nox2, whose regulative subunits are the p47phox
homolog (Nox Organizing protein 1, NoxO1), the p67phox homolog
(Nox Activating protein 1, NoxAl), and Rac. Some reports have also
suggested that p47phox and p67phox might be capable of partially
replacing NoxO1 and NoxA1l, respectively. Similar to Nox2, Nox1 is a
superoxide-generating enzyme that mainly produces superoxide anions
[9,11]; Nox3 is discovered to be highly expressed in various regions of
the inner ear, such as the vestibule, the cochlear sensory epithelium, and
the spiral ganglia, thus named as the inner ear NADPH oxidase. Nox3
shares 56% homology with Nox2, whose regulatory subunit is NoxO1.
However, the formation mechanism of Nox3 complex is still to be
elucidated. Similar to Nox2, the oxidation product of Nox3 is a super-
oxide anion [12]. Nox4, initially identified from the kidney, is a protein
containing 578 amino acids, which shares 39% homology with Nox2
[9]. Its activity is largely dependent on its expression level in tissues or
cells [4]. Recently, it was found that both Poldip2 (formerly referred to
as NoxR1) and Tks5 (structurally related to p47phox protein) can
interact with p22phox and enhance Nox4 activity consequently [13,14],
implying that one or more unknown proteins may regulate the forma-
tion of the Nox4 complex and affect its activity. Different from other Nox
proteins, Nox4 can further convert superoxide anions into hydrogen
peroxide (H202). Although Nox4 primarily produces H20a,
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Nox4-dependent superoxide production has been detected in vascular,
cardiac, and renal cells and tissues in some studies [5,15,16]; Nox5, also
known as Ca?*-dependent homolog, has been identified in lymphoid
tissue and testis sharing 27% homology with Nox2 [17]. However, the
functional importance of this isoform remains uncertain as it is only
found in the human vasculature but not in rodents, limiting the study of
its role in vascular lesions. Similar to Nox2, Nox5 mainly produces su-
peroxide anions. Duox 1 and Duox 2 were initially named as thyroid
oxidase owing to their expression largely in the thyroid gland. The
proteins show 53% and 47% homology with Nox2, respectively [18].
Current studies have found their association with hormone synthesis,
but it is still unknown whether they are involved in the development of
vascular lesions. Duox 1 and Duox 2 are similar to Nox4 in that they
mainly produce H20,. In the NADPH oxidase family, the expressions of
Nox1, Nox2, Nox4, and Nox5 have been identified in target organs of
diabetic complications, including blood vessels, retina, kidney, and pe-
ripheral nerves [9]. However, the expression of Nox3, Duox 1, and Duox
2 in tissues involved in diabetic microangiopathy has not yet been re-
ported. Despite significant progress in studying the molecular properties
and biological functions of Nox isomers, the specific functions of each
Nox remain unclear. Nevertheless, it is undeniable that Nox plays a
crucial role in end-organ damage in conditions such as diabetes, kidney
disease, hypertension, and atherosclerosis. This review focuses primar-
ily on Nox4 due to its abundantly expressed in various tissues, which has
made it the most extensively studied member of the Nox family.

Nox4 was initially thought to be unique in the kidney because it was
most abundantly expressed in this organ and was thus termed renal
NADPH oxidase (Renox) [19]. However, more and more recent studies
have found that Nox4 also expresses and functions in non-renal cells,
including cardiomyocytes [20], neurons [21], vascular smooth muscle
cells [15], and osteoblasts [22]. Currently, inducers such as hypergly-
cemia [23,24], insulin [25], transforming growth factor-p (TGF-f) [26,
271, angiotensin II (Ang II) [28,29], oxidized low density lipoprotein
(0Ox-LDL) [30,31], insulin-like growth factor 1 (IGF-1) [32,33], vascular
endothelial growth factor (VEGF) [34,35], aldosterone [36,37], and
prostacyclin [38]have been reported to inspire the upregulation of
Nox4, leading to excessive ROS production. Diabetic microvascular
complications can further increase the levels of Nox4-derived ROS in
cells and tissues by upregulating the abovementioned inducers, partic-
ularly Ang II and TGF-p, through hyperglycemia. Unlike phagocyte
NADPH oxidases that mainly serves cellular defense, ROS produced by
non-phagocyte NADPH oxidases (e.g. Nox4) functions basically as sec-
ondary messengers for signaling in various biological processes,
including cell proliferation, differentiation, apoptosis, growth factor
receptor signaling, senescence, gene expression, oxygen sensing and
angiogenesis [4,6,9,39,40], and its excessive generation may induce the
emergence and advancement of diseases.

3. Nox4 and diabetic microangiopathy

In recent years, Nox4 has been identified to play a crucial part in
hyperglycemia-triggered renal damage, meanwhile, its impact on other
microangiopathies caused by hyperglycemia has also been recognized
gradually. This review article centers on exploring the impact of Nox4 in
the development of DKD, DR, DCM, and diabetic neuropathy (Fig. 1),
with special attention given to its role in DKD (Fig. 2). Additionally, this
paper examines the practicality of targeting Nox4 as a potential therapy
for addressing microvascular complications in diabetes.

3.1. Nox4 and diabetic kidney disease

Diabetic kidney disease, a diabetes-induced microangiopathy of the
kidney, is among the most prevalent and severe diabetic microvascular
complications. It is reported that 20-40% of diabetic individuals may
develop DKD—the main cause of end-stage renal disease (ESRD) [41].
Primary pathological features of DKD are glomerular and tubular
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Fig. 1. Upstream and downstream effectors of Nox4 involved in diabetic
microvascular complications exposed to high glucose and diabetes. Abbrevia-
tions: HIF-1: hypoxia inducible factor-1; ChREBP: carbohydrate-responsive
element-binding protein; PKC: protein kinase C; TXNIP: thioredoxin interact-
ing protein; FOXP1: forkhead box protel; Cx32: Connexin 32; TRPC6: transient
receptor potential channel 6; AMPK: AMP-activated protein kinase; CYP4A: 4A
family cytochrome P450; MIOX: Myo-Inositol Oxygenase; Egrl: early growth
response 1; VEGF: vascular endothelial growth factor; Ang II: angiotensin II;
TGF-p: transforming growth factor-p; LXR: liver X receptor.

hypertrophy, mesangial cell injury, extracellular matrix accumulation,
glomerular and tubular basement membrane thickening, and podocyte
dysfunction, finally leading to proteinuria, glomerulosclerosis, and
tubular interstitial fibrosis [42]. Affected cells in DKD mainly include
glomerular mesangial cells, glomerular epithelial cells (also called as
podocytes), and tubular epithelial cells. Under pathological conditions,
excessive production of tissue or cellular ROS leads to oxidative stress,
which is critical in the onset and advancement of DKD. Nox4 is thought
to be a primary origin of oxidative stress in the diabetic kidney and a key
mediator of redox signaling among glomerular and tubular cells exposed
to high glucose environments. Nox4 is widely distributed in a variety of
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DKD-associated renal cells, whose abnormal activation may induce the
development of glomerular mesangial cell hypertrophy, extracellular
matrix protein accumulation, podocyte apoptosis, inflammation, and
tubulointerstitial fibrosis. Such variation in structure or function may be
influenced by cell type, subcellular localization, molecular concentra-
tion, disease stage, and other unexplored factors [43].

3.1.1. Nox4 and diabetic kidney

Due to its substantial expression in renal tissue, Nox4 is thought to be
critical in the pathogenesis of DKD. In streptozotocin (STZ)-induced
diabetic rat kidneys, Etoh et al. detected an elevation in the expression of
Nox4, p22phox, and DNA damage marker 8-hydroxydeoxyguanosine (8-
OHAG) induced by ROS, however, the expression level could be restored
through  insulin  treatment [44], which suggested that
hyperglycemia-induced upregulation of Nox4 may be a significant
contributor in the process of oxidative damage in diabetic kidney.
Subsequently, more in vivo and in vitro studies on DKD models have
shown that the knockdown or silencing of Nox4 greatly slowed down
oxidative damage in the kidney [5,23,45].

Currently, the molecular mechanisms by which diabetes and high
glucose-regulated Nox4 are intricate and not fully elucidated. Rho/Rho-
kinase and protein kinase C (PKC) may be key factors in high glucose-
induced upregulation of Nox4 expression. An in vivo study has
confirmed that Rho-kinase is contributes to renal vascular endothelial
dysfunction in type 1 diabetes (TIDM) by enhancing oxidative stress,
and Fasudil, a Rho-kinase inhibitor, could effectively reverse the upre-
gulation of renal cortical Nox4 expression and the elevated excretion of
urinary albumin and 8-OHdG in diabetic rats [46,47], suggesting that
Rho/Rho-kinase may be an upstream regulator of Nox4. In another
study, compared to wild-type diabetic mice, PKC-p~/~ diabetic mice
showed reduced Nox4 expression in the renal cortex, declined urinary
level of oxidative stress indicators such as isoprostane and 8-OHdG,
alleviated proteinuria, and significantly improved glomerular structure
and function [48]. It indicates that PKC, as a potential upstream regu-
lator of Nox4, is a significant contributor to oxidative damage in diabetic
kidney, but additional in vitro researches are necessary to illustrate the
specific types of kidney cells where this regulatory mechanism works.

Furthermore, Hu et al. reported that the knockdown of Egrl in HFD/
STZ-induced mice and TGF-B1-treated renal tubular epithelial cells (HK-
2) may downregulate the expression of Nox4 and a-SMA, reduce ROS
level, and alleviate epithelial-mesenchymal transition (EMT). In
contrast, transfecting cells via Egrl encoded plasmid (pcDNA3-Egrl)
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Fig. 2. Nox4-dependent signaling pathways associated with diabetic kidney disease and their consequences, including renal fibrosis, inflammation, mesangial matrix
expansion, apoptosis, ECM accumulation, proteinuria and impaired systolic function of MCs.
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could reverse such alterations [49]. It provides evidence that Egrl
functions as a transcriptional activator of Nox4 influencing the oxidative
stress in DKD. Recently, there are also reports indicating the critical role
of the Connexin 32 (Cx32)-Nox4 signaling axis in DKD, showing a
marked downregulation of Cx32 expression and a notable increase of
Nox4 expression in the kidneys of STZ-induced diabetic mice. After Cx32
overexpression treatment, diabetic mice witnessed a drop in Nox4 level,
accompanied by the normalization of renal function and fibrosis, while
Cx32 deficiency led to the opposite result. This study further established
that Cx32 mitigates renal fibrosis in diabetic mice by inhibiting Smurf1l
expression and thus promoting Nox4 degradation [50]. It is evident that
targeting the Cx32-Nox4 signaling pathway appears to be a promising
approach for the development of new therapies for DKD. Furthermore,
Nayak et al. found that HIF-1 expression increased in the kidney of
OVEZ26 type 1 diabetic mice, resulting in higher Nox4 protein expression
and NADPH-dependent ROS generation, glomerular hypertrophy in the
whole kidney, mesangial matrix expansion, extracellular matrix accu-
mulation, and urinary albumin excretion. In contrast, HIF-1 inhibitor
(YC-1) could reverse the above phenomena, while the blood glucose
level remained unchanged [51]. This study suggests that HIF-1 may be
implicated in the oxidative damage in DKD by regulating the Nox4
mechanism. Lately, studies have revealed an wupregulation of
carbohydrate-responsive element-binding protein (ChREBP) and thio-
redoxin interacting protein (TXNIP) expression in the kidneys of type 2
diabetes mellitus (T2DM) patients and diabetic mice. The knockdown of
ChREBP may inhibit the protein expression levels of TXNIP, Nox4,
8-OHdG, and heme oxygenase-1 in the kidney, improving kidney func-
tion and apoptosis. This phenomenon has also been confirmed in high
glucose-induced HK-2 cell experiments [52], suggesting that ChREBP
may function as an upstream regulator of Nox4 for preventiing and
treating DKD effectively. Another research showed that ADAM17 and
NADPH oxidase activity, Nox4 and fibronectin expression, and cellular
collagen content increased in the renal cortex of OVE26 type 1 diabetic
mice and the mouse proximal tubular epithelial cells (MCTs) cultured
with high glucose, and provoked matrix protein accumulation through
Nox4-derived oxidative stress. Comparatively, when cells were
pre-exposed with ADAM17 inhibitor (TMI-005) or transfected with
ADAM17-siRNA, Nox4 expression and oxidative stress-induced matrix
protein accumulation were inhibited [53]. The study suggests that
ADAM17 is an upstream regulator of Nox4 and could emerge as a novel
therapeutic target for DKD.

Nox4 can also activate multiple signaling pathways as a second
messenger and thus get involved in key events of DKD, while renal hy-
pertrophy and extracellular matrix accumulation are among the initial
characteristic of the disease. Gorin et al. confirmed that the regulation of
renal hypertrophy and fibronectin expression may be facilitated by ROS
derived from Nox4 in STZ-induced diabetic rats by activating two pro-
tein kinases, Akt/PKB and ERK1/2 [5]. As the disease progresses, in-
flammatory and fibrotic changes occur gradually in the kidney, which
are important pathogeneses for the prolonged development of DKD.
Some research has reported that Nox4 is connected to inflammation and
fibrosis in the kidney affected by diabetes [54]. In a study conducted on
the STZ-induced ApoE " diabetic mouse model, Nox4 knockdown or
inhibition (GKT137831) was found to be protective against glomerular
injury, manifested by reduced proteinuria, structural lesions, glomerular
extracellular matrix protein (Collagen IV, Fibronectin) accumulation,
glomerular oxidation products, glomerular macrophage infiltration, and
declined expression of renal monocyte chemoattractant protein-1
(MCP-1) and nuclear transcription factor kappa B (NF-kB) [45,55].
The research indicates that Nox4 is potentially a prospect for reducing
inflammation of diabetic kidney. In addition, two recent studies con-
ducted by Chen et al. further confirmed that Nox4 could mediate the
development of diabetic renal fibrosis [50,56]. In summary, Nox4, a key
mediator in redox signaling, participates in abnormal renal structural
alteration as a second messenger.
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3.1.2. Nox4 and glomerular mesangial cells

Glomerular mesangial cells are very active cells within the glomer-
ulus and have the property of secreting cellular matrix. Nox4 is involved
in the oxidative injury of glomerular mesangial cells caused by high
glucose. As reported, in diabetic rat renal cortex and rat glomerular
mesangial cells exposed to high glucose, the expression of Nox4 and the
superoxide products derived by NAPDH oxidase were increased, and
Nox4 was found to be mainly localized to mitochondria, participating in
mitochondrial ROS production. The suppression of Nox4 by siRNA may
lead to a significantly reduction in high glucose-induced mitochondrial
superoxide production in mesangial cells [57], showing that glomerular
mesangial cell injury caused by high glucose is linked to Nox4-derived
oxidative damage in mitochondria.

1) Upstream regulatory mechanism of Nox4

Activation of PKC is essential for NADPH oxidase-mediated ROS
production in numerous biological processes. It was shown that the
levels of gene expression for Nox4 and p22phox were augmented in
mesangial cells subjected to high glucose exposure for an extended
period (day 7 or 8). However, such changes were completely reversed by
the combination with PKC inhibitors on the latter two days, suggesting
that high glucose may activate Nox4 through a PKC-dependent mecha-
nism [44]. Despite this, to better elucidate the association between
Nox4-generated ROS and PKC, Thallas-Bonke et al. used diabetic mice
(C57Bl6/J) with a genetic deletion of Nox4 and observed that the lack of
Nox4 not only attenuated glomerulosclerosis, increased mesangial ma-
trix, diabetes-associated proteinuria, and renal oxidative damage, but
also inhibited renal PKC activity and the expression of its different iso-
forms (PKC-a, PKC-p1) [58], showing that Nox4 deletion may attenuate
renal structural and functional damage through the PKC pathway,
further confirming that Nox4 inhibition is an effective measure to
mitigate diabetic kidney injury. The above two studies reveal that the
regulatory mechanism between PKC and Nox4 may be bidirectional, and
more studies are needed to certify it subsequently.

Furthermore, it was shown that the activation of HuR in high
glucose-exposed glomerular mesangial cells (MCs) and STZ-injected
diabetic mouse models is a prerequisite for increased Nox4 expression
and ROS generated by high glucose, and subsequent fibrotic injury in
MCs. When cells were pretreated with HuR siRNAs, Nox4 protein
expression was significantly inhibited and fibrotic injury in MCs was
thence reduced. Interestingly, after overexpression treatment of HuR,
Nox4 expression also increased in MCs even without high glucose
exposure [59]. The above results support the involvement of HuR in
high glucose-induced fibrotic damage in MCs by regulating Nox4, which
provides a new strategy to inhibit the advancement of chronic kidney
disease. Additionally, experiments have identified TXNIP as a possible
intermediate in the process of ROS production by mitochondria and
Nox4 in high glucose-induced MCs. The ROS generated by the whole cell
and the mitochondria, Nox4 protein expression, and NAPDH oxidase
activity significantly raised in the high glucose-treated MCs of wild-type
C3H mice, whereas MCs cultured from TXNIP-deficient Hcb-19 mice
manifested no corresponding changes in the high glucose environment.
Notably, MCs from TXNIP deficient C3H mice exhibited responses
similar to Hcb-19 MCs, while Hcb-19 MCs after TXNIP adenoviral
transfection restored mitochondrial ROS production and Nox4 expres-
sion [60], which profoundly illustrated that TXNIP is an upstream
regulator mediating Nox4-dependent ROS generation stimulated by
high glucose in MCs. Meanwhile, Xiang et al. discovered that high
glucose stimulus remarkably inhibited FOXP1 expression and enhanced
ROS production in MCs. FOXP1 overexpression treatment prevented the
abnormal activation of Akt/mammalian target of rapamycin (mTOR)
signaling in MCs exposed by high glucose, significantly reduced Nox4
expression and ROS generation, and resisted oxidative stress, prolifer-
ation, and extracellular matrix accumulation in MCs [61], implying that
FOXP1 regulates abnormal Nox4 activation in high glucose-induced
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MCs by blocking the Akt/mTOR pathway.
2) Downstream regulatory mechanisms of Nox4

Recent reports have emphasized that in kidneys of diabetic mice and
high glucose-induced rat MCs, the expression of Nox4, Intercellular
Adhesion Molecule-1 (ICAM-1) and fibronectin (FN) was increased,
while the expression of Cx32 and TRPC6 protein was significantly
reduced. FN and ICAM-1 were the main factors aggravating diabetic
kidney fibrosis, while Cx32 has been proven to be protective against
diabetic renal fibrosis. To confirm that the abnormal activation of Nox4
or excessive reduction of Cx32 is connected to the fibrotic process
induced by high glucose in MCs, it was found that both Nox4 gene
silencing and Cx32 gene overexpression could reverse the profibrotic
process induced by high glucose, which further validated the interaction
between Cx32 and Nox4 [56]. In conclusion, this study shows that the
Cx32-Nox4 signaling pathway is involved in the fibrotic damage process
in the diabetic kidney. Excitingly, both cellular and animal experiments
have also revealed that Polydatin (PD) can reverse fibrotic changes in
DKD models, however, overexpression of Nox4 and knockdown of Cx32
could both abolish the inhibitory effect of PD on ICAM-1 and FN
expression exposed by high glucose in rat glomerular mesangial cells
[56]. Research has also shown that resveratrol could alleviate renal
fibrosis in db/db diabetic mice by activating AMP-activated protein ki-
nase (AMPK) and thereby reducing the overexpression of Nox4 in high
glucose-induced fibroblasts [62]. The above results suggest that
PD/resveratrol can relieve fibrosis through Cx32-Nox4 or AMP-
K/Nox4/ROS signaling pathway in diabetic kidney, providing clues to
further exploring the molecular mechanism of Nox4-mediated diabetic
kidney fibrosis.

In addition, a considerable decrease in TRPC6 protein induced by
high glucose may be a key factor in the impaired contractile function of
MCs, mainly due to increased Nox4-derived ROS production and the
activation of PKC-a. Overexpression of Nox4 in rat MCs infected with
adenovirus encoding human Nox4 (Ad-Nox4) or the use of PKC activator
(PMA) could both significantly reduce TRPC6 expression. In contrast,
knockdown of Nox4 by siRNA-Nox4 or overexpression of TRPC6
significantly increased TRPC6 expression, thereby reversing the con-
tractile function impairment of high glucose-induced MCs. This study
suggests that the Nox4-ROS-PKC-TRPC6 pathway may be a potential
molecular mechanism for contractile function damage of high glucose-
induced MCs, and the molecules are inter-regulative [63].

3.1.3. Nox4 and podocytes

Podocyte damage occurs in the initial stage of DKD and plays a key
role in early proteinuria [64]. Meanwhile, Nox4 is a vital contributor to
the development of podocyte injury. One study found that the expres-
sion of VEGF and renin decreased in male floxedNox4 and
podocyte-specific Nox4 deletion (podNox4KO) mice, such was also the
case with the accumulation of glomerular collagen fibronectin (Collagen
IV, etc.), glomerulosclerosis, glomerular basement membrane thick-
ening, and mesangial expansion. In addition, knockdown of podocyte
Nox4 effectively inhibited the overproduction of ROS, glomerular
MCP-1, andPKC-a induced by diabetes [65], indicating that Nox4 is
engaged in podocyte injury and albuminuria production in DKD.

1) Downstream regulatory mechanisms of Nox4

The role of Nox4 in ROS generation and apoptosis of high glucose-
induced podocytes has been confirmed by many studies [1,66]. In
glomeruli of OVE26 type 1 diabetic mouse and high glucose-exposed
mouse podocytes, Nox4 protein expression was upregulated, along
with an increase in cellular ROS, NADPH oxidase-dependent superoxide,
and 4A family cytochrome P450 (CYP4A), along with podocyte
apoptosis and/or foot process effacement, resulting in proteinuria.
However, cellular and animal experiments uncovered that CYP4A
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inhibitor (HET0016) could effectively block the impact of high glucose
on NADPH oxidase activity, Nox4 protein and gene expression, and
podocyte apoptosis [1]. This study indicates that the inhibition of
downstream molecules of Nox4 through the inhibition of Nox4 and its
upstream molecules might be linked with the prevention of high
glucose-induced podocyte apoptosis and the reduction of proteinuria.
Recently, it has been found that ezrin (Thr567) and phosphorylated
Smad3 (Ser423/425) were significantly enhanced in high
glucose-treated podocytes, while phosphorylated PKA (Thr197) and
cAMP were substantially lowered, accompanied by increased Nox4
expression and apoptosis. To better elucidate the relationship between
the abovementioned phenomena and podocyte apoptosis, as well as the
mechanisms wherein, Smad3, ezrin, and Nox4 were inhibited, respec-
tively, and results revealed that ROS, Nox4 expression, and apoptosis
levels were significantly reduced in high glucose-treated podocytes.
Moreover, inhibition of Smad3 also blocked the upregulation of phos-
phorylated ezrin, and downregulation of PKA activity induced by high
glucose. Meanwhile, shRNA-ezrin or ezrin inhibitor (NSC) could prevent
the reduction of phosphorylated PKA and cAMP content. While PKA
activator (forskolin) notably hindered high glucose-mediated enhance-
ment of Nox4 expression, ROS production, and apoptosis levels [66].
The above evidence strongly suggests that the Smad3/ezrin/PKA/Nox4
pathway may be one of the potential molecular pathways of podocyte
apoptosis caused by high glucose, and the molecules are
inter-regulative. It has also been demonstrated that Nox4 is involved in
TGF-p1-triggered podocyte apoptosis in mice, accompanied by increased
ROS production and abnormal activation of caspase-3, while knock-
down of Smad2 or Smad3 could block the TGF-p1-induced upregulation
in Nox4 expression, ROS production, and abnormal activation of
caspase-3 [67]. This study further suggests that the TGF-f
receptor-Smad2/3 pathway may serve as a novel pathway for
TGF-B1-induced podocyte Nox4 upregulation and podocyte apoptosis.

A rising number of evidence supports the idea that AMPK is an
indispensable cellular energy sensor that may have a vital function in the
regulation of podocyte apoptosis [68]. Evidence suggests that high
glucose may induce podocyte apoptosis by inhibiting AMPK activity,
increasing Nox4 expression and NADPH oxidase activity, and activating
p53 and PUMA (p53 up-regulated modulator of apoptosis), whereas
siRNA-Nox4 and siRNA-p53 significantly inhibited the occurrence of
high glucose-triggered podocyte apoptosis, while induction of AMPK
activation decidedly repressed Nox4 and p53 expression, oxidative
stress, and podocyte damage [69]. The study indicates that AMPK may
negatively regulate the Nox4-dependent p53 apoptotic pathway in
diabetic glomerular epithelial cells or high glucose-induced podocytes,
and it proves that Nox4 could serve as a mediator of podocyte apoptosis
exposed in high glucose, shedding new light on Nox4 in diabetic
podocyte injury. Based on the fact that rapamycin reduces proteinuria in
diabetic patients, the hypothesis that mTOR mediates diabetic podocyte
injury was explored further. In OVE26 type 1 diabetic mice and high
glucose-induced mouse podocytes, AMPK was significantly down-
regulated and mTOR was significantly upregulated accompanied by
increased Nox4, NADPH oxidase activity, and podocyte apoptosis, while
low doses of rapamycin or siRNA-mTOR effectively reversed these
changes by inhibiting mTOR, suggesting that mTOR serves as an up-
stream regulator of podocyte Nox4. Furthermore, in vitro studies
showed that AMPK activator (AICAR) attenuated the excessive activa-
tion of mTOR stimulated by high glucose [70]. Results have established
that high glucose-induced Rictor/mTORC2/Akt activation is associated
with podocyte apoptosis, and could upregulate Nox4-derived ROS pro-
duction. However, in OVE26 type 1 diabetic mice, treatment with
antisense oligonucleotides targeting Rictor could effectively inhibit
mTORC2, reduce renal Nox4 expression and NADPH oxidase activity,
and lower podocyte shedding and apoptosis, GBM thickness, and pro-
teinuria [71]. The above study illustrates that AMPK/mTOR and Ric-
tor/mTORC2 pathways are involved in Nox4-mediated ROS production
and podocyte apoptosis in diabetic kidney injury.
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It has been found that the activation of Nox4-dependent PKGIa
(cGMP-dependent protein kinase Ia) in rat podocytes cultured with high
glucose may increase the permeability of podocytes and trigger pro-
teinuria, thereby providing new evidence for the mechanism of podo-
cyte injury. However, the above phenomenon could be reversed by small
interfering RNAs of Nox4 and PKGla [72]. Similarly, knockdown of
Nox4 in type 1 diabetic Dahl SS rat model resulted in a drop in
Nox4-derived H0, production, thereby inhibiting TRPC6 channel
activation, reducing calcium influx, and protecting podocytes from
damage [73]. These studies reveal a new signaling mechanism targeting
Nox4/PKGIa or Nox4/TRPC6, providing a novel approach to prevent
and treat podocyte injury in DKD.

In addition, Nox4-derived ROS could facilitate podocyte inflamma-
tion and fibrosis. In high glucose-induced human podocytes, Nox4 gene
silencing may bring about downregulation of pro-inflammatory and pro-
fibrotic markers associated with DKD [45], suggesting that the gene
targeting or pharmacological blocking of Nox4 plays a protective part in
the pro-inflammatory and pro-fibrotic mechanisms of diabetic glomer-
ular podocytes.

Lately, it has been proposed that the formation of microvesicles
(MVs) may be related to podocyte injury in diabetic patients. Experi-
ment proved that high glucose treatment could eminently increase the
number of MVs and the expression of Nox4 in mouse podocytes, while
Nox4 siRNA may slow down the formation of podocyte-derived MVs
induced by high glucose. This study shows that MVs may increase at the
trigger of podocyte microangiogenesis through the Nox4-derived ROS
pathway, and hence involve in the diabetic podocyte injury pathway
[74]1.

3.1.4. Nox4 and renal tubular epithelial cells

Similar to glomeruli, Nox4 gene and protein expression enhanced in
the renal tubules of STZ-induced type 1 diabetic rats. As we all know,
statins could reduce cholesterol level, and a mounting volume of evi-
dence is demonstrating its anti-inflammatory and anti-oxidant effects.
All this portrays it as a protective agent against DKD [75-77]. A study
reported that statins inhibited glomerular and tubular Nox4 expression
in db/db diabetic mice, accompanied by reductions in urinary 8-OHdG,
8-isoprostaglandin F2a (8-epi-PGF3,), and proteinuria [75]. This study
suggests that statins reduce Nox4-derived oxidative stress and thereby
improve DKD. Although there is no direct evidence whether statins
relieve renal tubular epithelial cell damage under high glucose condi-
tions by downregulating Nox4, this study indicates that Nox4 may be
implicated in the pathogenesis of diabetic renal tubular injury.

1) Upstream regulatory mechanisms of Nox4

Similar to podocytes, metformin exerts its effect mainly by activating
AMPK. It has been shown that metformin or AMPK activators could
attenuate the high glucose-mediated augment in Nox4 protein expres-
sion and ROS in human renal tubular epithelial cells. They could also
prevent epithelial-mesenchymal transition mainly by normalizing the
boosting of mesenchymal marker protein (a-SMA) and the suppression
of epithelial marker protein (E-cadherin) caused by high glucose. AMPK
inhibitors or siRNA-AMPK could block the effects of metformin [78].
The above results suggest that AMPK has the potential to modulate the
expression of Nox4 and its activation may help attenuate the renal
tubular interstitial fibrosis induced by high glucose.

One recent scientific research stated that MALAT1, LIN28A, and
Nox4 expression were upregulated in high glucose-triggered HK-2 cells,
while the production of ROS and inflammatory factors were also
increased, resulting in reduced cell activity and apoptosis. Moreover, it
was found that MALAT1 interacted with LIN28A to activate AMPK/
mTOR signaling and enhanced the stability of Nox4, thereby aggra-
vating renal tubular epithelial injury. Yet knockdown of MALATI,
LIN28A or Nox4 reversed these phenomena [79]. Above studies
confirmed that MALAT1-LIN28A-Nox4 pathway promises a cutting-edge
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approach for the management of DKD renal tubular epithelial cell
injury.

2) Downstream regulatory mechanisms of Nox4

The accumulation of extracellular matrix facilitates the progression
of DKD. To confirm the pro-fibrotic effect of Nox4, rat Proximal tubule
cells (PTCs) were transduced with adenovirus construct expressing
Nox4, and the findings revealed that hyperexpression of Nox4 stimu-
lated NADPH oxidase activity and fibronectin expression [32]. Another
study on db/db diabetic mice and mouse proximal tubules exposed to
high glucose showed amplification of Nox4 and p22phox protein
expression, but no effect on other Nox expressions. Downregulation of
Nox4 gene expression by using small interfering RNA and GK-136901 (a
Nox1/4 inhibitor) diminished high glucose-induced NADPH
oxidase-derived ROS production. Furthermore, in vivo and in vitro
models showed a noteworthy increase in p38MAPK phosphorylation,
fibronectin, and TGF-p1/2. At the same time, p38MAPK inhibitor
(SB-203580) significantly attenuated the accumulation of fibronectin,
while GK-136901 inhibited the activation of p38MAPK phosphorylation
and attenuated fibronectin and TGF- expression [23]. It is evident that
P38MAPK is a downstream regulator of Nox4 in the signaling pathway
connecting high glucose and renal tubular cell injury, and that Nox4
may depend on the p38MAPK redox-sensitive signaling pathway to
participate in the molecular mechanism of fibrosis in T2DM
nephropathy.

3.1.5. Nox4 and renal tubular interstitial cells

Evidence is still scarce on the role of high glucose-mediated oxidative
stress or Nox-derived ROS in mesenchymal cell damage, especially in the
conversion of renal fibroblasts into myofibroblasts. Despite glucose has
been exhibited to induce extracellular matrix accumulation in renal fi-
broblasts, there is no proof that ROS derived by Nox4 or any other Nox
oxidase can mediate these effects. More research has been centered on
the impact and mechanism of Nox4 in TGF-f-induced interstitial cell
injury [26].

Currently, angiotensin-converting enzyme inhibitors and angio-
tensin I receptor blockers are the most effective treatments to prevent or
alleviate DKD [80,81]. The common mechanism may be correlated with
the repression of renal NADPH oxidase in diabetic rats by these two
drugs [82,83]. According to the state of the art, Nox4-induced ROS is a
major cause that triggers and accelerates the development of DKD. And
more and more studies have illustrated that gene targeting or pharma-
cological inhibition of Nox4 has a renoprotective effect in the patho-
genesis of DKD, so Nox4 is a prospective target for pharmacological
intervention in the management of DKD. In addition to direct inhibition
of Nox4, exploring upstream and downstream regulators of Nox4 and
using them as targets is also considered as one of the effective measures
for DKD prevention and treatment (Table 1).

3.2. Nox4 and diabetic retinopathy

Diabetic retinopathy is a microangiopathy of the retina caused by
diabetes mellitus and is the main cause of blindness in diabetic patients.
Patients do not show any symptoms in the early stage, however, when
they notice the loss of vision, the lesion may have gone serious indeed,
which means prevention is of great importance when it comes to DR in
diabetic patients. DR manifests in two stages: a) Retinal microvascular
damage and capillary degeneration; b) The onset of an exaggerated
compensatory angiogenic reaction. Initial alterations in the retinal
microcirculation involve disruptions in blood flow, thickening of the
basement membrane, eventual loss of mural cells, and the formation of
acellular capillaries. Endothelial apoptosis and capillary dropout result
in a hypoxic inner retina, modifications in growth factors, and an
elevation of inflammatory mediator. With the progression of the disease,
pathological angiogenesis generated abnormal preretinal microvessels
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Table 1

Regulatory mechanism of Nox4 in diabetic kidney disease.

Areaof action  Regulating

factors/Signal
pathways

Kidney Rho/Rho-kinase

HIF-1

ChREBP

ADAM17

Mesangial PKC
cells (MCs)

HuR

TXNIP

FOXP1

Cx32

Nox4-ROS-PKC-
TRPC6

Main results

Upregulated renal cortical
Nox4 expression; increased
urinary albumin, 8-OHdG
excretion; Rho-kinase inhibitor
(Fasudil) reversed the above
effects.

Upregulated Nox4 protein
expression and NADPH-
dependent ROS production;
Resulted in total renal
glomerular hypertrophy,
mesangial matrix expansion,
extracellular matrix
accumulation and urinary
albumin excretion. HIF-1
inhibitor (YC-1) could reverse
the above phenomena.
Upregulated the protein
expression levels of TXNIP,
Nox4, 8-OHdG, and HO-1. The
knockdown of ChREBP
improved kidney function and
apoptosis.

Upregulated Nox4 expression
and NADPH oxidase activity;
increased fibronectin
expression and matrix protein
accumulation. ADAM17
inhibitor (TMI-005) or
transfected with ADAM17-
siRNA suppressed Nox4
expression and oxidative stress-
induced matrix protein
accumulation.

Increased gene expression
levels of Nox4 and p22phox;
induced renal hypertrophy,
glomerular enlargement, and
hyperfiltration; Lack of PKC-p
can protect against diabetes-
induced renal dysfunction,
fibrosis, and renal oxidative
damage.

Upregulated Nox4 protein and
gene expression, increased ROS
production and fibrotic injury.
HuR siRNAs inhibited the
above results.

Increased overall and
mitochondrial ROS, Nox4
protein expression, and NAPDH
oxidase activity. TXNIP-
deficient showed no
corresponding changes in the
high glucose environment.
FOXP1 overexpression
prevented abnormal activation
of Akt/mTOR signaling,
significantly reduced Nox4
expression and ROS
production, and resisted
proliferation, oxidative stress
and extracellular matrix
accumulation.

Cx32 overexpression inhibited
the expression of Smurfl and
promoted the degradation of
Nox4; downregulated the
expression of FN and ICAM-1
and normalized renal function
and fibrosis.

Overexpression of TRPC6
reversed the contractile

Reference

[46,47]

[51]

[52]

[44,58]

[59]

[60]

[61]

[63]

Table 1 (continued)
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podocyte

Renal tubular
epithelial
cells

AMPK/mTOR

Rictor/mTORC2

CYP4A

Smad3/ezrin/
PKA/Nox4

TGF-p receptor-
Smad2/3

Nox4/PKGla

Nox4/TRPC6

Microvesicles
(MVs)

Egrl

AMPK

MALAT1-
LIN28A-Nox4

function impairment of high
glucose-induced MCs.

Downregulated AMPK, [70]
upregulated mTOR, increased

Nox4, NADPH oxidase activity

and podocyte apoptosis;

inhibition of mTOR effectively
reversed the above changes.
Upregulated Nox4 expression, [71]
increased podocyte shedding

and apoptosis, GBM thickness

and proteinuria production.

Antisense oligonucleotides

targeting Rictor inhibited

mTORC2 and normalized the

above variations.

CYP4A inhibitor (HET0016) [1]
blocked the impact of high

glucose on NADPH oxidase

activity, Nox4 protein and gene
expression, and podocyte

apoptosis.

Increased levels of [66]
phosphorylated Smad3 and
phosphorylated ezrin,

decreased levels of

phosphorylated PKA,

accompanied by increased

levels of Nox4 expression and
apoptosis.

Increased the expression of [67]
Nox4 and ROS production,

abnormal activation of

Caspase-3, podocyte apoptosis;
knockdown of Smad2/3

blocked the above phenomena

caused by TGF-p1.

The activation of Nox4- [72]
dependent PKGIo increased the
permeability of podocytes,

leading to proteinuria; small
interfering RNAs of Nox4 and

PKGla reversed the above

phenomena.

Increased Nox4-derived H,Oo [73]
production and calcium influx,
activated TRPC6 channel,

leading to podocyte damage;
knockdown of Nox4 reversed

the above results.

Increased Nox4 expression and [74]
the number of MVs, stimulated
podocyte microangiogenesis;

Nox4 siRNA slowed down the
formation of podocyte-derived

MVs induced by high glucose.
Knockdown of Egrl [49]
downregulated Nox4 and

a-SMA expression, reduced

ROS generation, and alleviated

EMT.

AMPK activators attenuated the ~ [78]
increase of Nox4 protein

expression and ROS, restored

the upregulation of

mesenchymal marker protein

(«-SMA) and downregulation of
epithelial marker protein (E-

cadherin) by high glucose,

alleviated the renal tubular

interstitial fibrosis.

Upregulated MALAT1, LIN28A, [79]
and Nox4 expression, increased

the production of ROS and
inflammatory factors, resulted

in apoptosis; activated AMPK/

mTOR signaling and enhanced

(continued on next page)
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Table 1 (continued)

Nox4 stability; knockdown of
MALAT1, LIN28A or Nox4
reversed these phenomena.
Upregulated Nox4 and [23]
p22phox protein expression
levels, increased p38MAPK
phosphorylation, fibronectin,
and TGF-1/2; Nox1/4
inhibitor (GK-136901)
inhibited the activation of
Pp38MAPK phosphorylation and
attenuated fibronectin and
TGF-p expression.

P38MAPK

[84]. ROS is a signaling factor in the vascular system, and excessive ROS
in the retina is associated with retinal angiogenesis, however, the precise
mechanism by which this occurs is not fully established.

Nox4 has been connected with the development of DR in many an-
imal models as well as high glucose-cultured retinal endothelial cells
[24,85-87]. Similar to DKD, Nox4 is an crucial source of ROS generation
in DR [88]. Nox4-derived ROS plays a pivotal role in the pathogenesis of
DR [89]. Nox4 is essential for angiogenesis in DR where VEGF serves as a
potent angiogenic factor. An experimental study showed increased gene
and protein expression of Nox4, NADPH oxidase activity, ROS and VEGF
levels in the retina of db/db diabetic mice and high glucose-induced
retinal capillary endothelial cells (RCECs). Interestingly, Nox4 inhibi-
tion or lovastatin treatment significantly reversed the above changes,
suggesting that Nox4 is a vital contributor to ROS generation in the
retina and Nox4-mediated VEGF overexpression is a major contributor
to diabetic retinal vascular permeability [85,90]. In addition, the role of
Nox4-mediated VEGF expression in the neovascularization of
insulin-intensive treatment-induced DR has been supported by relevant
evidence [91], suggesting that Nox4 may promote angiogenesis in a
VEGF-dependent manner. Moreover, it renders Nox4 a potential thera-
peutic target. DR is associated with excessive VEGF levels in the retina.

Another study found that carotenoids inhibited VEGF-induced in-
crease in Nox4 activity and oxidative stress in human retinal micro-
vascular endothelial cells (HRMECs) [34]. Although the effect of
carotenoids on high glucose-induced Nox4 activity in HRMECs has not
been reported, carotenoids may have some potential significance in the
prevention and treatment of DR.

Similar to DKD, scholars have discovered that knockdown of the
ADAM17 gene in STZ-induced diabetic mice endothelial cells could
downregulate Nox4 expression and reduce oxidative stress significantly
[92], suggesting that ADAM17 is an upstream regulator of Nox4 and has
the potential to become a novel therapeutic target for diabetic micro-
angiopathy. Li et al. proposed that CCN1 gene expression is involved in
the development of DR. Knockdown of CCN1 (siRNA or CRISPR-Cas9) in
HRVECs significantly reduced Nox4 protein expression levels and ROS
production, inhibited oxidative stress and thus protected endothelial cell
integrity [93]. Therefore, the CCN1/Nox4 axis could be a potential
approach for the treatment of DR.

Notch signaling plays a vital part in high glucose-induced retinal cell
injury. Activated by high glucose, the signaling pathway could upre-
gulate the expression of Nox4, causing an overproduction of Nox4-
derived ROS and increased apoptosis in human retinal endothelial
cells (HRECs). In contrast, application of y-secretase inhibitor (GSI) to
suppress Notch activity evidently diminished the mRNA and protein
levels of Nox4 and apoptosis induced by high glucose [87]. Besides, Yao
et al. discovered that activation of the Notch signaling pathway was also
associated with high glucose-induced apoptosis of renal tubular
epithelial cells [94]. From the above studies, it is clear that Notch is a
potential upstream regulator of Nox4, so the inhibition of Notch
signaling or downregulation of Nox4 expression could serve as a viable
therapeutic target for DR.

Perivascular apoptosis is a major feature of early diabetic
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retinopathy, where microglia are associated with diabetic retinal
microvascular pericyte apoptosis. It was found that in lipopolysaccha-
ride (LPS)-activated microglia and pericyte culture systems, microglia
induced pericyte ROS overproduction mainly by stimulating pericytes to
upregulate Nox (especially Nox4) and downregulate UCP2 expression,
leading to a decrease in pericyte A¥m, an enhancement in nuclear NF-
kB-p65 expression, and a heightening of cleaved caspase-3, which pro-
moted pericyte oxidative damage and apoptosis. Notably, we could
completely reverse the abovementioned apoptosis via DPI—a Nox in-
hibitor that suppresses pericyte ROS overproduction induced by
microglia. On the other hand, research showed that ROS elevation in
diabetes may also trigger microglia, which in turn further stimulates
ROS production, forming a vicious cycle [95]. Consequently, regulating
microglia activation and function as well as reducing Nox4-derived ROS
production may be a novel approach to protect against pericytes
apoptosis in DR.

Recent findings have revealed that Nox4-derived ROS may engage in
the development of early neurodegeneration or apoptosis in diabetic
retinopathy by downregulating BDNF/SIRT1 expression or activating
Caspase-3, while NADPH oxidase inhibitor (Apocynin) can effectively
reverse the deleterious effects of Nox4-induced ROS production [86],
suggesting that the efficient blocking of Nox4 may potentially prevent
DR development. A summary of the regulatory mechanisms of Nox4 in
DR is provided in Table 2.

3.3. Nox4 and diabetic cardiomyopathy

Diabetic cardiomyopathy is a microangiopathy of the heart caused
by diabetes mellitus. It is independent from hypertensive heart disease,
coronary atherosclerotic heart disease, heart valve disease, and other
cardiac lesions. As an irreversible process, it is mainly diagnosed at a late
stage and has been viewed as a major cause of heart failure in diabetic
patients. Structural and functional abnormalities in DCM are mainly
manifested as left ventricular hypertrophy, fibrosis, apoptosis, increased
oxidative stress, and inflammation, prompting cardiac dysfunction [96].

Diabetes or high glucose-induced ROS is an essential mediator of
cardiac dysfunction. Nox4 is considered to be one of the major Nox
family members that induces cardiac ROS production [97]. It could get
expressed in wide range of cardiac cells, including cardiomyocytes,
endothelial cells, fibroblasts, and vascular smooth muscle cells [20], and
Nox4 overactivation is responsible for the development of cardiac injury
in DCM. Numerous studies have shown that Nox4 expression level
would significantly increase in both TIDM and T2DM myocardial tissues
[98-108] and the excessive production of Nox4-derived ROS is inter-
ralated with the observed cardiac hypofunction and structural abnor-
malities [101,108]. Consistent with the results of animal experiments,
Nox4 expression was also increased in high glucose-cultured car-
diomyocytes and correlated with enhanced oxidative stress or dimin-
ished antioxidant levels [103,108-110]. Nox4 antisense
oligonucleotide-regulated ROS are essential for attenuating early
myocardial structural damage and dysfunction in diabetes. In vitro
studies also suggested that significant suppression of Nox4 could prevent
the increase in cardiomyocyte NADPH oxidase activity, molecular
markers of fibrosis (Fibronectin, Collagen, a-SMA, $-MHC), and the
development of myocardial hypertrophy induced by high glucose [108].
This study provides compelling evidence that Nox4 is a crucial source of
ROS in diabetic cardiomyopathy, and suggests that Nox4-derived ROS
may have a vital impact in the molecular mechanisms of fibrosis in
diabetic cardiomyopathy. Matrix metalloproteinases are involved in the
remodeling process of myocardial fibers, and the sustained induction
and activation of this enzyme in diabetic cardiomyopathy is one of the
markers of cardiac fibrosis [111]. In vivo studies revealed an increased
expression of collagen (Collagen I, Collagen III) and matrix metal-
loproteinases (MMP-2, MMP-9) in myocardial tissue of STZ-induced
diabetic rats, indicating the formation of myocardial fibrosis. Besides,
in vitro studies further revealed that the expression of Nox4 and
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Table 2
Regulatory mechanism of Nox4 in diabetic retinopathy.
Models Intervention Regulating Main results Conclusion Reference
factors/Signal
pathways

The retina of db/db Nox4 inhibition or Nox4/VEGF Nox4|, NADPH oxidase activity|, ROS|, VEGF|; Nox4 may promote angiogenesis in a [89-91]
diabetic mice and high  lovastatin treatment Nox4-mediated VEGF overexpression led to VEGF-dependent manner.
glucose-induced diabetic retinal vascular permeability and
RCECs neovascularization

STZ-induced diabetic Knockdown of the ADAM17 Nox4|, oxidative stress] ADAM17 is an upstream regulator of [92]
mice endothelial cells ADAM17 gene Nox4 and could be a new therapeutic

target for diabetic microangiopathy.
HRVECs Knockdown of CCN1 Nox4|, ROS|, oxidative stress| CCN1/Nox4 axis could be a potential [93]
CCN1 (siRNA or approach for the treatment of DR.
CRISPR-Cas9)

High glucose-induced y-secretase inhibitor =~ Notch Notch activity|, Nox4|, ROS|, apoptosis| Notch is a potential upstream regulator [87]
HRECs (GSD) of Nox4.

LPS-activated microglia a Nox inhibitor Microglia Nox4|, UCP21, ROS|, A¥Ym1?, NF-kB-p65/, Activated microglia may promote [95]
and pericyte culture (DPI) activation cleaved Caspase-3|, inhibited pericyte oxidative pericyte apoptosis by enhancing ROS
systems damage and apoptosis production.

phosphorylated ERK1/2 as well as the production of mitochondrial and
total cellular ROS were increased in rat cardiac fibroblasts treated with
high glucose, while phosphorylated ERK1/2 and MMP-2 expressions
significantly reduced after treatment with siRNA-Nox4 [110]. It conveys
that the Nox4-ROS-ERK signaling pathway is crucial in the fibrotic
process of diabetic cardiomyopathy and Nox4 may be an important
target for the prevention and treatment of diabetic cardiomyopathy.
Since hyperglycemia regulates cardiac Ang II and TGF-p levels, both
of which are shown to induce cardiac Nox4 expression [107,112,113], it
can be inferred that the regulation of Nox4 by Ang II or TGF-p may play a
critical role in the pathogenesis of diabetic cardiomyopathy. Reports
have unveiled the interaction between Ang II and Nox4 in diabetic
myocardial tissues and cells. It has been shown that Ang II receptor
blockers could effectively inhibit the overexpression of Ang II type 1
receptor (AT1R), Nox4, and p22phox in the myocardial tissue of
STZ-induced diabetic rats, which is accompanied by reduced oxidative
stress and pro-fibrotic factor TGF-f expression, and improved cardiac
function [99]. However, the evidence on their connection is not yet
sufficient. As we all know, Chymase is an important promotor of Ang II.
A report showed that the expressions of Chymase, 8-OHdG, and Nox4
are significantly upregulated in myocardial tissue of diabetic hamsters,
along with a significant increase in myocardial Ang II levels and fibrosis
indexes. While the inhibition of Chymase normalized myocardial Ang II
levels and completely reversed Nox4-mediated oxidative stress and
myocardial fibrosis in STZ-induced diabetic hamsters [107]. The above
studies indicate that Nox4 may mediate the myocardial fibrosis process
induced by Ang II in diabetic cardiomyopathy, and the inhibition of Ang
II or Nox4 may become an important therapeutic target for diabetic
cardiomyopathy alleviation. TGF-p is a cardiac cytokine and a potent
pro-fibrotic marker involved in the development of cardiac fibrosis and
heart failure. Similar to Ang II, upregulation of Nox4 in animal or
cellular models of diabetic cardiomyopathy is usually associated with
increased TGF-f expression [98,99,101,105,109,112]. Ang Il and TGF-f
play a key role in myocardial hypertrophy and fibrosis, and Ang
[I-induced TGF-p expression in cardiomyocytes and fibroblasts is pre-
requisite for Ang II-mediated myocardial hypertrophy and fibrosis
[114]. Moreover, Nox oxidase is an intracellular signaling molecule
necessary for Ang Il-induced TGF-f upregulation in cardiomyocytes
[115]. All this suggests that Ang II, TGF-$, and Nox oxidase are not in-
dividuals in cardiomyocytes, but rather parts of a signaling network that
regulate events such as cardiac remodeling. At present, relatively few
studies have revealed the interaction between advanced glycation end
products (AGEs) and Nox4 in the pathogenesis of DCM, though some
have reported that the expression of AGE receptors (RAGE) and Nox4
are both significantly upregulated, and both are regulated by PPARy in
the myocardial tissue of isoproterenol-induced diabetic rats [116]. Apart

from that, further studies are needed to elucidate whether the
AGE-RAGE pathway triggers diabetic myocardial injury by regulating
Nox4.

Lately, scholars have been exploring new mechanisms that regulate
the redox status of Nox4 in diabetic cardiomyopathy. Previous studies
have shown that Kruppel-like factor 5 (KLF5) is an important regulator
of cardiovascular remodeling [117], and then KLF5 was confirmed as a
novel gene associated with DCM [118]. Recent studies have indicated
that diabetes-mediated activation of FOXO1 increased KLF5 expression
in cardiomyocytes, hence stimulating Nox4 expression and ceramide
accumulation, causing cardiac dysfunction in diabetic mice [119]. The
report further refines the potential mechanism of Nox4 in diabetic car-
diomyopathy, and demonstrates that KLF5 is a new therapeutic target
besides Nox4 for the prevention and treatment of diabetic cardiomy-
opathy. Hussain et al. found that the downregulation of JunD is sub-
stantial in hyperglycemia and ROS-induced myocardial dysfunction.
Interestingly, diabetic mice with cardiac-specific overexpression of
JunD were protected from hyperglycemia-induced increases in oxidative
stress and inflammatory mediators such as Nox4, NF-xB, aberrant
epigenetic regulation, and cardiac dysfunction [104]. The study pro-
vides new insights into the molecular mechanisms by which hypergly-
cemia or diabetes regulates Nox4 in cardiac myocytes or tissues
(Table 3) and provides new targets for the prevention and treatment of
DCM.

3.4. Nox4 and diabetic neuropathy

Diabetic neuropathy is a neurological microangiopathy caused by
diabetes mellitus, which can involve both central and peripheral nerves,
with diabetic peripheral neuropathy being the most common in clinical
practice. The latest research reported that at least 50% of diabetes pa-
tients will progress to diabetic neuropathy [120]. Apart from main-
taining blood glucose at a normal level, there are still no other targets or
effective therapeutic means, making it urgent to investigate the patho-
genesis of diabetic neuropathy and find the therapeutic targets.

Similar to other complications such as DKD, high glucose-mediated
ROS production has been proven the most important pathogenic fac-
tor associated with the pathogenesis of diabetic neuropathy. Evidence
has portrayed NADPH oxidase as a major source of ROS production in
various cells and a key factor in various physiological and pathological
processes. Notably, Nox4 is widely distributed in the central nervous
system including cortical neurons, astrocytes, microglia, hippocampal
pyramidal cells, Purkinje cells, and cerebellar granule neurons [121],
and is also expressed in the peripheral nervous system including dorsal
root ganglion neurons, sympathetic ganglion neurons, and Schwann
cells [122,123]. Studies have shown that Nox4-produced ROS are
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Table 3
Regulatory Mechanism of Nox4 in Diabetic cardiomyopathy.
Models Intervention Regulating Main results Conclusion Reference
factors/Signal
pathways

The myocardial - Nox4-ROS-ERK Collagen I/11I1, MMP-2/91, Nox41, Nox4 plays an important role in the fibrotic [110]
tissue of STZ- Phosphorylated ERK1/21, ROSt process of diabetic cardiomyopathy and may be
induced diabetic an important target for the prevention and
rat treatment of diabetic cardiomyopathy.

The myocardial Ang II receptor Ang II/Nox4 AT1R|, Nox4|, p22phox|, Oxidative The regulation of Nox4 by Ang II or TGF-§ may [99,107,
tissue of STZ- blockers stress|, TGF-B|, improved cardiac play a critical role in the pathogenesis of diabetic =~ 112,113]
induced diabetic function cardiomyopathy.
rat

The myocardial Chymase-specific Chymase/Ang II ~ 8-OHdG|, Nox4|, Ang II|, fibrosis Chymase inhibition might prevent oxidative stress ~ [107]
tissue of diabetic inhibitor (TEI-FO0806/ indexes| and diabetic cardiomyopathy at an early stage by
hamsters TEI-E00548) reducing local AngII production.

Diabetic mice - FOXO01 KLF51, Nox41, ceramide accumulation KLF5 is a new therapeutic target for the [119]

and cardiac dysfunction prevention and treatment of diabetic
cardiomyopathy.
STZ-induced Cardiac-specific JunD Nox4, NF-kB and other mediators of Pave the way for tissue-specific therapeutic [104]

diabetic mice overexpression of JunD

oxidative stress and inflammation|,
aberrant epigenetic regulation and
cardiac dysfunction|

modulation of JunD to prevent diabetic
cardiomyopathy.

involved in the tumorigenic transformation of glioblastoma and in the
pathogenesis of ischemic stroke [124,125], and the main role of
Nox4-mediated oxidative stress in the pathogenesis of diabetic neurop-
athy is under hot debate.

Recently, an in vitro study investigating the mechanism of Schwann
cell apoptosis caused by high glucose showed that high glucose
increased the gene and protein expressions of Nox4 and pro-apoptotic
protein Caspase-3, coupled with increased intracellular ROS levels and
Schwann cell apoptosis, and these changes were associated with the
development of diabetic peripheral neuropathy. However, through the
downregulation of intracellular ROS levels and the gene and protein
levels of Caspase-3, the siRNA-Nox4-treated group saw an effective in-
hibition of high glucose-induced cellular oxidative stress and apoptotic
damage [123]. It suggests that the effective inhibition of Nox4 may be a
strategy for the treatment of diabetic peripheral neuropathy. Mean-
while, similar results were found by Ji et al. in a HFD/STZ-induced
diabetic neuropathy rat model, which showed increased protein ex-
pressions of Nox4 and Caspase-3 and higher lipid peroxide and hydro-
peroxide levels in the model group, together with slowed nerve
conduction velocity and reduced axonal area, leading to neurological
dysfunction. On contrary, DPI, the NADPH oxidase inhibitor, did not
effectively reverse these injuries [126], which may partly result from the
insufficient duration of DPI application (only 1 day). It should be noted
that the study mainly focused on the effect of DPI on sciatic nerve injury
caused by Bupivacaine, hence the result does not mean that DPI has no
effect on the prevention and treatment of diabetic neuropathy, instead,
it may provide clues on whether the effective inhibition of Nox4 could
ameliorate diabetic neuropathy.

Eid et al. recently used a T1DM mouse model, in vitro Schwann cells,
and T2DM patient skin biopsies to demonstrate the critical role of liver X
receptor (LXR) and Nox4 in diabetic peripheral neuropathy. Specifically,
T1DM mice exhibited neurophysiological defects, sensorimotor abnor-
malities, and defective peripheral myelin gene expression, concomitant
with significantly reduced LXR expression and increased Nox4 expres-
sion and activity in Schwann cells, peripheral nerves of mice, and skin
biopsies from T2DM patients. Furthermore, targeted activation of LXR
or specific inhibition of Nox4 in vivo and in vitro attenuated ROS pro-
duction in high glucose-stimulated Schwann cells and diabetes-induced
peripheral nerves, thereby reversing peripheral nervous functional
changes and restoring the homeostatic distribution of myelin proteins.
This study further proposed novel key mediators in the pathogenesis of
diabetic peripheral neuropathy, and showed that targeting the LXR/
Nox4 axis is a promising therapeutic approach [127].

Microvascular endothelial cell dysfunction can impair the normal
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structure and function of peripheral nerves, and one study suggested
that a phytoactive drug (DA-9801) for diabetic neuropathy treatment
attenuates Ang Il-induced oxidative damage in human dermal micro-
vascular endothelial cells by inhibiting the expression of Nox4 and p22
[128]. However, there is still a lack of report on whether DA-9801 could
inhibit high glucose-induced activation of Nox4 in microvascular
endothelial cells. Hence further deliberation on this study can better
explain the pathogenesis of Nox4 in diabetes or high glucose-induced
peripheral microangiopathy, and provide a theoretical basis for novel
key targets. The regulatory mechanisms of Nox4 in DR are summarized
in Table 4.

4. Epigenetic regulation for Nox4 and diabetic microvascular
complications

4.1. Epigenetic regulation for Nox4 and diabetic kidney disease

Researchers have also explored the mechanism of NADPH oxidase
regulation by microRNAs (miRNAs) in DKD models. Among the five
miRNAs (miR-25, miR-32, miR-92a, miR-92b, miR-363) presumed
capable to bind to Nox4, it was found that miR-25 levels were signifi-
cantly reduced in kidney of diabetic rats and glomerular mesangial cells
of rats treated with high glucose, accompanied by increased expression
levels of Nox4. In vitro studies have found that effective inhibition of
miR-25 significantly increased the gene and protein expression levels of
Nox4 [129]. Similarly, in kidneys of diabetic mice and high
glucose-treated mesangial cells, a remarkable increase in the expression
of Nox4 was found, while the gene expression levels of miR-25 pre-
cursors and mature miR-25 were reduced significantly [130]. The above
study justifies the inference that miR-25 acts as an endogenous gene
silencing factor regulating the expression of Nox4 in DKD.

Investigation has demonstrated the epigenetic regulation mechanism
of Myo-Inositol Oxygenase (MIOX) in diabetic tubulopathy. Upward
regulation of MIOX expression in human renal tubular epithelial cells
and a robuts binding of specificity protein Sp-1 transcription factor with
MIOX promoter were discovered under high glucose conditions. In
addition, DNA hypomethylation and histone hyperacetylation of the
MIOX promoter may cause the excessive expression of ROS and Nox4,
which were associated with mechanisms underlying diabetic tubulop-
athy [131]. It provides hints that MIOX may regulate Nox4 expression in
diabetic tubulopathy through epigenetic regulation.

In recent years, there are increasing reports about microRNAs
regulating abnormal activation of Nox4 in diabetic glomerular epithelial
cells. miR-423-5p expression was reduced and Nox4 expression was
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Table 4
Regulatory Mechanism of Nox4 in Diabetic neuropathy.
Models Intervention Regulating Main results Conclusion Reference
factors/Signal
pathways
The schwann cells of siRNA-Nox4 Nox4/ROS ROS|, Caspase-3], Oxidative stress|, Effective inhibition of Nox4 can be a [123]
newborn Wistar rats were treatment Apoptosis] protective strategy for developing drugs for
cultured in vitro diabetic peripheral neuropathy.
T1DM mice, high glucose- Targeted activation LXR/Nox4 LXRT, Nox4|, ROS|, neurophysiological Targeting the LXR/Nox4 axis is a promising ~ [127]
stimulated Schwann cells, of LXR or specific defects|, sensorimotor abnormalities|, therapeutic approach for diabetic peripheral
and T2DM patient skin inhibition of Nox4 and defective peripheral myelin gene neuropathy.
biopsies expression|
Human skin microvascular DA-9801 treatment Nox4/p22/Ang Nox4l|, p22|, Ang II|, Oxidative stress| To explore the pathogenesis of Nox4 in [128]
endothelial cells I diabetic or hyperglycemic peripheral

microangiopathy and to provide a
theoretical basis for finding key targets.

elevated in clinical kidney tissues from individuals with DKD and in high
glucose-treated mouse podocytes. Functional analysis confirmed that
Nox4 is a direct downstream target of miR-423-5p, and overexpression
of miR-423-5p enhanced cell viability while inhibiting ROS production,
apoptosis, inflammatory response, and cytoskeletal damage caused by
variations in podocyte-specific proteins [132]. This study demonstrates
that miR-423-5p overexpression inhibits ROS production by targeting
Nox4, thereby protecting against high glucose-induced podocyte injury
and providing a prospective therapeutic strategy for DKD. Furthermore,
Fu et al. observed that high glucose exposure markedly raised Nox4
protein and gene expression levels in mouse podocytes, and that treat-
ment with miR-15b-5p overexpression eliminated Nox4 overactivation,
increased malondialdehyde content, and decreased antioxidant enzyme
activity induced by high glucose [133], suggesting that miR-15b-5p may
directly or indirectly regulate the expression of Nox4. However, further
studies are necessary to confirm whether miR-15b-5p exerts its antiox-
idant effect by directly targeting Nox4.

Wan et al. explored the function of microRNA146a (miR146a) in a
DKD model. It was found that the expression of miR146a was suppressed
while Nox4 expression level was signally increased in the kidney of DKD
mice. Meanwhile, overexpression of miR146a in HK-2 cells down-
regulated Nox4 protein level, ROS generation, oxidative stress, and
inflammation. At the same time, it decreased protein expression of
vascular cell adhesion molecule-1 (VCAM-1) and ICAM-1. The above-
mentioned results suggest that miR146a/Nox4 performs a vital func-
tion in the regulation of oxidative stress and inflammation in DKD renal
tubules [134]. Therefore, miR146a is an upstream regulator of Nox4 and
may offer a novel avenue or taget for the treatment of DKD.

4.2. Epigenetic regulation for Nox4 and diabetic retinopathy

Recently, miR-590-3p has been found to be associated with pyrop-
tosis in DR. Downregulation of miR-590-3p and upregulation of NLRP1/
Nox4 were observed in high glucose-cultured HRMECs. Inhibition of
miR-590-3p could wupregulate NLRP1, Nox4/ROS/TXNIP/NLRP3
pathway, and Caspase-1 protein expression. Conversely, overexpression
of miR-590-3p could reverse the above effects. Simultaneous trans-
fection of Nox4 and NLRP1 siRNA in HRMECs did not significantly
improve cellular activity even in the presence of miR-590-3p mimics,
demonstrating that miR-590-3p regulates pyroptosis by targeting Nox4
and NLRP1 [135]. It shows that miR-590-3p may be involved in the
pathogenesis of DR as an upstream regulator of Nox4.

And a study has shown that histone deacetylase can reduce the
expression level of Nox4 and inhibit retinal angiogenesis, but whether
this process applies in diabetes-induced retinopathy needs to be
confirmed further [136].

MiR-99a-5p is implicated in regulating diabetes progression. In this
study, T2DM patients were divided into three groups: non-DR (NDR),
non-proliferative DR (NPDR) and proliferative DR (PDR). The expres-
sion of miR-99a-5p was found to decrease gradually with disease
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progression, which means miR-99a-5p level was negatively correlated
with T2DM. Additionally, overexpression of miR-99a-5p mitigated the
deleterious effects of high glucose on HRMECs’ proliferation. Nox4 was
identified as a downstream target of miR-99a-5p, and its upregulation
triggered by high glucose was decreased by miR-99a-5p overexpression
[137]. In summary, miR-99a-5p improves DR by inhibiting the
abnormal proliferation and migration of human retinal microvascular
endothelial cells through targeting Nox4.

4.3. Epigenetic regulation for Nox4 and diabetic cardiomyopathy

A study found that STZ-induced mice, when given intracardiac in-
jection of miR-372-3p KD lentivirus, could significantly improve the
development of DCM. Ultrasound quantification revealed that in DCM
mice, there showed a decline in left ventricular fractional shortening
(LVFS) and left ventricular ejection fraction (LVEF) in DCM mice, along
with an increase in left ventricular internal diameter at end-diastole
(LVIDA) and left ventricular internal diameter at end-systole (LVIDs).
However, treatment with miR-372-3p KD significantly reversed these
indices, suggesting that miR-372-3p KD can effectively improve cardiac
insufficiency and systolic dysfunction. In addition, results showed that
miR-372-3p KD treatment raised expression of p-PI3K, p-AKT, p-mTOR,
p-P70S6K and HIF-1a, while downregulating Nox2, and Nox4 expres-
sion [138], indicating that miR-372-3p is an upstream target of
PI3K/AKT/mTOR/HIF-1a signaling pathway, as well as Nox2 and Nox4,
and may involve in the angiogenesis of DCM mice.

4.4. Epigenetic regulation for Nox4 and diabetic neuropathy

Similar to DKD, microRNAs may play a facilitative or protective role
in the pathogenesis of diabetic neuropathy. It has been reported that the
expression of Nox4 and ROS levels in the sciatic nerve of db/db diabetic
mice was increased along with a decrease in miR-25 level. The effects
were exacerbated in db/db diabetic mice treated with miR-25 inhibitors,
yet normalized in the miR-25 precursor treatment group. In addition,
miR-25 precursors inhibited PKC activation in db/db diabetic mice,
reduced the levels of AGEs and RAGE, and further downregulated in-
flammatory factors that contribute to peripheral neuropathological
processes [139]. These findings validate that miR-25 reduces ROS pro-
duction in diabetic peripheral nerves by antagonizing the activity of
Nox4, but the mechanism in which miR-25 targets Nox4 to exert neu-
roprotective effects remains to be further explored subsequently.

In conclusion, epigenetic regulation of Nox4 and diabetic micro-
vascular complications are summarized in Table 5.

5. Nox4 inhibitors for diabetic microvascular complications
The complex pathogenesis of diabetic complications has resulted in a

lack of fully elucidated specific mechanisms and effective molecular
intervention targets and tools. As a result, current treatments for
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Table 5
Epigenetic regulation of Nox4 and diabetic microvascular complications.
Diabetes Regulating factors/ Main results Reference
complications Signal pathways
Diabetic Kidney miR-25 Effective inhibition of miRNA-25 increased Nox4 gene and protein expression levels. [129,
Disease 130]
Myo-Inositol Oxygenase DNA hypomethylation and histone hyperacetylation of the MIOX promoter led to the overexpression of ROS and [131]
Nox4.
miR-423-5p miR-423-5p overexpression inhibited Nox4-dependent ROS production; enhanced cell viability; inhibited [132]
apoptosis, inflammatory response and cytoskeletal damage.
miR-15b-5p miR-15b-5p overexpression eliminated Nox4 overactivation, increased malondialdehyde content and decreased  [133]
antioxidant enzyme activity induced by high glucose.
miR146a miR146a overexpression downregulated Nox4 protein level, ROS generation, oxidative stress, and inflammation; [134]
decreased VCAM-1 and ICAM-1 protein expression.
Diabetic Retinopathy =~ miR-590-3p Inhibition of miR-590-3p upregulated NLRP1, Nox4/ROS/TXNIP/NLRP3 pathway and Caspase-1 protein [135]
expression. Conversely, overexpression of miR-590-3p could reverse the above effects.
miR-99a-5p As DR progressed, miR-99a-5p levels decreased and levels of Nox4, FPG, HOMA-IR and HbA1c increased in [137]
diabetic patients. In contrast, overexpression of miR-99a-5p mitigated the deleterious effects of HG.
Diabetic miR-372-3p miR-372-3p KD treatment raised expression of p-PI3K, p-AKT, p-mTOR, p-P70S6K and HIF-1a, while [138]
cardiomyopathy downregulating Nox2, and Nox4 expression. In addition, LVFS and LVEF were increased, LVIDd and LVIDs were
decreased.
Diabetic neuropathy miR-25 Decreased miR-25 levels, accompanied by increased Nox4 expression and ROS levels, as well as inhibition of PKC ~ [139]

activation, reduced AGEs and RAGE levels.

diabetic complications are mainly based on comprehensive symptomatic
therapy. However, studies have shown that some existing therapeutic
drugs or inhibitors may improve the condition of diabetic complications
by regulating the expression of Nox4 (Table 6).

5.1. Nox4 inhibitors for diabetic kidney disease

He et al. discovered that ginsenoside Rb1 (Rb1), which is the major
active component of Panax notoginseng, showed therapeutic effects on
DKD. In high glucose-treated mouse podocytes, the intervention of Rb1l
significantly inhibited Caspase-9 and Nox4 protein expression levels,
and reduced podocyte apoptosis and mitochondrial damage [140].
Furthermore, Panax notoginseng saponin was seen to raise the activity
of antioxidant enzymes, such as SOD, MnSOD, CAT, and GSH-PX, while
decreasing Nox4 expression in high glucose-induced RCECs, which
attenuated high glucose-induced cellular oxidative damage in RCECs
[141]. The above study provides new evidence to the mechanism of
Panax notoginseng against DKD.

Sacubitril (sac) is a neprilysin inhibitor, and valsartan (val) is an Ang
II type 1 receptor blocker. Results of a study showed that in Zucker
Obese rats, Nox2, Nox4 expressions and nitroso-oxidative stress were
increased, and these effects occurred in concert with a decrease in the
expression of podocin and nephrin, resulting in glomerular and tubular
damage. Notably, in both sac/val-treated and val-treated groups, Nox2
and Nox4 expression levels were significantly decreased, indicating an
improvement in oxidative stress. However, only after sac/val treatment
did the gene expressions of podocin and nephrin dropped [142]. These
findings suggest that the combination of sakubatril and valsartan can be
more effective in protecting the kidney.

Fluorofenidone (AKF-PD) is a recently developed drug used to delay
the progression of DKD. Some scholars suggest that its protection
mechanism may involve downregulation of NADPH oxidase, upregula-
tion of GPx and SOD, and modulation of the AGE and PKC pathways to
reduce renal oxidative stress. This makes it a potential therapeutic op-
tion for the clinical treatment of DKD [143].

Fenofibrate, a PPAR-a agonist, has been found to improve the
development of DKD. In STZ-induced diabetic rats treated with fenofi-
brate, there was a boost in CAT and SOD enzyme activity and gluta-
thione content, along with a decrease in mRNA and protein expressions
of Nox4, IL-18, and p53. Additionally, fenofibrate improved creatinine
clearance and protein excretion, thus restored renal function [144]. In
summary, fenofibrate curbed oxidative stress, inflammation, and
apoptosis, contributing to the improvement of DKD.

Dapagliflozin, a novel hypoglycemic agent, not only lowers blood
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glucose, but also has anti-inflammatory properties and ameliorates
oxidative stress and renal fibrosis. A study found that dapagliflozin
treatment in db/db mice significantly reduced blood glucose and HbA; .
levels, as well as ameliorated albuminuria and and urine thiobarbituric
acid reactive substance (TBARS) levels. Moreover, it downregulated the
renal expressions of NF-kB p65, MCP-1, Nox4, Nox2, and p47phox
[145], thereby improving diabetes-related renal inflammation and
oxidative stress.

Liraglutide is a glucagon-like peptide-1 (GLP-1) analogue, while
GLP-1 is considered to be an effective therapeutic agent for T2DM.
Studies have shown that oxidative stress markers (renal dihydroethi-
dium staining and urinary 8-hydroxy-2'-deoxyguanosine), expressions
of renal NADPH oxidase components (Nox4, gp9lphox, p22phox,
p47phox), TGF-p and fibronectin, and urinary albumin excretion were
significantly elevated in STZ-induced diabetic rats. However, liraglutide
intervention significantly ameliorated these changes and improved DKD
injury. Previous studies have confirmed that the main effects of GLP-1
are mediated through the activation of adenylate cyclase and cAMP
production. This study showed that the PKA inhibitor (H89) and ade-
nylate cyclase inhibitor (S§Q22536) were able to reverse the inhibitory
effects of liraglutide on NADPH oxidase; nonetheless, Epac2 (another
downstream pathway of elevated cAMP levels) inhibition had no
reversal effect [146]. These results suggest that liraglutide inhibits the
expression of NAPDH oxidase (containing Nox4) via the cAMP-PKA
pathway and exerts a renoprotective effect.

Huidouba (HDB), a Tibetan medicine, has been used for thousands of
years in the Mount Emei area to nourish kidney yin and maintain blood
glucose homeostasis. Yang et al. found that in STZ induced unilateral
nephrectomy plus HFD feeding diabetic rats, HDB treatment led to sig-
nificant reductions in fasting blood glucose, mAlb/Ucr, Scr, BUN, and
renal MDA level. Moreover, it efficiently downregulated renal Nox4
expression and upregulated nephrin and WT1 expression in diabetic
rats, which relieved podocyte damage [147]. These results suggest that
HDB may be used as a potential traditional medicine for the treatment of
DKD.

In a clinical trial on Baoshenfang Formula (BSF) for DKD, 72 subjects
were divided into normal control, DKD, and BSF treatment groups. The
results showed that 24-h urinary protein and renal function were
notably improved in patients after BSF treatment compared to the
control group. In addition, an in vitro study found that when high
glucose-cultured podocytes were given BSF treatment, MDA, ROS and
Bax levels were reduced, while markedly increasing SOD and Bcl-2
levels. What’s more, BSF treatment greatly decreased Nox4 and
phospho-p38 expressions, while high glucose-mediated apoptosis was
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Diabetes
complications

drugs/Inhibitors

Models

Main results

Reference

Diabetic Kidney
Disease

Diabetic
Retinopathy

Ginsenoside Rb1

Sacubitril

Fluorofenidone (AKF-PD)

Fenofibrate

Dapagliflozin

Liraglutide

Huidouba (HDB)

Baoshenfang Formula (BSF)

Rehmanniae Radix (RR) and
Cornus officinalis (CO)

Plumbagin

GKT137831

GKT136901

Nacetylcysteine

APX-115

lovastatin

Fenofibrate

Dapagliflozin

Conbercept

Gambogic acid (GA)

Sulodexide

high glucose-treated mouse
podocytes
Zucker Obese rats

STZ-induced diabetic rats

db/db mice

STZ-induced diabetic rats

STZ induced unilateral
nephrectomy diabetic rats

clinical trial/high glucose-
cultured podocytes

KK-Ay mice (DKD mice)
HK-2/STZ-induced diabetic
mice

STZ-induced ApoE—/— mice/

immortalized human
podocytes

db/db mice

DKD mice

high glucose-induced
podocytes

high glucose-cultured RCECs/
db/db mice

C57BL/6J-Ins2Akita mice

lens of fructose-induced T2DM
rats

DR mice

high glucose-induced HRECs

High glucose incubation of
porcine retinal arterioles

It significantly inhibited the expression levels of Caspase-9 and Nox4
proteins, and reduced apoptosis and mitochondrial damage.

In both the sac/val-treated and val-treated groups, the expression levels of
Nox2 and Nox4 were significantly decreased, indicating an improvement in
oxidative stress. However, gene expression of podocin and nephrin decreased
only after sac/val treatment.

Its protection mechanism may involve downregulation of NADPH oxidase,
upregulation of GPx and SOD, and modulation of the AGE and PKC pathways
to reduce renal oxidative stress.

There was a boost in CAT and SOD enzyme activity and glutathione content,
along with a decrease in mRNA and protein expressions of Nox4, IL-18, and
p53. Additionally, fenofibrate improved creatinine clearance and protein
excretion.

It significantly reduced blood glucose and HbA1c levels, and improved
albuminuria and urinary TBARS levels. It also downregulated the renal
expression of NF-kB p65, MCP-1, Nox4, Nox2 and p47phox, thereby
improving renal inflammation and oxidative stress.

Inhibits the expression of oxidative stress markers, renal NADPH oxidase
components (Nox4, gp91phox, p22phox, p47phox), TGF-p and fibronectin,
as well as significantly improves urinary albumin excretion via the cAMP-
PKA pathway.

Fasting blood glucose, mAlb/Ucr, Scr, BUN and renal MDA levels were
significantly decreased, and effectively reducing the expression of renal
Nox4 and upregulating the expression of renin and WT1 in diabetic rats, thus
alleviating the damage of podocytes.

24-h urinary protein and renal function were notably improved; high
glucose-cultured podocytes were given BSF treatment, MDA, ROS and Bax
levels were reduced, while markedly increasing SOD and Bcl-2 levels, it also
greatly reduced the expression of Nox4 and phospho-p38, acting as an anti-
apoptotic potential to protect the kidney.

It can inhibit the activation of AGEs/Nox4/p65 NF-kB pathway in podocytes
and reduce apoptosis. The above drugs act as antioxidants and anti-
inflammatory agents to improve DKD.

Significantly inhibited TGF-p1-induced overexpression of Nox4, fibronectin
and collagen IV; Reversal of renal fibrotic alterations and accumulation of
extracellular matrix proteins.

Effectively inhibits the expression of Nox4, leading to a decrease in renal
cortical superoxide production and nitrotyrosine accumulation in glomeruli,
reduces macrophage infiltration in the diabetic kidney, attenuates the
expression of MCP-1 and NF-kB; Attenuates the gene expression of key
proteins involved in renal fibrosis, such as collagen IV, fibronectin,
connective tissue growth factor and a-SMA, reduces ROS production and
improve proteinuria.

Inhibits Nox4 expression, reduces oxidative stress and ERK1/2
phosphorylation, attenuates albuminuria and TBARS levels, and protects
kidney structures.

Inhibition of ROS overproduction, VCAM-1 and ICAM-1 protein expression,
and NF-kB, TNF-q, IL-6 and IL-1p activity.

Completely inhibited the expression of pro-inflammatory molecules (NF-kB,
MCP-1, Nox2, Nox4) and pro-fibrotic factors (TGF-$1, PAI-1 and collagen
V), acting as an anti-inflammatory and anti-fibrotic agent.

Effectively reduce the mRNA and protein expression of Nox4 and the level of
ROS and VEGF, thus improving the permeability of retinal blood vessels,
inhibiting retinal oxidative stress and improving the disruption of the blood-
retinal barrier.

Significant inhibition of Nox4 and Nox2 expression levels and increased
phosphorylation of LRP6. And increased expression of antioxidant enzymes
(SOD1 and SOD2), improved diabetic vascular leakage.

The expression of GLUT5, p47/p67-phox, Nox4 and RAGE was reduced. In
addition, dapagliflozin reduced RAGE-induced NADPH oxidase expression in
lens epithelial cells (LEC) by inactivating GLUTs and reducing ROS
production.

Significantly inhibited the gene expression of Nox4 and p22phox, as well as
the accumulation of chronic inflammation in the mouse retina, while
reducing retinal endothelial cell proliferation and retinal angiogenesis.

It decreased the levels of IL-6, IL-8 and TNF-a and significantly increased the
level of IL-10, inhibited the activity of the Nox4/NLRP3 pathway, thereby
suppressing apoptosis and inflammatory responses in HRECs under high
glucose conditions.

Inhibited protein overexpression of Nox4 and Nox5 and suppressed ROS
production in a concentration-dependent manner, preventing oxidative
damage and endothelial dysfunction to the retinal arterial vasculature.

[140]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[152]

[134]

[153]

[85]

[154]

[155]

[156]

[157]

[158]
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Diabetes drugs/Inhibitors Models Main results Reference
complications
Panax notoginseng saponin high glucose-induced RCECs Increased activity of antioxidant enzymes (SOD, MnSOD, CAT and GSH-PX)  [141]
and decreased Nox4 expression, thereby reducing cellular oxidative damage
in high glucose-induced RCECs.
GLX7013114 diabetic rats Effectively inhibited nitric/oxidative stress, attenuated apoptosis by [159]
reducing Caspase-3 expression, and suppressed micro/giant cell activation.
In addition, it attenuated diabetes-induced elevation of VEGF, blood-retinal
permeability evaluation index (Evans-Blue leakage) and pro-inflammatory
cytokines (TNF-« protein and IL-1f/IL-6) mRNA, and significantly increased
the mean PERG amplitude.
GKT136901 and dimethyl oxalylglycine- Significantly reduces ROS production and VEGF expression, and shows [160,
GKT137831 stimulated retinal endothelial potent anti-inflammatory effects. 161]
cells
Diabetic chrysin isoproterenol-induced It downregulated RAGE expression and inhibited Nox4, 8-OHdG, NF-kBp65/ [162]
cardiomyopathy myocardial injury in diabetic IKK-B, TNF-q, Bax, and Caspase-3, while enhancing Bcl-2 expression and the
rats activity of GSH, CAT, and MnSOD, thereby reducing myocardial oxidative
stress, inflammation and apoptosis.
GKT137831 ventricular myocytes This Nox4 inhibitor did not significantly inhibit Hi Glu/ThmG-induced ROS. [163]
Diabetic Liraglutide STZ-induced diabetic rats It has a protective effect on peripheral nerves and also inhibits the gene and ~ [164]
neuropathy protein expression of Nox4 in the sciatic nerve.
DA-9801 HDMECs Blockade of Ang II-induced NADPH oxidase (Nox4 and p22phox subunits) [128]

expression and increased ROS production, attenuated Ang II-induced
oxidative stress and reduced the upregulation of p38 MAPK, ERK, ICAM-1,
VCAM-1 and E-selectin and caspase 9, 7 and 3 activities.

blocked by p38 MAPK inhibitor and Nox4-siRNA restricted the phos-
phorylation of p38 [148], showing the anti-apoptotic potential of BSF
for kidney protection partly through inhibiting the Nox4/ROS/p38
pathway.

Rehmanniae Radix (RR) and Cornus officinalis (CO) are commonly
used herbal combinations for the treatment of DKD. While catalpol (Cat)
and loganin (Log) are the main active components of RR and CO,
respectively, they can effectively treat DKD by counteracting apoptosis,
oxidative stress, and inflammation. Studies have shown that Cat and Log
treatment, either alone or in combination, could improve renal function
and pathomorphological impairment in KK-Ay mice (DKD model),
meanwhile, such treatment was also able to inhibit the activation of
AGEs/Nox4/p65 NF-kB pathway in podocytes, especially the combined
treatment, which can significantly reduce apoptosis and act as an anti-
oxidant and anti-inflammatory agent to improve DKD [149].

TGFp1 has been proven to play a role in renal fibrosis and dysfunc-
tion in DKD. Co-culturing of HK-2 with TGFf1=+plumbagin, an inhibitor
of Nox4, revealed that TGFB1 increased the mRNA expression of Nox4.
However, treatment with Plumbagin and Nox4-siRNA significantly
inhibited TGF-fl-induced overexpression of Nox4, fibronectin, and
collagen IV in HK-2 cells. Furthermore, plumbagin treatment reversed
the renal fibrotic alterations and extracellular matrix protein accumu-
lation in STZ-induced diabetic mice [150]. The results of this study
indicate that plumbagin can alleviate the development of DKD by
modulating Nox4 signaling pathways.

GKT137831 is a potent and highly selective inhibitor of Nox1/4 that
has demonstrated significant therapeutic potential in the treatment of
DKD. In STZ-induced ApoE™/~ mice, GKT137831 was observed to
effectively suppress the expression of Nox4, leading to a reduction in
renal cortical superoxide production and nitrotyrosine accumulation in
the glomeruli. Consequently, GKT137831 resulted in attenuation of
diabetes-induced glomerular injury, including a decrease in albumin-
uria, ECM accumulation and tubulointerstitial area [45]. Moreover,
GKT137831 was found to reduce macrophage infiltration in diabetic
kidneys and mitigate expressions of MCP-1 and NF-kB. In vitro experi-
ments using immortalized human podocytes revealed that GKT137831
could alleviate critical proteins involved in renal fibrosis, such as gene
expressions of collagen IV, fibronectin, connective tissue growth factor
and a-SMA. GKT137831 also reduced ROS production and improved
proteinuria [151]. Collectively, these findings highlight the potential of
GKT137831 as a therapeutic agent for the treatment of DKD.

DKD is specifically characterized by albuminuria and renal injury. In

db/db mice, both plasma and urinary levels of TBARS, which are
markers of systemic and renal oxidative stress, were significantly
increased. This increase was accompanied by a significant upregulation
of Nox4 expression. Treatment with GKT136901 inhibited Nox4
expression, reduced oxidative stress and ERK1/2 phosphorylation,
attenuated albuminuria and TBARS levels, and preserved renal struc-
tures. Furthermore, renal ERK1/2 activation was found to be elevated in
db/db mice, whereas activation of p38MAPK or JNK was not observed to
increase, suggesting that increased Nox4 promotes diabetic renal dam-
age through the regulation of renal ERK1/2 activation [152]. Therefore,
it can be inferred that diabetes-related Nox4 may contribute to renal
injury by modulating ERK1/2 activation.

According to a previous study, miR146a was identified as an up-
stream regulator of Nox4. In the kidneys of DKD mice, the expression of
miR146a was suppressed, while the expression of Nox4 was significantly
increased. Moreover, this study also confirmed that overexpression of
miR146a in HK-2 cells along with the application of Nox4 inhibitor
(Nacetylcysteine) led to further inhibition of ROS overproduction,
VCAM-1 and ICAM-1 protein expression, and the activity of NF-xB, TNF-
a, IL-6, and IL-1f [134]. These findings suggest that overexpression of
miR146a may downregulate the expression of Nox4, and consequently
improve oxidative stress and inflammatory response in DKD renal
tubules.

APX-115 is a novel pan-Nox inhibitor that has demonstrated prom-
ising effects in db/db mice. Specifically, APX-115 intervention caused a
containment in Nox1, Nox2, Nox4 protein expression in the diabetic
kidney, a significant reduction in plasma 8-isoprostane level, and a
lowering in MCP-1, TNFa and IL-6 expression in the diabetic kidney.
Notably, APX-115 intervention also brought about significant im-
provements in insulin resistance, lipid profiles, proteinuria, and creati-
nine level. In addition, in high glucose-induced podocytes, APX-115
treatment completely suppressed the expression of proinflammatory
molecules (NF-xB, MCP-1, Nox2, Nox4), and profibrotic factors (TGF-f1,
PAI-1, and collagen IV) [153]. These results indicates that APX-115
boasts anti-inflammatory and anti-fibrotic effects, ultimately leading
to renoprotection.

5.2. Nox4 inhibitors for diabetic retinopathy
A study found hypoxia and high glucose-cultured RCECs had

significantly higher mRNA and protein expression of Nox4, as well as
significantly higher levels of ROS and VEGF. This phenomenon was also
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observed in the retinas of db/db mice. However, administration of
lovastatin treatments almost completely reversed the above changes in
vivo and in vitro studies [85]. These findings suggest that lovastatin can
improve retinal vascular permeability by inhibiting the expression of
Nox4 and VEGF, thereby suppressing retinal oxidative stress and
ameliorating blood-retinal barrier breakdown, which implies the po-
tential use of lovastatin as a therapeutic option for diabetic retinopathy.

Fenofibrate and dapagliflozin have therapeutic effects on diabetic
retinopathy in addition to their role in alleviating DKD. In the retinas of
C57BL/6J-Ins2*1 mice (a genetic TIDM model) and high glucose-
treated ARPE-19 cells, the expression levels of Nox4 and Nox2 as well
as LRP6 phosphorylation were significantly increased, while the
expression of antioxidant enzymes (SOD1 and SOD2) was reduced,
resulting in diabetic vascular leakage. Conversely, fenofibrate treatment
significantly improved these phenomena. Interestingly, overexpression
of Nox4 directly activated high glucose-induced LRP6 phosphorylation
in ARPE19, and knockdown of Nox4 suppressed LRP6 phosphorylation
[154], suggesting that fenofibrate may improve diabetic retinopathy
through the Nox4/LRP6 pathway.

Dagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is
an emerging compound for the treatment of diabetes. A recent study
found that SGLT2, GLUT1, GLUT5, p47/p67-phox, Nox4 and RAGE
levels were significantly elevated in lens of fructose-induced T2DM rats.
However, dapagliflozin treatment reduced GLUT5, p47/p67-phox, Nox4
and RAGE expressions. Additionally, scholars have demonstrated that
dapagliflozin downregulated RAGE-induced NADPH oxidase expression
in lens epithelial cells (LECs) via inactivation of GLUTs and reduction in
ROS production [155]. Based on these results, dapagliflozin may
downregulate Nox4 expression via SGLT2 inactivation and RAGE
reduction, thereby alleviating diabetic retinopathy.

Conbercept, a newly developed anti-VEGF drug, significantly
inhibited the gene expression of Nox4, p22phox, and the accumulation
of chronic inflammation in the retina of mice with proliferative DR,
while reducing retinal endothelial cell proliferation and retinal angio-
genesis. Consequently, Conbercept could be a promising target drug for
limiting Nox4-mediated DR angiogenesis [156].

Treating high glucose cultured HRECs with gambogic acid (GA)
significantly decreased IL-6, IL-8 and TNF-« levels, while significantly
increasing the level of IL-10. GA also inhibited the activity of Nox4/
NLRP3 pathway, which suppressed cell apoptosis and inflammatory
response of HRECs under high glucose conditions [157]. These findings
suggest that GA has a protective effect against diabetic retinopathy.

High glucose incubation of porcine retinal arterioles for 2 h impaired
endothelium-dependent vasodilation and elevated ROS levels, as shown
in a recent study. However, the application of sulodexide inhibited
protein overexpression of Nox4, Nox5 and ROS production in a
concentration-dependent manner, preventing oxidative injury and
endothelial dysfunction of the retinal arterial vasculature [158].

GLX7013114 is a specific inhibitor of Nox4 that has demonstrated
promising effects in the treatment of diabetic retinopathy. When topi-
cally administered as eye drops, GLX7013114 was found to effectively
inhibit nitric/oxidative stress, alleviate apoptosis by reducing Caspase-3
expression, and restrain micro/macroglia cell activation. Moreover,
GLX7013114 attenuated diabetes-induced elevation of VEGF, blood-
retinal permeability evaluation index (Evans-Blue leakage), and pro-
inflammatory cytokines such as TNF-a protein and IL-1p/IL-6 mRNA.
In diabetic rats, the mean pattern electroretinography (PERG) amplitude
decreased by more than 50% compared to the control group. However,
treatment with GLX7013114 significantly increased the mean PERG
amplitude compared to the untreated group [159], suggesting that
GLX7013114 preserves retinal ganglion cell function and attenuates
diabetic retinopathy.

Interestingly, treatment of dimethyl oxalylglycine-stimulated retinal
endothelial cells with Nox1/Nox4 inhibitors (GKT136901 and
GKT137831) also pronouncedly lowered ROS production and VEGF
expression, and showed potent anti-inflammatory effects [160,161], but

15

Redox Biology 64 (2023) 102781

whether Nox4 can be a attractive and promising therapeutic target for
DR needs to be further studied.

5.3. Nox4 inhibitors for diabetic cardiomyopathy

It has been proven that Chrysin, a PPAR-y agonist, could inhibit the
AGE-RAGE axis and ameliorate isoproterenol-induced myocardial injury
in diabetic rats. It downregulated RAGE expression and inhibited Nox4,
8-OHdG, NF-kBp65/IKK-B, TNF-a, Bax, and Caspase-3, while enhancing
Bcl-2 expression and the activity of GSH, CAT, and MnSOD. All this
could reduce myocardial oxidative stress, inflammation, and apoptosis
[162].

A study demonstrated that high extracellular glucose (Hi-Glu) pro-
motes ROS production in ventricular myocytes, allowing CaMKII
oxidation to activate, thereby accelerating post-infarction mortality. To
explore the source of this novel ROS, scholars used inhibitors of Nox2
(Gp91ds-tat peptide), Nox4 (GKT137831), mitochondrial ROS (Mito-
Tempo), and NOS pathway inhibitors (.-NAME, L-NIO and L-NPA) to
investigate their involvement, and found that only inhibition of Nox2 or
knockout prevented Hi Glu/ThmG-induced ROS production [163].

5.4. Nox4 inhibitors for diabetic neuropathy

To date, the prevention and slowing of the onset and progression of
diabetic neuropathy primarily relies on hypoglycemic agents that keep
blood glucose at a normal level. A recent in vivo study found that a
glucagon-like peptide-1 receptor (GLP-1R) agonist Liraglutide, also a
hypoglycemic agent, had a protective effect on peripheral nerves in STZ-
induced diabetic rats, and also inhibited the gene and protein expression
of Nox4 in the sciatic nerve of diabetic rats [164]. However, whether
GLP-1R agonist alleviates diabetic peripheral nerve injury through the
inhibition of Nox4 remains hidden. Therefore, it is meaningful to make
endeavors in revealing the mechanism of Nox4 in diabetic neuropathy,
which may shed light on targeted treatment of diabetic neuropathy.

DA-9801 is a mixture of extracts from Dioscorea japonica and Dio-
scorea nipponica, and can be used to treat diabetic neuropathy. Exces-
sive oxidative stress and inflammation have been reported to cause
microvascular changes and damage in the vascular endothelium,
impairing the normal function and structure of peripheral nerves. In
human dermal microvascular endothelial cells (HDMECs), Ang II
induced increased expression of NADPH oxidases (Nox4 and p22phox
subunits) and ROS production. However, pre-treatment with DA9801
effectively blocked the above processes, thereby attenuating Ang II-
induced oxidative stress and reducing the upregulation of p38 MAPK,
ERK, ICAM-1, VCAM-1, and E-selectin, as well as caspase 9, 7, and 3
activities [128], thereby ameliorating diabetic neuropathy by inhibiting
endothelial cell inflammation and apoptosis.

6. Natural food components that inhibit Nox4 and prevent
diabetic microvascular complications

Nox4 is widely expressed in human body, whose activity enhance-
ment could lead to a variety of diabetic microangiopathies. Hence efforts
are made to discover natural food components that inhibit Nox4
(Table 7) and limit the use of compounds with toxic side effects, so as to
elevate the safety.

6.1. Natural food components for diabetic kidney disease

Our previous study revealed a potential protective effect of 1,25
(OH),Ds3 in the prevention and treatment of DKD. As compared with the
Zucker lean (ZL) control group, Zucker diabetic fatty (ZDF) rats showed
a significant boost in renal MDA content, ROS production, 4-HNE and 8-
OHAG protein expression, and a concomitant decrease in GSH content.
In contrast, 1,25(0H),D3 supplementation effectively reversed these
variations, and the results further imply that 1,25(0OH)3;D3 may relieve
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Table 7
Natural food components that inhibit Nox4 and prevent diabetic microvascular
complications.

Diabetes complications Food components with therapeutic effects ~ Reference
Diabetic Nephropathy 1,25(0OH),D3 [165]
Diarylheptanes and lignans [167]
Maackiain [168]
punicalagin [169]
Diosgenin [170]
Complanatoside A [171]
Jujuboside A [172]
curcumin [173]
Resveratrol [54,56]
Diabetic Retinopathy Folic acid [174]
Malvidin [175]
Carotenoids [34]
Diabetic cardiomyopathy ~ Daidzein [176]
Diabetic neuropathy Honey (potential) [177]

the oxidative damage in diabetic kidney by inhibiting PARP1, activating
SIRT1, and reducing Nox4 protein expression [165]. Similarly, another
study found that in 3T3L1 adipocytes subjected to high glucose, sup-
plementation with 1,25(OH),D3 could significantly reduce Nox4 protein
expression, ROS production, and phosphorylation levels of NF-xB and
AMPK, hence obviously inhibiting cellular oxidative damage [166].
Moreover, 1,25(0OH),D3 boasts high oral bioavailability and well-proved
safety in human studies and clinical trials. That is why we could leverage
its antioxidant property in the prevention and treatment of DKD.

Natural food components such as diarylheptanes and lignans, acacia
root extracts, and anthocyanin extracts have therapeutic effects on
diabetes. Some scholars have compared the activity spectrum of Nox4,
Nox2, and Nox5, and found several active chemicals from edible plants
that specifically inhibit Nox4, especially diarylheptanes and lignans,
whose efficacy is comparable to the best available medication [167].
Moreover, it has been found that Maackiain extracted from the roots of
Sophora japonica could significantly reduce the protein expression of
renal Nox4 as well as the gene and protein expressions of Bax, Caspase-9,
and Caspase-3 in HFD/STZ-induced diabetic rats, thus reducing oxida-
tive stress, inflammation and apoptosis in diabetic kidney [168].

Phytochemicals such as carotenoids [34], punicalagin, diosgenin,
complanatoside A, Jujuboside A, Curcumin, and resveratrol have ther-
apeutic effects on DKD. A study found that the major polyphenol
(punicalagin) in pomegranate exhibited protective effects against DKD
in a HFD/STZ-induced diabetic mice model. The results showed that
punicalagin could decrease proteins expression of IL-1f, Caspase-1,
GSDMD, and NLRP3 in diabetic mice kidney, and could effectively
reduce high glucose-induced high expression of Nox4 protein [169].
This study suggests that administration of punicalagin can significantly
relieve oxidative stress, inflammation, and pyroptosis in mice, exhibit-
ing potential therapeutic implications for DKD. Latest studies have
found that diosgenin isolated from vegetables and herbs could down-
regulate renal Nox4 protein expression level and serum inflammatory
factors, enhance antioxidant enzyme (SOD, CAT) activity, and reduce
the expression of Bax, CytC, Apaf-1, Caspase-9, p-PERK, and Caspase-12.
Consequently, it could inhibit oxidative damage, inflammatory
response, and apoptosis mediated by mitochondrial and endoplasmic
reticulum stress, thereby preventing the development of DKD [170].

It has been found that Complanatoside A (CA) may also be used for
the relief of DKD. As was reported, significant downregulation of Nox4
expression, inhibition of epithelial-mesenchymal transition, and reduc-
tion in renal tubular epithelial cell fibrosis were observed upon
administration of CA in a mouse model of STZ-induced diabetes and in
HK-2 cells induced by TGF-p1. Interestingly, overexpression of Nox4 in
HK-2 cells abolished the effect of CA, and CA’s inhibition of TGF-f1-
induced renal fibrosis was even more pronounced once Nox4 was
silenced [171].

Additionally, it was found that in diabetic SD rats, the administration
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of Jujuboside A could significantly reduce the expression of Nox4 and
mitochondrial apoptosis proteins (Bax, CytC, Apaf-1, caspase 9), while
enhancing SOD, CAT, and GPx activities, thereby inhibiting renal
oxidative stress and apoptosis [172]. Research has also demonstrated
that oral administration of curcumin in STZ diabetic rats significantly
reversed renal dysfunction, including the recovery of creatinine clear-
ance, BUN, and proteinuria indicators towards baseline levels, reduction
of Nox4 and p67phox protein expression, and an increase in antioxidant
enzyme activity [173]. This study confirms that curcumin is a potential
therapy for the prevention and treatment of DKD.

Similarly, it has also been demonstrated that resveratrol can reduce
elevated Nox4 expression in the kidney of db/db diabetic mice by
activating AMPK, and thus dramatically alleviate diabetic renal fibrosis
(i.e. FSP-1, Fibronectin, a-SMA) [62]. Resveratrol and its derivatives
have been found to improve renal function in diabetic kidney disease by
modulating inflammation and the metabolic memory of hyperglycemia.
In non-obese diabetic mice, resveratrol intervention reduced Nox4
expression and led to a return to baseline levels of blood glucose, BUN,
SCr, 24h-UMA, and inflammatory factors (RAGE, NF-kB) [54]. In
another study, treatment of STZ-induced diabetic mice with polydatin, a
resveratrol derivative, increased Cx32 expression and subsequently
reduced Nox4 expression. Specifically, overexpression of Nox4 or
knockdown of Cx32 abolished the inhibitory effects of polydatin on FN
and ICAM-1 expression [56]. These studies suggest that polydatin may
decrease renal oxidative damage and renal fibrosis via the Cx32-Nox4
signaling pathway.

6.2. Natural food components for diabetic retinopathy

According to a recent study, folic acid intervention in db/db diabetic
mice significantly downregulated protein expression levels of Vav2,
Nox4, VEGFR, IL-18, and NLRP3 in retinal tissues, reduced retinal
angiogenesis and oxidative stress, thus showed a protective effect
against diabetic retinopathy [174]. It has also been found that blueberry
anthocyanin extract (BAE) and its major components Malvidin (Mv),
Malvidin-3-glucoside (Mv-3-glc), and Malvidin-3-galactoside (Mv-3-gal)
can reduce cellular ROS production, boost cell viability and the activity
of CAT and SOD. My, in particular, substantially inhibited high
glucose-induced Nox4 overexpression in HRCECs, thus protecting it
from oxidative damage and providing a new orientation for treating
diabetic retinopathy [175].

6.3. Natural food components for diabetic cardiomyopathy

Studies have reported that Daidzein has ameliorative effects on
diabetic cardiomyopathy. The latest research found that STZ-induced
diabetic rats treated with Daidzein reduced protein expression of Nox4
and RAC-1, increased plasma levels of AMPK and SIRT1, and alleviated
necrosis and fibrosis in cardiac tissues [176]. This study suggests that
Daidzein treatment may attenuate oxidative stress, necrosis, and fibrotic
damage in diabetic myocardial tissue through the inhibition of Nox4.

6.4. Natural food components for diabetic neuropathy

Honey coupled with insulin showed a significant effect on diabetic
neuropathy. Three groups of diabetic neuropathic Wistar rats were
treated with honey, insulin, and honey + insulin. Compared with the
diabetic group, all the treatment groups showed reduced malondialde-
hyde levels and improved total antioxidant capacity. In particular, the
honey + insulin treatment group drastically improved sensory nerve
conduction velocity and mitigated dyslipidemia in diabetic rats. In
addition, the honey + insulin treatment group showed a greater drop in
fasting blood glucose compared with the insulin treatment group, which
was comparable to that of the non-diabetic control group [177]. This
study suggests that honey has hypoglycemic, hypolipidemic, and anti-
oxidant effects, so it may serve as an adjunct to insulin to manage
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diabetic neuropathy.
7. Nox4 and diabetic macrovascular complications
7.1. Nox4 and diabetic atherosclerosis

The NADPH oxidase enzyme, Nox4, is the primary producer of ROS
in the vascular system; however, its role in atherosclerosis remains a
topic of debate. The precise impact of Nox4 on the development and
progression of this condition remains uncertain.

Some studies suggest that downregulating Nox4 expression may
have positive effects on atherosclerosis. In diabetes, advanced glycation
end product-modified low-density lipoproteins (AGE-LDL) are prevalent
and can promote the development of atherosclerosis by causing vascular
cell dysfunction. Smooth muscle cells (SMCs), which play a key role in
the early progression of atherosclerotic plaque, show increased ROS
production and NADPH oxidase subunit gene expression (Nox1, Nox4,
p22phox, p67phox), as well as increased cell proliferation when
cultured under AGE-LDL conditions. This is partly due to the up-
regulation of specific receptors such as LRP1, CD36, and RAGE, which
enhance NADPH oxidase activity in human vascular smooth muscle cells
(VSMCs), leading to a pro-oxidative state [178]. In conclusion, AGE-LDL
can activate human VSMCs and up-regulate NADPH oxidase-induced
pro-oxidative state through the CD36, LRP1, and RAGE receptors,
accelerating the progression of diabetic atherosclerosis.

Neointimal hyperplasia, a pathological feature of atherosclerosis and
restenosis, is associated with diabetes mellitus (DM). The combination
therapy of linagliptin and metformin significantly inhibited neointimal
hyperplasia and improved endothelium-independent contraction in the
balloon-injured carotid artery of diabetic rats. Furthermore, high
glucose-induced VSMCs remodeling was reversed by the combined use
of linagliptin and metformin, which activated AMPK and inhibited Nox4
expression [179]. The study demonstrated the potential protective effect
of the combination therapy on VSMC remodeling through the AMP-
K/Nox4 signal pathway, resulting in the improvement of neointima
hyperplasia in diabetic rats. In addition, research indicated that treat-
ment with manganese (Mn) in high glucose-treated human umbilical
vein endothelial cells increased adiponectin level, inhibited ROS pro-
duction and Nox4 expression, and downregulated ICAM-1 expression by
upregulating endothelial cell Disulfide bond A-like protein (DsbA-L)
[180]. These findings suggest that Mn supplementation may potentially
improve diabetes-induced atherosclerosis by modulating the
Nox4-dependent ROS production.

Abnormal VSMCs migration is an important pathological process in
vascular occlusive diseases such as atherosclerosis and restenosis, which
are accelerated by diabetes mellitus. In the obese Zucker rat (ZO), a
model of obesity and insulin resistance, ZO aortic SMCs showed a sig-
nificant increase in Nox4 mRNA and protein levels compared to the
control ZL rats. Knockdown of Nox4 inhibited the oxidation of sarco-/
endoplasmic reticulum Ca(2+) ATPase (SERCA) and neointima forma-
tion after ZO common carotid artery injury [181]. The study suggests
that Nox4 plays a critical role in the pathogenesis of vascular occlusive
diseases in T2DM, and targeting Nox4 may provide a potential thera-
peutic strategy for these diseases.

The study showed that Salvianolic acid B (Sal B) improves endo-
thelial function in diabetic rats with blood glucose fluctuations. The
mechanism of Sal B involves suppression of endothelial cell apoptosis
and stimulation of endothelial nitric oxide synthase (eNOS) phosphor-
ylation (Ser 1177), leading to restoration of NO metabolites and
reduction of oxidative stress. Sal B also significantly reduced the protein
levels of Nox2 and Nox4, two main isoforms of NADPH oxidase that are
major sources of ROS in the vasculature. This reduction in Nox4 protein
levels may contribute to the improvement of endothelial function in
diabetic rats [182]. Overall, the study indicates that Sal B has a vascular
protective effect in diabetes, and the regulation of Nox4 may be one of
the underlying mechanisms.
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The study investigated the role of ARL15 in high glucose-induced
endothelial dysfunction in human umbilical vein endothelial cells
(HUVECS). The results showed that up-regulation of ARL15 attenuates
HG-induced impairment in HUVECs by increasing NO production and
the active phosphorylation of the IR/IRS1/AKT/eNOS pathway, while
decreasing ROS and MDA production and increasing SOD level. ARL15
overexpression also reduced the expression of Nox2 and Nox4, two
major sources of ROS in the vasculature [183]. These findings suggest
that ARL15 may have a protective effect against HG-induced endothelial
impairment through the regulation of Nox4 and other pathways
involved in oxidative stress. Besides, rosuvastatin treatment reversed
impaired endothelium-dependent dilatations and prevented exagger-
ated contractions to angiotensin II and phenylephrine in renal arteries
and aortae from db/db mice. Specifically, rosuvastatin reduced the
elevated expression of Nox4, p22(phox), and p67(phox), which are
components of NAD(P)H oxidase that produce ROS. Rosuvastatin also
inhibited AT1R, Racl, nitrotyrosine, and phosphorylation of ERK1/2
and p38 MAPK [184]. Overall, this study suggests that rosuvastatin has
vasoprotective effects by inhibiting Nox4 and other components of the
AT1R-NAD(P)H oxidase cascade.

High glucose induces proliferation and oxidative stress in aortic
VSMCs of pigs, accompanied by reduced levels of antioxidant enzymes
and increased levels of MDA and ROS. This is associated with increased
PKC{ phosphorylation in the aorta of diabetic mice, leading to over-
expression of Nox4 and ROS generation [185]. However, nicotinamide
treatment has been shown to reverse these effects, indicating its ability
to reduce oxidative stress and prevent diabetic atherosclerotic lesions by
inhibiting Nox4 expression.

In HFD-induced diabetic metabolic stress (DMS) LDLR ™/~ mice,
increased expression of iPLA2B was found to promote migratory re-
sponses, leading to accelerated atherogenesis. This was accompanied by
increased Nox4 expression and activity, HoO5 production, and macro-
phage content in aortic sinus atherosclerotic lesions, which were posi-
tively correlated with iPLA2B-specific enzyme activity. In vitro
experiments using isolated mouse peritoneal macrophages cultured with
high glucose and LDL revealed that inhibition of iPLA2p prevented Nox4
upregulation, H»O0, production, and MCP-1-induced macrophage
migration, while restoration of iPLA2f} expression reversed these effects.
Additionally, the use of Nox4 inhibitor GKT137831 or Nox4 silencing
attenuated MCP-1-induced macrophage migration, while Nox4 over-
expression restored migration response. In summary, DMS-induced
upregulation of iPLA2f leads to increased Nox4 expression and Hy0»
production, which enhances MCP-1-induced macrophage migration and
accelerates atherosclerosis [186].

Ursolic acid (UA) prevents metabolic priming and hyper-reactivity to
MCP-1 by inhibiting Nox4 expression and protecting against Nox4-
dependent dysregulation of redox-sensitive processes, including actin
turnover and MAPK-signaling. UA also blocks the metabolic stress-
induced increase in global protein-S-glutathionylation and restores
MKP1 protein expression and phosphatase activity [187]. These findings
suggest that dysfunctional blood monocytes may be primary targets of
UA and related compounds, providing a novel mechanism for the
anti-inflammatory and athero- and renoprotective properties of UA.

In diabetes, the inflammatory response induced by high glucose is a
major cause of endothelial dysfunction and an important contributor to
the development of atherosclerosis. High glucose has been shown to
increase the expression of adhesion molecules, such as ICAM-1 and
VCAM-1, in HUVECs through activation of the NADPH oxidase/NF-«kB
pathway, leading to inflammation. However, high glucose-induced NF-
kB binding activity and expression of ICAM-1 and VCAM-1 were
inhibited by Nox4 siRNA or NADPH oxidase inhibitors [188]. This study
suggests that NADPH oxidase/NF-kB pathway plays a role in high
glucose-induced inflammation in endothelial cells.

In high glucose-induced human aortic endothelial cells (HAECs) and
THP-1 monocytes, increased expression of Nox4 promotes excessive
ROS generation, leading to increased expression of ICAM-1 and VCAM-1
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in HAECs, which leads to increased monocyte-endothelial cell adhesion
and migration, causing endothelial dysfunction and worsening of dia-
betic atherosclerotic lesions [189]. Overall, this study suggests that
Nox4 plays a crucial role in promoting inflammation and endothelial
dysfunction in diabetes.

Another study found that the expression of Nox4, HSF1, and PAI-1
were elevated in hearts of diabetic mice and (glyLDL)-induced mouse
embryo fibroblasts (MEFs). However, abovementioned alterations were
prevented by Diphenyleneiodonium (a nonspecific Nox inhibitor) or
small interfering RNA for p22phox in MEFs [190]. It suggests that Nox4
may be a potential therapeutic target for cardiovascular disease in dia-
betic patients.

Other research suggest that upregulating Nox4 expression may have
positive effects on atherosclerosis. SMCs proliferation and fibrosis are
key factors in the development of advanced atherosclerotic lesions.
Studies show that in STZ-induced ApoE /"~ mice, genes related to SMCs
function, such as SM-a-actin and calponin, were reduced, while platelet-
derived growth factor (PDGF), osteopontin (OPN), and fibronectin were
increased. In Nox4~/~ ApoE ™/~ diabetic mice, genetic deletion of Nox4
further increased PDGF, OPN, collagen I, and the proliferation marker
Ki67. Aortic SMCs isolated from Nox4-deficient mice showed reduced
expression of contractile genes, increased ECM production, and elevated
levels of ROS associated with Nox1. Further research revealed that the
loss of Nox4 led to the activation of the PDGF signaling pathway, which
resulted in a loss of calponin and increased fibronectin expression.
Additionally, upregulation of Nox1 promoted OPN and Ki67 expression
[191]. Therefore, Nox4 plays an anti-atherosclerotic role in diabetic
models by inhibiting the PDGF signaling pathway and suppressing Nox1
activity.

Similarly, both decreased Nox4 gene expression and increased Nox1
gene expression were observed in the aorta of STZ-treated ApoE-defi-
cient mice. Deletion of the Nox4 isoform led to increased atherosclerotic
plaque area, reduced H,02 production, and increased oxidative capacity
and nitrotyrosine levels. This resulted in increased Nox2 staining in
intraplaque foam cells and smooth muscle cells, as well as increased
MCP-1 concentrations, macrophage accumulation, and proin-
flammatory factor expression within the aortic wall. These changes ul-
timately led to increased fibrillar collagen deposition and expression of
the pro-fibrotic marker connective tissue growth factor (CTGF), exac-
erbating atherosclerotic lesions in mice. In contrast, deletion of the Nox1
isoform had the opposite effect as deletion of Nox4 [192]. Therefore,
decreased Nox4 gene expression and increased Nox1 gene expression
together exacerbated diabetic atherosclerotic lesions.

Atherosclerosis-prone conditions, such as disturbed blood flow, type
I diabetes, and a Western diet, downregulate endothelial Nox4 mRNA in
arteries. To investigate the role of endothelial Nox4 in atherosclerosis,
mice were generated carrying a human Nox4 P437H dominant negative
mutation (Nox4DN) on ApoE-deficient mice. Nox4DN led to increased
type I diabetes-induced aortic stiffness and atherosclerotic lesions. Be-
sides, significant upregulation of soluble epoxide hydrolase 2 (sEH) was
observed in Nox4DN endothelial cells (ECs) and inhibition of sEH ac-
tivity in Nox4DN EC suppressed inflammation and macrophage adhe-
sion to EC. In contrast, overexpression of endothelial wild-type Nox4
suppressed sEH, ameliorated Western diet-induced atherosclerosis, and
decreased aortic stiffness [193]. Therefore, these findings suggest that
endothelial Nox4 plays a crucial role in atherosclerosis by regulating
sEH expression and inflammation, and overexpression of wild-type Nox4
may have anti-atherosclerotic effects.

Insulin resistance in T2DM causes endothelial cells to produce more
superoxide and less vasoprotective NO, leading to impaired glucose
disposal and endothelial dysfunction. In mIGFREO mice (IGF-1R EC
overexpressing) with specific insulin and IGF-1 resistance in endothelial
cells, increased expression of Nox4 was observed due to reduced
expression of miR-25, resulting in increased HyO production without an
increase in superoxide. This increased HyO; production mediated
enhanced whole-body insulin sensitivity, as evidenced by increased
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glucose disposal and uptake into muscle and fat in response to insulin.
Treatment with catalase restored insulin tolerance to wild-type levels,
indicating that HyO5 release enhances insulin-mediated glucose reduc-
tion in a paracrine manner [194]. Therefore, combined insulin and
IGF-1 resistance restricted to the endothelium leads to a potentially
favorable adaptation with increased Nox4-derived HyO, generation
mediating enhanced whole-body insulin sensitivity.

Previous studies have demonstrated that high glucose or hypergly-
cemia can decrease the expression of GATA4 in HUVECs and in the
endothelium of diabetic mice. Further investigation showed that GATA4
is a transcription factor of Nox4. Treatment with high glucose inhibited
the activity of GATA4, leading to reduced Nox4 expression. In contrast,
overexpression of GATA4 increased Nox4 expression. Simvastatin, a
drug that preserves endothelial function, increased the expression of
both GATA4 and Nox4 in HUVECs exposed to high glucose. This pro-
tective effect was reduced when GATA4 was inhibited with siRNA [195].
In summary, GATA4 regulates Nox4 transcription and protects against
hyperglycemia-induced endothelial dysfunction, indicating a potential
therapeutic target for preventing diabetic complications.

Evidence evaluated the effects of GKT137831, a Nox1/4 inhibitor, on
atherosclerosis and end-organ damage in STZ-induced ApoE /™ mice.
The results showed that the mice had increased plaque area, decreased
Nox4 gene expression, and increased oxidative stress markers. Admin-
istration of GKT137831 at a lower dose [30 mg/(kg.day)] reduced pla-
que area, increased Nox4 gene expression and HyO, levels, and
decreased oxidative stress markers and MCP-1 protein expression.
However, a higher dose [60 mg/(kg.day)] decreased Nox4 gene
expression and nitrotyrosine accumulation, and up-regulated TNF-a,
IL1-B and MIF protein levels. Overall, the effects of GKT137831 were
dose-dependent and tissue-specific [55]. Further studies are needed to
determine the relative balance of inhibiting Nox4 vs Nox1 in the mac-
rovascular complications.

However, few studies have also shown no significant effect of Nox4
on diabetic atherosclerosis. In high glucose conditions, Nox1 and Nox4
gene expression and ROS production increase in HAECs, leading to
enhanced expression of inflammatory markers (MCP-1 and VCAM-1)
and fibrosis markers (CTGF). Nox1 knockdown reduces ROS produc-
tion and decreases the expression of these markers, while Nox4 knock-
down does not. Similarly, in STZ-induced ApoE /" diabetic mice, Nox1
knockdown attenuates the development of aortic plaque formation and
treatment with the specific Nox inhibitor GKT137831 prevents the for-
mation of atherosclerotic plaques, but Nox4 knockdown does not affect
plaque formation [196]. These findings suggest that Nox1 expression,
but not Nox4, plays a crucial role in the development of diabetes-related
atherosclerosis.

7.2. Nox4 and diabetic aortic disease

DM is associated with vascular diseases, which may result from
NADPH oxidase-derived ROS and inflammation. In db/db mice, a T2DM
model, increased Nox4 expression and NADPH oxidase activity were
observed, leading to impaired vasodilation. The progression of diabetes
from 4 to 12 weeks was associated with increased Nox4 mRNA, matrix
remodeling-related cytokines, and superoxide levels [197]. These find-
ings suggest that Nox4 is among the NADPH oxidase subunits involved
in ROS production in the vasculature of db/db mice, contributing to
DM-associated vascular diseases.

Elevated oxidative stress plays a crucial role in the development of
atherosclerosis and endothelial dysfunction in diabetes-related vascular
disease. A study found that STZ-induced type 1 diabetic ApoE™~ mice
had significantly increased Nox4 and SOD expression, resulting in
elevated oxidative stress in both the aorta and mesenteric arteries
compared to non-diabetic ApoE™/~ mice. The study also revealed that
the expression levels of eNOS mRNA and protein were significantly
increased in mesenteric arteries. In the advanced stage of diabetes,
although Nox4 and SOD expression levels did not increase, eNOS
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expression levels continued to rise, leading to an increase in oxidative
stress [198]. These findings suggest that the increase in oxidative stress
in the vasculature of STZ-induced diabetic type 1 ApoE ™/~ mice is
associated with changes in the expression of eNOS, SOD, and Nox4. The
sustained increase in eNOS expression levels in the late stages of dia-
betes may promote hyperglycemia-induced oxidative stress.

Insulin-resistant and diabetic rats show impaired NO-dependent
vasodilation. Berberine treatment in diabetic rats reduces glucose and
triglyceride levels, increases eNOS mRNA and protein expression, and
decreases Nox4 protein expression, resulting in increased NO bioavail-
ability. This protects against aortic vasorelaxation in diabetic rats and
restores diabetic endothelial dysfunction [199]. These findings suggest
that the decrease in Nox4 expression may be a potential therapeutic
target for diabetic vascular complications.

Research indicated that downregulating acid sphingomyelinase
(ASM) in rat aortic endothelial cells (RAECs) treated with palmitic acid
could improve insulin resistance in T2DM vascular endothelial cells.
This downregulation enhanced glucose transporter-4 (Glut4) expression
and glucose uptake, reduced ceramide production, and increased eNOS
and NO production. It could also inhibit Nox2- and Nox4-dependent O2-
production. Furthermore, the ASM selective inhibitor amitriptyline
improved acetylcholine-induced vasodilation in rats fed on high-fat diet
with STZ injection, while reducing ceramide, Nox2, and Nox4 protein
expression levels in aortic endothelial cells. Overall, ASM down-
regulation appears to ameliorate insulin resistance and vascular
dysfunction by suppressing Nox2 and Nox4 expression in RAECs [200].

A diabetic mice model was used to investigate the role of fibronectin
containing extra domain A (EDA + FN) in diabetes-induced endothelial
dysfunction. It was revealed that STZ-induced diabetes impaired endo-
thelial vasodilation to acetylcholine, regardless of genotype. However,
STZ + EDA™/~ mice exhibited increased endothelial dysfunction
compared with STZ + EDA*/* and STZ + EDA"Y" mice. Analysis of the
underlying mechanisms showed that STZ + EDA™/~ mice exhibited
increased oxidative stress, exhibiting enhanced aortic superoxide anion,
nitrotyrosine levels, and expression of Nox4 and TGF-f1. In contrast,
Nox1 expression and antioxidant potential were similar in aortas from
the three genotypes. Furthermore, STZ + EDA'/* vessels exhibited
decreased eNOS expression, this was offset by an increase in eNOS
coupling and function [201]. Overall, these findings suggest that while
EDA + FN participates in vascular remodeling, it also plays a crucial role
in limiting diabetic endothelial dysfunction by preventing vascular
oxidative stress and Nox4 expression.

Li et al. investigated the effects of sequoyitol on endothelial
dysfunction in type 2 diabetic rats. T2DM was induced by low-dose STZ
and a high-fat and high-sugar diet, which resulted in impaired glucose
and insulin metabolism, increased insulin resistance, reduced insulin
sensitivity index, diminished endothelium-dependent vasodilation, dis-
rupted endothelial integrity, vascular smooth muscle cell hypertrophy
and disorder, decreased antioxidant capacity and NO activity, increased
lipid peroxidation, and altered eNOS and Nox4 expression in the aorta.
sequoyitol treatment for six weeks ameliorated these abnormalities by
lowering blood glucose, enhancing insulin sensitivity, improving endo-
thelial function, increasing eNOS and NO levels, decreasing Nox4
expression and lipid peroxidation in the aorta [202]. These findings
suggest that sequoyitol may protect the aortic endothelium in diabetic
rats by modulating eNOS and Nox4 expression.

Research has explored the effects of protocatechuic acid (PCA), a
naturally occurring phenolic acid found in many plants, on aortic
oxidative status in type 2 diabetic rats. T2DM was induced by high-fat
diet + high-fructose + low-dose STZ, which caused significant re-
ductions in GSH and SOD levels, significant increases in MDA content,
RAGE content, Nox4 gene expression, and serum AGEs levels, and sig-
nificant decrease in eNOS gene expression in the aortic tissue of diabetic
rats compared to the control group. Moreover, the aorta of diabetic rats
showed mild inflammatory response, focal endothelial damage, and
medial elastic lamina smooth muscle proliferation. PCA treatment

19

Redox Biology 64 (2023) 102781

significantly improved these changes, indicating its ameliorating effect
on aortic oxidative status in T2DM rats by modulating the AGE-RAGE-
Nox4 pathway [203].

Wang et al. investigated the effects of Oxymatrine (OMT) on
diabetes-associated aortic endothelial dysfunction and its underlying
mechanisms in diabetic rats. They found that the diabetic rats had
reduced body weight, increased plasma glucose levels, and oxidative
stress, as well as endothelial injury and dysfunction, including vaso-
dilative and histologic changes. Additionally, the expressions of eNOS
protein and mRNA were decreased, while the expression of Nox4 protein
was increased in the aortas of the diabetic rats. However, treatment with
OMT reversed all these diabetes-induced effects by enhancing NO
bioavailability through upregulating eNOS expression and down-
regulating Nox4 expression [204]. These findings suggest that OMT may
have therapeutic potential for treating diabetes-associated aortic endo-
thelial dysfunction, whose mechanism may involve regulating the bal-
ance between eNOS and Nox4 expression.

Abdelmageed et al. investigated the potential effects of cinna-
maldehyde (CIN) on the insulin signaling pathways in a rat model of
T2DM induced by a high-fat diet, fructose, and STZ. The results showed
that CIN treatment significantly improved glucose tolerance, insulin
sensitivity, and insulin secretion, as well as lipid profile and liver
function. CIN also decreased oxidative stress and inflammation, as evi-
denced by decreased malondialdehyde and increased glutathione and
superoxide dismutase levels in both the liver and aorta. Furthermore,
CIN treatment upregulated the insulin signaling pathway, as indicated
by increased mRNA expression of insulin receptor substratel, phos-
phatidylinositol 3-kinase regulatory subunit 1, and AKT serine/threo-
nine kinase 2, increased levels of phosphorylated AKT ser473, and
decreased expression of Nox4 in liver tissue. Additionally, CIN treatment
decreased serum levels of advanced glycation end products and their
receptors in the aorta [205]. These findings suggest that CIN may have
potential antidiabetic and antioxidant effects, possibly through upre-
gulating the eNOS and IRS1/PI3K/AKT?2 signaling pathway and atten-
uating the elevation of AGEs, RAGE, and Nox4.

As we all know, the accumulation of AGEs and activation of RAGE
lead to sustained oxidative stress in vascular tissue, contributing to
diabetic vascular complications. While Nox4 generates ROS in the
vasculature and plays a key role in the AGE/RAGE signaling pathway. In
this study, glycine administration was found to attenuate oxidative
stress by suppressing the AGE/RAGE pathway in the aorta of diabetic
rats and HUVEGs. This was associated with reduced Nox4 expression,
which in turn reduced ROS generation. Additionally, glycine treatment
restored the function of the crucial enzyme glyoxalase-1 (Glo1), which
suppressed the AGE/RAGE pathway and reduced the formation of AGEs
[206]. These findings suggest that glycine may protect against diabetic
macrovascular complications by inhibiting the AGE/RAGE pathway and
subsequent oxidative stress by improving Glo1 function and suppressing
Nox4 expression.

In db/db diabetic mice, the aortas showed higher NADPH oxidase
activity and increased superoxide levels, leading to impaired vasodila-
tion. Diabetes progression was associated with increased Nox1, Nox4,
and p22phox subunit mRNAs, as well as the induction of matrix-
remodeling related cytokines, including CTGF, bone morphogenetic
protein 4 (BMP-4), and OPN. Treatment with the superoxide scavenger
Tempol reduced superoxide production, plasma glucose, and lipid
levels, as well as BMP-4 and OPN protein expression in diabetic mice
[197]. This suggests that DM-induced vascular inflammation involves
both ROS-sensitive and -insensitive pathways, with Nox4 potentially
associated due to its increased mRNA expression in diabetic mice.

Oxidative stress is a key contributor to diabetic vascular dysfunction.
In an in vivo study conducted in db/db mice, aortic O(2)(—) production
and Nox1, Nox2, and Nox4 mRNA levels were elevated, while Cu/Zn
SOD protein and PPARy mRNA levels were decreased. Treatment with
the PPARy agonist (rosiglitazone) for 1-week significantly reduced
aortic O(2)(—) production and Nox1, 2 and 4 expression, but failed to
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increase Cu/Zn SOD or PPARy in the aortic tissue of db/db mice [207].
These findings suggest that short-term treatment with rosiglitazone can
rapidly inhibit the expression of vascular NADPH oxidase and O(2)(—)
production, with Nox4 potentially playing a role, to protect the
vasculature.

Research have investigated whether ellagic acid (EA) exerts a
vasculo-protective effect under diabetic conditions by Nox4-mediated
ROS production. The results demonstrated that EA treatment signifi-
cantly reduced ROS production, ERK1/2 activation, and Nox4 expres-
sion in HAECs and intact rat aortas exposed to high glucose conditions.
Furthermore, EA treatment improved endothelium-dependent vasodi-
lation and decreased endothelial dysfunction [208]. These findings
suggest that EA exerts vasculo-protective effect under diabetic condi-
tions by inhibiting Nox4-mediated ROS production and ERK1/2 acti-
vation, highlighting its potential as a therapeutic target for diabetic
vascular complications.

Research showed that Y396, a synthesized analog of rhynchophyl-
line, could directly target the EGFR and inhibit its abnormal phos-
phorylation induced by high glucose and EGF. This led to the inhibition
of downstream translocation to the nucleus of E2F1, its transcriptional
activity, and expression of Nox4. Y396 treatment ameliorated diabetes-
induced endothelial malfunction by inhibiting EGFR, which reduced
downstream oxidative stress in the aortas of TIDM mice and primary
RAECs. Y396 also preserved tunicamycin-induced endothelial dysfunc-
tion and oxidative stress. Moreover, Y396 protected against diabetes-
induced endothelium malfunction in vivo through EGFR inhibition
and downstream oxidative stress [209]. Overall, the study highlights the
role of Nox4 in diabetes-induced endothelial dysfunction and suggests
that Y396 may represent a potential therapeutic target for preventing or
treating diabetic vascular complications by inhibiting EGFR-mediated
oxidative stress and Nox4 expression.

Zhang et al. explored the protective effects of Astragaloside IV (AS-
IV) on STZ-induced endothelial dysfunction and elucidate the underly-
ing mechanisms. It was shown that STZ-injected mice exhibited
impaired aortic endothelium-dependent vasorelaxation in response to
acetylcholine and increased vasoconstriction, both of which were
reversed following AS-IV treatment. The restoration of vascular relaxa-
tion was associated with enhanced eNOS phosphorylation levels and
reduced ROS formation. Furthermore, AS-IV decreased the expression of
various NADPH subunits, including Nox2, Nox4, and Rac-1. This sug-
gests that diabetes-induced vascular injury may stem from eNOS inhi-
bition or activation of Nox-derived ROS generation [210].
Consequently, AS-IV treatment could potentially alleviate oxidative
stress in patients with diabetes exhibiting endothelial dysfunction.

Adiponectin (APN) and leptin are adipokines linked to vascular
complications in diabetes mellitus. Scholars found that high glucose
upregulated leptin expression in VSMCs and caused increased ROS
production and upregulation of Nox4 expression. Nox4 mediated APN
synthesis in VSMCs under high glucose condition. Furthermore, high
glucose activated the RhoA/ROCK pathway and induced the polymeri-
zation of globular actin (G-actin) into filamentous actin (F-actin),
decreasing the G/F-actin ratio [211]. Overall, these findings suggest that
Nox4 plays a crucial role in hyperglycemia-induced oxidative stress and
vascular remodeling in T2DM, highlighting its potential as a therapeutic
target.

In diabetes, up-regulated Nox generates ROS that contributes to
structural-functional alterations of the vascular wall. Histone deacety-
lase (HDAC)-dependent mechanisms may mediate vascular Nox over-
expression in diabetic conditions. HDAC1 and HDAC2 proteins along
with Nox1, Nox2, and Nox4 levels were found to be significantly
elevated in the aortas of diabetic mice compared to non-diabetic ani-
mals. Treatment of diabetic mice with suberoylanilide hydroxamic acid
(SAHA), a pan-HDAC inhibitor, mitigated the aortic expression of Nox1,
Nox2, and Nox4 subtypes and NADPH-stimulated ROS production. In
vitro studies on human aortic SMCs line showed that high concentra-
tions of glucose increased HDAC1 and HDAC2 protein levels, leading to
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increased Nox1/4/5 expression, ROS production, and the formation of
malondialdehyde-protein adducts. SAHA significantly reduced the
above-mentioned conditions. Overexpression of HDAC2 up-regulated
the Nox1/4/5 gene promoter activities in SMCs, and physical in-
teractions of HDAC1/2 and p300 proteins with Nox1/4/5 promoters
were detected at the sites of active transcription. High glucose-induced
histone H3K27 acetylation enrichment at the promoters of Nox1/4/5
genes in SMCs. These findings suggest that HDACs mediate vascular Nox
up-regulation in diabetes by regulating histone acetylation at Nox gene
promoters. HDAC inhibition with SAHA reduces vascular ROS produc-
tion in experimental diabetes, possibly by a mechanism involving
negative regulation of Nox expression [212]. Overall, the study sheds
light on the epigenetic regulation of Nox expression in diabetes and
highlights the potential therapeutic value of HDAC inhibitors in the
treatment of diabetic vascular complications.

Perivascular sympathetic neurons can secrete various trophic factors
to regulate vascular function through paracrine signaling, including
netrin-1, a diffusible protein that can be secreted outside the cell. Wang
et al. investigated the role of netrin-1 in modulating sympathetic neuron
paracrine signaling and its impact on vascular adventitial remodeling
under hyperglycemic conditions. The findings suggest that netrin-1
deficiency in the supernatant from primary rat superior cervical
ganglia (SCG) neurons contributes to adventitial fibroblast (AFs)
remodeling, characterized by proliferation, migration, and collagen
deposition. Moreover, UNC5b was identified as the netrin-1 specific
receptor expressed in AFs. Treatment with netrin-1 inhibited H20,
production derived from Nox4 through the UNC5b/CAMP/PKA signal
pathway, resulting in the amelioration of AFs remodeling. In vivo,
downregulation of netrin-1 in the perivascular sympathetic nerve was
observed in the adventitia of the aorta in T2DM rats, accompanied by
adventitial remodeling. Netrin-1 intervention restored the abnormalities
and inhibited Nox4 expression in the aorta adventitia [213]. Overall, the
study highlights the role of Nox4 in vascular adventitial remodeling
under hyperglycemia and suggests that netrin-1 may represent a po-
tential therapeutic target for preventing or reversing diabetic vascular
complications by modulating sympathetic neuron paracrine signaling
and Nox4-derived HoO; production in AFs.

A study investigated the effects of cocoa on oxidative stress and
vascular sclerosis and remodeling in diabetes. It compared male ZDF rats
fed on standard AIN-93G diet and cocoa diet. It showed that ZDF rats on
standard AIN-93G diet had increased aortic pulse pressure, intimal
thickness, and elastic fiber damage, as well as elevated levels of Nox2,
Nox4, ROS, pERKs, pJNKs, and SIRT1 in the aortic tissue. Cocoa intake
ameliorated these alterations by preventing SIRT-1 depletion, down-
regulating Nox2 and Nox-4 expression, reducing ROS levels, and
inhibiting ERKs and JNKs activation. The study also found that ZDF rats
on standard AIN-93G diet had decreased nuclear levels of p-Nrf2, met-
allothionein (MT), and antioxidant enzyme activities such as GPx and
glutathione reductase (GR) in the aorta. Cocoa diet restored these levels
and enhanced the antioxidant defense system [214]. The study sug-
gested that cocoa may protect the aortic tissue from oxidative stress and
vascular damage in diabetes by modulating SIRT1, Nox2, Nox4, Nrf2,
and their associated signaling pathways.

In diabetic rats, the mRNA expression of myocardial Nox4 was
significantly increased, leading to increased oxidative stress in the heart.
However, treatment with telmisartan was found to significantly alle-
viate the condition. At the same time, it may upregulate the expression
of myocardial adiponectin receptor 2 and GLUT4, while downregulating
the expression of Nox4, MCP-1, p22phox, and CTGF in the heart. Tel-
misartan was also found to induce a protective role on the vascular
system by upregulating the expression of adipoR1 and downregulating
the expression of MCP-1 and NF-«B in the abdominal aorta of diabetic
rats [215]. Taken together, these findings suggest that telmisartan may
protect against diabetic cardiovascular complications by regulating the
expression of Nox4 and other key proteins involved in the pathogenesis
of heart and vascular dysfunction in diabetes.
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In a study aimed to investigate the protective effect of Salvia mil-
tiorrhiza Bunge-Radix Puerariae (DG) on diabetic vascular injury, DG
administration was found to reduce oxidative stress and improve dia-
betic vascular injury, as evidenced by decreased serum levels of HyO2
and MDA, and increased levels of SOD and CAT. DG also inhibited the
expression of ICAM-1, VCAM-1, and Nox4 in the aorta of STZ- induced
diabetic rats and endothelial cells [216]. All these suggest that DG has a
potential therapeutic effect on diabetic vascular complications by
reducing oxidative stress and inhibiting the expression of Nox4 and
other adhesion molecules.

Lignophenols (LP) are derivatives of lignin, an abundant polymer in
plants. This study investigated whether LP could attenuate vascular
oxidative stress and inflammation in diabetic rats induced by STZ. After
5 weeks of treatment, the aorta of diabetic rats treated with LP showed
reduced NAD(P)H oxidase subunit Nox4 expression, superoxide pro-
duction, and inflammatory marker expression compared to untreated
diabetic rats [217]. It suggests that Nox4 contributes to the vascular
impairment associated with diabetes and that LP could be a potential
therapeutic strategy for diabetic vascular complications by inhibiting
Nox4.

In diabetes, endothelial inflammation and dysfunction play a crucial
role in the development of vascular diseases. An in vitro and in vivo
study found that compared to db/+ mice, db/db diabetic mice exhibited
elevated vascular inflammation, increased binding of monocytes to the
aorta, raised expression of serum chemokines (MCP-1/JE and KC),
vascular inflammatory chemokines (MCP-1/JE and KC), and adhesion
molecules’ (VCAM-1 and ICAM-1) mRNA, and reduced endothelium-
dependent vasodilation. Interestingly, supplementation with blue-
berries in diabetic mice effectively reversed the vascular inflammatory
response and significantly reduced the expression of Nox4 and IkKp in
the aortic vessels and glucose-palmitate-induced ECs [218]. This study
suggests that blueberries may improve diabetes-induced endothelial
inflammation injury through the Nox4 signaling pathway.

Recent study has found the vascular protection effects of Coreopsis
tinctoria Nutt. flower (CTF) against diabetic endothelial dysfunction. It
was proved that CTF’s active fractions A-2-2 and A-2-3 protected over
high glucose-induced HUVEC dysfunction by upregulating IRS-1, Akt,
and eNOS expression levels while downregulating Nox4 expression. This
led to decreased oxidative stress markers and inflammation. The pro-
tective effects were mediated through the JAK2/IRS1/PI3K/Akt/eNOS
signaling pathway and were inhibited by intervention with AG490 and
LY294002 inhibitors [219]. These findings suggest that CTF may have
potential therapeutic benefits for managing vascular complications
related to diabetes by targeting Nox4-mediated oxidative stress
responses.

Hyperglycemia-induced endothelial dysfunction is a well-known
complication of diabetes mellitus and atherosclerosis characterized by
enhanced inflammation and endothelial-monocyte adhesion, where
Nox4 is involved. A study showed that high glucose levels induced Nox4-
dependent ROS generation, which, in turn, induced CIKS, an upstream
regulator of NF-xB and AP-1 that plays a crucial role in inflammation
and injury. CIKS is physically associated with IKKf and JNK, and CIKS
knockdown could inhibit high glucose-induced inflammatory signaling
and endothelial dysfunction. Furthermore, similar to high glucose
levels, AGE-HSA, AOPPsHSA, and oxLDL induced CIKS-dependent
endothelial dysfunction. Aortas from diabetic mice showed enhanced
DPI-inhibitable ROS generation and CIKS expression. Targeting Nox4
may be a potential therapeutic strategy for preventing or treating dia-
betic vascular complications by inhibiting high glucose-induced ROS
generation and subsequent CIKS-mediated inflammation and endothe-
lial dysfunction [189].

In a study investigating the role of Nox4 in atherosclerosis devel-
opment in diabetic ApoE™/~ mice, it showed that deletion of Nox4
attenuated plaque formation and reduced oxidative stress in the aortic
sinus. In addition, Nox4 deletion prevented the diabetes-mediated in-
creases in T-cell recruitment and aberrant activation of CD4" T-cells in
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the draining lymph nodes. It may also mitigate the pro-inflammatory
state in the aortic sinus by down-regulating the expression of pro-
inflammatory cytokines and chemotactic molecules. However, Nox4
deletion did not affect systemic levels of RANTES [220]. These findings
suggest that Nox4 plays a crucial role in the pathogenesis of athero-
sclerosis in diabetic mice by regulating oxidative stress, T-cell recruit-
ment and activation, and local inflammation.

In T2DM rats, high glucose can induce the formation and activation
of NLRP3 inflammasome, which is associated with endothelial barrier
dysfunction. However, treatment with acarbose has been shown to
inhibit the formation and activation of NLRP3 inflammasome, as well as
the Nox4-dependent superoxide (02-) generation that regulates it.
These effects of acarbose were observed in RAECs, where it enhanced
the expression of junction proteins, such as ZO-1 and VE-Cadherin, and
abolished vascular hyperpermeability associated with NLRP3 inflam-
masome inhibition. In vivo, acarbose intervention was found to relieve
vascular leakage and improve vasodilatory response in the aortic
endothelium of diabetic rats by restoring the expression of ZO-1, VE-
Cadherin, Nox4, and NLRP3 inflammasome [221]. These findings sug-
gest that acarbose may have a potential significance for cardiovascular
protection in diabetic patients by inhibiting Nox4 oxidase-dependent
02." production and subsequently inhibiting NLRP3 inflammasome
formation, which leads to the amelioration of endothelial barrier
dysfunction.

In a study using IGF-II/LDLR/~ApoB°%/1% mice that exhibited
mild hyperglycemia and hyperinsulinemia with complex atherosclerotic
lesions, treatment with NFAT blocker A-285222 for 4 weeks signifi-
cantly increased the expression of the atheroprotective isoform Nox4 in
the aorta of male mice, while changes in Nox2 were not significant. In
vitro experiments showed that inhibition of NFAT effectively increased
expression of Nox4 in VSMCs exposed to H,O5 and of catalase in VSMCs
exposed to 3-Morpholinosydnonimine hydrochloride (SIN-1). Addi-
tionally, ROS/RNS levels were significantly lower in high glucose-
induced VSMCs from NFATc3 knockout mice [222]. These findings
suggest that inhibition of NFAT may upregulate Nox4 and catalase
expression, leading to reduced oxidative stress and inflammation, and
thus may be a promising approach for the treatment of diabetic mac-
rovascular complications.

Zhao et al. found that saskatoon berry (SB) powder reduced mono-
cyte adhesion to the aorta of diabetic db/db mice by inhibiting the
expression of various inflammatory, stress, and fibrinolytic regulators,
including Nox4, which is involved in the production of ROS - a factor in
the pathogenesis of atherosclerosis. The expression of Nox4 was
increased in the aorta and heart apex of db/db mice on chow, but
treatment with 5% SB powder inhibited this increase [223]. Therefore, it
suggests that SB powder may boast cardiovascular protective effects.

NADPH oxidase, a key transcription factor and primary source of
ROS, plays a crucial role in regulating adhesion molecule expression and
diabetic vascular complications. A study revealed that STZ-induced
diabetic rats had significantly increased serum levels of PGE,, ET,
H20,, and NO, along with thickened aortic walls, increased outer
membrane fibrosis, smooth muscle rupture, and enlarged nuclei. The
aortic tissue showed elevated expression levels of ICAM-1, Lox-1, Nox2,
Nox4, E-selectin, and NF-kB p65 genes and proteins, as well as a higher
number of cells positively stained for ICAM-1, Nox2, Nox4, and NF-«kB
p65. Interestingly, these changes were effectively attenuated by puer-
arin treatment [224]. The study demonstrates that puerarin improves
diabetic macrovascular complications and protects diabetic aortas by
inhibiting the expression of Nox2, Nox4, and adhesion molecules.

Toll-like receptor 4 (TLR4) plays a crucial role in obesity and
diabetes-related endothelial dysfunction by increasing oxidative stress.
In the study, type 2 diabetic mice with mutated TLR4 showed protection
from hyperglycemia and hypertension. The mechanism involves the
downregulation of NADPH oxidase isoforms Nox1 and Nox4 in the ar-
teries of these mice, leading to reduced oxidative stress and improved
endothelial function [225]. This suggests that targeting TLR4/NADPH



D. Wang et al.

oxidase could be a potential therapeutic approach for managing obesity
and diabetes-associated endothelial dysfunction.

Endothelial cell apoptosis is a critical factor in the development of
vascular complications in T2DM. Argirein, a NADPH oxidase inhibitor,
has been shown to improve cardiac function in T2DM. This study aimed
to investigate whether argirein could prevent vascular dysfunction in
T2DM by inhibiting endothelial cell apoptosis via Nox4. In vitro,
argirein normalized high glucose-induced increases in BAX and Caspase-
3 expression and decreased Bcl2 levels in RAECs. Argirein also sup-
pressed annexin V-FITC binding and DNA fragmentation in RAECs,
demonstrating its anti-apoptotic properties. Furthermore, argirein
blocked ET-1/Nox4-dependent superoxide (02-.) generation, which
regulated endothelial cell apoptosis in RAECs. In vivo, argirein restored
Nox4 and BAX expression in the aortic endothelium of high-fat diet-fed
rats following streptozocin injection, indicating its potential as a ther-
apeutic agent for preventing T2DM-related vascular complications
[226]. In T2DM, it has been found that argirein could increase glucose
uptake and Glut4 expression while reversing the phosphorylation of
IRS-1-ser307 and AKT-ser473, leading to increased eNOS and NO pro-
duction in insulin-resistant RAECs induced by palmitic acid (PA).
Additionally, argirein blocked Nox4-dependent superoxide generation,
which regulated glucose metabolism in RAECs during PA stimulation. In
vivo, argirein increased the release of endothelial NO, relieved the
vasodilatory response, and restored the expression of Nox4 and
pIRS-1-ser307 in aorta endothelium of high-fat diet-fed rats injected
with streptozocin [227]. These findings suggest that argirein may pro-
vide a novel approach for preventing vascular complications by
improving endothelial insulin resistance through inhibiting
Nox4-dependent redox signaling in RAECs.

A study reported that calcitonin gene-related peptide (CGRP) alle-
viated high-glucose-induced cell apoptosis, increased NO production,
and enhanced eNOS mRNA expression while reversing the upregulated
expression of iNOS and Ang II caused by high glucose. Moreover, CGRP
attenuated intracellular ROS production through ERK1/2-Nox4
signaling pathway modulation and reduced translocation of p47phox
[228]. These findings suggest that the protective effect of CGRP on
RAECs against oxidative injury induced by high glucose may be attrib-
uted to its ability to inhibit ERK1/2-Nox4 activity.

Glucose-induced oxidative stress is mediated by the upregulation of
Nox4 and its subunits, p47phox and Rac-1, which leads to increased ROS
production and apoptosis. The translocation of p47phox to the cell
membrane is an indicator of Nox4 activation, which can be inhibited by
pretreatment with DPI or GLP-1. GLP-1 treatment suppressed Nox4
activation in HUVECs, leading to reduced oxidative stress and apoptosis.
In STZ-induced diabetic rats, GLP-1 treatment attenuated high glucose-
induced oxidative stress by inhibiting Nox4, p47phox, and Rac-1
expression and translocation of p47phox. This was accompanied by
the amelioration of hyperglycemia and dyslipidemia [229]. These
findings suggest that GLP-1 can be useful in the clinical management of
diabetic vascular complications by suppressing Nox4-mediated oxida-
tive stress.

A study investigated the role of SENP3 in high glucose-induced aortic
endothelial dysfunction and vascular disease in diabetes. It found that
high glucose upregulated SENP3 expression in HAECs and in the aorta of
type 1 diabetic mice. High glucose also impaired HAECs viability,
migration, and apoptosis, and increased the expression of ICAM-1 and
VCAM-1, which enhanced the adhesion of THP-1 monocytes to HAECs.
These effects were reversed by SENP3 knockdown, suggesting that
SENP3 mediated high glucose-induced endothelial damage. The study
also revealed that high glucose elevated ROS levels and Nox4 expression
in HAECs, which were suppressed by SENP3 knockdown or by N-acetyl-
L-cysteine (NAC), a free radical scavenger [230]. The study indicated
that SENP3 contributed to high glucose-induced aortic endothelial
dysfunction and vascular disease in diabetes via a ROS-dependent
mechanism.

Research have investigated the mechanism by which Nox4 mediates
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sustained activation of the tyrosine kinase Src in response to IGF-I
stimulation. The findings suggest that Nox4 recruitment to the plasma
membrane scaffold protein SHPS-1 allows localized ROS generation,
which mediates sustained Src activation through oxidation. Grb2, a
component of the SHPS-1 signaling complex, plays a crucial role in Nox4
recruitment through phosphorylation of Nox4 Tyr-491 and binding to its
SH2 domain. Disruption of Nox4 recruitment to SHPS-1 impairs down-
stream signaling and biological actions, including cell proliferation
[231]. These results provide insights into the regulation of signal
transduction by localized Nox4-derived ROS and the critical role of Grb2
in Nox4 recruitment and sustained Src activation.

The researchers measured the protein expression of nox1 and Nox4
in aortic vessels of STZ-induced T1DM rats and found a significant in-
crease in nox1 expression but no change in Nox4 expression. The study
also observed a decrease in endothelial NO production and sensitivity to
acetylcholine and nitroglycerin in diabetic vessels. Taken together, the
findings suggest that nox1 and other factors contribute to endothelial
dysfunction in diabetes mellitus, with Nox4 playing a minor role [232].
Therefore, nox1 could be a promising therapeutic target for preventing
or treating vascular complications in diabetes mellitus.

7.3. Nox4 and diabetic coronary artery disease

Due to the limited number of studies on Nox4 and diabetic coronary
artery disease, the precise role of Nox4 in this context remains uncertain
and warrants further researches.

Ezetimibe is a potent cholesterol absorption inhibitor. The results
showed that ezetimibe treatment reduced vascular superoxide levels and
attenuated NADPH oxidase subunit gp91(phox) and Nox4 expression,
suggesting a decrease in Nox4-mediated oxidative stress. This attenua-
tion of oxidative stress improved vascular endothelial function through
the restoration of phospho-Akt and phospho-eNOS and led to the pre-
vention of cardiac interstitial fibrosis, coronary arterial thickening, and
macrophage infiltration [233]. The study provides important insights
into the potential use of ezetimibe for the treatment of coronary artery
disease associated with T2DM, with Nox4 as a potential target for future
research.

Coronary microvascular disease (CMD) is associated with higher
cardiac mortality in patients with diabetes, but the molecular mecha-
nisms involved are poorly understood. The findings revealed that dia-
betic mice and endothelial-specific HuR-KO mice exhibited significant
reductions in coronary flow velocity reserve (CFVR) and capillary den-
sity in the left ventricle. Analysis of mRNA levels in cardiac endothelial
cells (CECs) showed that HuR, Cx40, and Nox4 were decreased in dia-
betic and HuR-KO mice compared to control mice. Notably, Nox4 pro-
tein levels were not altered in CECs of diabetic mice compared with
control mice. Although the study suggests that decreased HuR contrib-
utes to the development of CMD in diabetes through downregulation of
gap junction protein Cx40 in CECs, the role of Nox4 in this pathogenesis
is not clear [234]. These findings may have important implications for
the development of therapeutic strategies, with further studies needed to
determine the specific role of Nox4 in the pathogenesis of CMD in dia-
betic mice.

7.4. Nox4 and diabetic peripheral vascular disease

Peripheral arterial disease (PAD) is an occlusive arterial disease
primarily caused by atherosclerosis that affects the lower extremities.
Study has demonstrated elevated Nox4 expression in diabetic patients
with high inflammation and identified Nox4 as a critical mediator in the
development and complications of lower limb ischemia, especially in
diabetic patients. Plasma TNF-a showed a positive correlation with Nox4
expression, particularly in diabetic patients. The study also suggests that
the neutrophil-to-lymphocyte ratio (NLR) and TNF-o are suitable
markers of mortality in CLTI [235]. These findings shed light on the
molecular mechanisms underlying CLTI and highlight Nox4 as a
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potential therapeutic target for the treatment of PAD. Further research
on Nox4 is needed to develop effective treatments for patients with
advanced PAD.

A preclinical study aimed to investigate the role of Nox in impaired
vascular compensation to arterial occlusion in a diet-induced obese
(DIO) mouse model. The study found that increased expression of Nox2,
Nox4, p22(phox), and p47(phox) was observed in DIO mice, which was
associated with impaired collateral growth and hindlimb perfusion.
Treatment with Nox2 or p47(phox) inhibitors or ablation of Nox2 or p47
(phox) improved collateral growth and hindlimb perfusion in DIO mice,
highlighting the potential of selective Nox component suppression or
inhibition as an effective therapy for claudicants. Elevated expression of
Nox4 in DIO mice suggests that it may also contribute to the impairment
of vascular compensation to arterial occlusion and requires further
research [236]. Overall, this study sheds light on the mechanisms un-
derlying impaired vascular compensation in obese mice and provides
insights into potential therapeutic strategies for treating claudicants,
with NADPH oxidase as a potential target for future research.

7.5. Nox4 and diabetic cerebrovascular disease

Limited research found that liraglutide attenuated the accumulation
Nox2 and Nox4 in the cerebrum and cerebellum of STZ-induced diabetic
rats. It is suggested that liraglutide may ameliorate DM-induced
microvascular oxidative stress, glycation, and inflammation, which
contribute to impaired microcirculatory regulation, including vascular
dilation and barrier function in the brain in vivo [237].

8. Conclusions

In summary, this review highlights recent progress in the biology of
Nox4 and its upstream and downstream regulatory mechanisms in DKD,
as well as a variety of other diabetic microangiopathies associated with
oxidative stress. Both in vivo and in vitro experimental evidence has
emphasized the significance of Nox4 in the pathogenesis of diabetic
microangiopathy. Interestingly, this review also summarizes the mech-
anisms of Nox4 in regulating microvascular complications of diabetes
from new perspectives such as epigenetics. This reveals that Nox4 may
serve as a therapeutic target for diabetic microvascular complications.

Consequently, developing safe and efficient Nox4 inhibitors or drugs
or finding natural nutrients that inhibit Nox4 may prove to be important
therapeutic measures in the prevention and treatment of diabetic
microangiopathy. The mechanisms of action of existing drugs or in-
hibitors targeting Nox4 for the treatment of diabetic microangiopathy
has been investigated. Furthermore, recent studies have shown that
many herbal and natural food components also have hypoglycemic and
anti-diabetic microangiopathy effects, which has increased the interest
of scientists in the search for safe and effective intervention measures to
prevent diabetes and its complications. Of course, this review has its
shortcomings. For example, it is only focused on Nox4, but other Nox
isoforms have not been summarized.

Given that Nox4 is mainly expressed in the kidney, research on Nox4
and DKD is the most abundant in terms of both mechanisms and treat-
ment measures, which may be the key difference from other Nox family
proteins. Among them, it is noteworthy that there is currently no
available research exploring the relationship between Nox4 inhibitors
and diabetic neuropathy. The epigenetic studies mentioned in this re-
view mainly focus on microRNA, with minimal research on other
epigenetic factors such as DNA methylation and histone modification.
And there are few studies exploring the multi-omics aspects of Nox4 and
diabetic microvascular complications. All of these areas may be a
research direction that needs to be strengthened in the future. Further-
more, the available evidence investigating drugs, inhibitors, or natural
food components targeting Nox4 has mainly focused on animal and
cellular pre-clinical models of diabetic microvascular complications.
However, the efficacy and safety of therapeutic agents that inhibit Nox4
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require more clinical trials to be conducted for clarification. Ultimately,
it is important to note that the role of Nox4 in diabetic macroangiopathy
is complex and not yet fully understood. While most studies indicate that
Nox4 plays a harmful role in diabetic macroangiopathy, there is also
some research suggesting that Nox4 may have a protective effect in
diabetic atherosclerosis.
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