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Abstract

Oxidative stress has been linked to the pathogenesis of diabetic nephropathy, the complication of
diabetes in the kidney. NADPH oxidases of the Nox family are a major source of reactive oxygen
species in the diabetic kidney and are critical mediators of redox signaling in glomerular and
tubulointerstitial cells exposed to the diabetic milieu. Here, we present an overview of the current
knowledge related the understanding of the role of Nox catalytic and regulatory subunits in the
processes that control mesangial cell, podocyte and tubulointerstitial cell injury induced by
hyperglycemia and other predominant factors enhanced in the diabetic milieu, including the renin-
angiotensin system and transforming growth factor-R. The role of the Nox isoform, Nox4, in the
redox processes that alter renal biology in diabetes will be highlighted.
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Introduction

Diabetic nephropathy (DN) is a major microvascular complication of type 1 or type 2
diabetes and the most common cause of end-stage renal disease affecting approximately 20
to 40 % of diabetic patients [1]. Oxidative stress has emerged as a critical pathogenic factor
in the initiation and development of diabetic complications, including DN [2-10]. Diabetes
is accompanied by increased generation of reactive oxygen species (ROS) in the kidney [3,
6, 8, 10-14]. A deleterious role of ROS in the diabetic kidney is suggested by the findings
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that antioxidants are relatively effective to prevent glomerular and tubular alterations in
experimental animal models of diabetes [10, 13, 15-24]. A number of redox sensitive
mechanisms orchestrate key events of DN such as glomerular and tubular hypertrophy,
mesangial cell injury, extracellular matrix accumulation, thickening of glomerular or tubular
basement membranes as well as podocyte dysfunction leading ultimately to proteinuria,
glomerulosclerosis and tubulointerstitial fibrosis [6, 8, 10-13, 15-17, 19, 20, 24-31]. While
chronic hyperglycemia alone may be sufficient to trigger renal pathological response, data
from animal models as well as cultured cells indicate that a combination of growth factors,
hormones and cytokines, in addition to glucose, act on renal cells to generate ROS that
induce and maintain tissue or cell injury in the diabetic kidney [6, 8, 11, 12, 32-34]. The
ROS that can mediate renal injury during diabetes include superoxide anion (O,™°), hydrogen
peroxide (H,0,), hydroxyl radical (OH) and peroxynitrite (ONOQO") [8, 12, 35, 36]. Under
physiological conditions, ROS mediate normal cellular functions. Tissue and cell damage
occur once pathological circumstances such as prolonged exposure to glucose cause an
elevation in ROS levels and a reduction of antioxidants production [8, 10]. Although
multiple sources of ROS exist in cells and tissues such as xanthine oxidase or uncoupled
nitric oxide synthase, the primary sources of ROS in renal cells and the diabetic kidney
appear to be the mitochondrial electron transport chain [27, 37-41] and the NADPH oxidase
of the Nox family [26, 42-46]. Blockade of mitochondrial- or Nox oxidase-derived ROS
generation both ameliorate diabetes-induced renal cell injury [25-28, 31, 41, 47-49]. There is
evidence of crosstalk between these sources of ROS during the pathogenesis of various
human diseases. The present review will focus on the role of the NADPH oxidases in the
pathogenesis of DN with emphasis on a member of the Nox family, Nox4.

NADPH oxidases of the Nox family as a source of ROS in the renal system

Nox oxidases predominantly expressed in the renal system

Early studies of NADPH oxidases were performed in neutrophils and phagocytic cells to
investigate the respiratory burst NADPH oxidase system [50]. This enzyme catalyzes the
NADPH-dependent reduction of molecular oxygen to generate superoxide anion which then
dismutates to hydrogen peroxide [50, 51]. The phagocyte oxidase consists of two plasma
membrane-associated proteins, Nox2 (a.k.a. gp91phox) (the catalytic subunit) and p22phox,
as well as regulatory factors, p47phox, p67phox, p40phox, and the small GTPase Rac.
Homologs of Nox2 have been found in all vascular and renal cells [43, 44, 52-57]. To date,
the Nox family comprises seven members: Nox1-5, and the dual oxidases, Duox1 and -2
[43, 46, 58, 59]. Nox1, Nox2, and Nox4 are the NADPH oxidase isoforms predominantly
expressed in the renal system (Figure 1) [42-44, 52-57, 60, 61]. Importantly, the calcium-
dependent isoform Nox5 is also found in the human vasculature and kidney; however, the
fact that the enzyme is not present in rodents has rendered the investigation of its role in
renal pathologies more difficult [53, 56, 62]. Additionally, no data related to Nox3 or
Duox1/2 expression in the kidney are yet available.

Although the mechanisms by which the activity of the Nox enzymes is regulated in
cardiovascular or renal cells is not fully understood, a number of regulatory subunits have
been identified. The isoforms Nox2 and Nox1 require p22phox as an activating, stabilizing
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and/or regulatory subunit for binding to p47phox or NoxO1 [43, 58, 59]. Activation
mechanisms for Nox1 are similar to those of Nox2, and involve complex formation with
regulatory subunits upon agonist stimulation. Although Nox1 seems to primarily interact
with the p47phox homolog NoxO1 (Nox organizer 1), the p67phox homolog NoxAl (Nox
activator 1), and Rac upon activation, it was reported that p47phox and p67phox can
partially replace NoxO1 and NoxA1, respectively [43, 46, 52, 53, 56, 58, 59] (Figure 1). In
contrast, the activity of Nox5 is not controlled by any other subunits and is strictly
dependent on calcium binding to the enzyme through its EF hand domains [43].

Idiosyncrasy of the isoform Nox4

The most abundant Nox isoform in the renal system is Nox4 [43, 44, 57, 58]. The isoform
Nox4 was cloned from the kidney and is highly expressed in renal tubules, renal fibroblasts,
glomerular mesangial cells, and podocytes [26, 61, 63-68]. Before examining what is known
about the role of Nox4 in renal cell injury, it is important to consider the unique properties
of the oxidase.

Nox4 is a 578-amino-acid protein that exhibits 39% identity to Nox2 with special
conservation in the six membrane-spanning regions and binding sites for NADPH, flavin
adenine dinucleotide (FAD), and heme, [43, 54, 56, 58-60, 65, 68]. Evidence suggests that
Nox4 heterodimerization with p22phox enhances the enzyme activity and/or stability
without the requisite regulatory subunits essential to other Nox isoforms [43, 58, 59, 69, 70].
Moreover, it has been shown that the Nox4 dehydrogenase domain exists in a conformation
which allows the spontaneous transfer of electrons from NADPH to FAD [71]. Hence, Nox4
has been referred to as a “constitutively active” enzyme regulated primarily at the level of its
expression in response to various stimuli [43, 54, 59]. As a corollary, the overall ROS output
of Nox4 may be directly governed by its expression level. Interestingly, transcriptional
events are involved in the chronic control of Nox4 protein expression [64, 72-81]. On the
other hand, Nox4 is acutely regulated through translational mechanisms without change in
its MRNA levels [63, 82-86]. It has been suggested that stimulation with certain agonists
causes early Nox4 protein accumulation independent of mRNA transcription by promoting
translation of existing mRNA copies [82, 84, 86]. Indeed, Nox4 expression is rapidly
upregulated by the binding of agonists implicated in renal diseases such as transforming
growth factor-R (TGF-R) [63, 73], angiotensin Il (Ang II) [82], insulin, and insulin-like
growth factor (IGF-1) [84, 85, 87] to their membrane receptors. These types of translational
regulations were also proposed for other proteins in the kidney and implicated in the
pathogenesis of renal diseases such as DN [82, 88-90]. Regulatory proteins that enhance
Nox4 activity, Poldip2 (initially known as NoxR1), and the p47phox-related adaptor protein
Tks5, have recently been identified, however their role in Nox4-mediated renal cell injury
remains to be studied [91-93]. A potential implication of Rac in the control of Nox4 function
was suggested in endothelial and mesangial cells [66, 72, 94]; however, it remains a
controversial topic because, unlike Nox2 or Nox1, Racl does not activate Nox4 in
transfected cells [43].

In contrast to Nox2 and Nox1, hydrogen peroxide rather than superoxide has been suggested
as the major ROS product detected for Nox4 [43, 70, 78, 95-98]. However, several
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independent studies demonstrate Nox4 generates superoxide. Studies in vascular smooth
cells as well as in cardiac, vascular or renal cells and tissue detected Nox4-dependent
superoxide production [26, 64, 68, 73, 83, 99-106]. Importantly, some of these studies
measured superoxide production by high performance liquid chromatography (HPLC)
analysis of 2-hydroxyethidium, the dihydroethidium-derived oxidation product specific for
superoxide [73, 100], or electron paramagnetic/spin resonance, two “gold standard” for
superoxide measurement [100, 107, 108]. Silencing of Nox4 significantly reduced the signal
detected. Additionally, the studies with lucigenin-enhanced chemiluminescence assays are
also reasonably good indicators of Nox4 capacity to generate superoxide [26, 83, 99, 102,
103] as long as the probe is used at low concentrations in order to avoid artifactual events.
Beside the vasculature or the kidney, Nox4-mediated superoxide production was also
reported in other systems such as the brain [109, 110]. On the other hand, other studies
suggest that hydrogen peroxide formation occurs through Nox4 third extracytosolic loop (E-
loop) [111]. Here, it was demonstrated that the structure of the E-loop may obstruct
superoxide release as well as provide a source for protons, thus permitting rapid dismutation
of superoxide to generate hydrogen peroxide [111]. Alteration of E-loop makes Nox4
produce superoxide rather than hydrogen peroxide [111].

Nox4 has been shown to be associated with intracellular membranes of compartments or
organelles such as focal adhesions, endoplasmic reticulum, plasma membrane,
mitochondria, and nucleus [43, 54, 56, 60, 70, 77, 83, 99, 112]. However, the localization of
Nox4 remains controversial and there is no general agreement on Nox4 subcellular
localizations. This is likely to be due to the use of different antibodies, some of them poorly
characterized, and with the possible cross-reactivities against other cellular proteins. In
addition, tagged Nox proteins used in heterologous overexpression systems may mis-
localize, further confounding the issue. Also, subcellular fractionations are not always
accompanied by marker enzymes, making contamination with other subcellular fractions a
possibility. More studies are needed to characterize binding proteins that may direct Nox4 to
specific subcellular localization or amino acids within the molecule necessary and sufficient
to direct its localization. Importantly, a mitochondrial targeting sequence was identified in
Nox4 [43, 54, 56, 60, 70, 77, 83, 99, 112].

Roles of Nox4 and other Nox oxidase subunits in renal cell injury during

the pathogenesis of diabetic kidney disease

Evidence suggests that Nox enzymes contribute to the pathogenesis of DN. This is because
multiple stimuli and agonists implicated in this pathology, such as hyperglycemia, Ang Il,
TGF-B, advanced glycation end products (AGEs), advanced oxidation protein products
(AOPPs), platelet-derived growth factor (PDGF), oxidized low-density lipoprotein, IGF-I,
vascular endothelial growth factor (VEGF), endothelin, and aldosterone, have been shown to
alter the activity or expression of the Nox proteins and their regulatory subunits, and
ultimately the amount of ROS produced [26, 31, 43, 44, 46, 63, 64, 72, 73, 79, 80, 82-85,
101, 105, 113-119]. Renal cells from the two major compartments of the kidney, glomeruli
and tubulointerstitium, are particularly sensitive to chronic hyperglycemia that is an
effective inducer and/or activator of Nox oxidases in these cells. Upregulation of Nox4,
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Nox2, Nox1, and p22phox (MRNA and protein) together with increased superoxide or
hydrogen peroxide generation has been reported in response to high glucose concentrations
in renal cells as well as in experimental models of diabetes [26, 31, 48, 64, 83]. Chronic
hyperglycemia further amplifies Nox-derived ROS generation in renal cells and tissue via an
elevation in the concentration of the agonists and mediators mentioned above, especially
Ang Il and TGF-R. For instance, elevation of Nox4, Nox2, p22phox, p47phox, or p67phox
expression as well as increased oxidative stress in glomeruli and tubules of animals with
diabetes are inhibited by treatment with angiotensin-converting enzyme inhibitor or
angiotensin 11 type 1 (AT1) receptor blocker [48, 49, 120-124]. Similarly, TGF-R redox
signaling pathways are triggered by the mediators upregulated by hyperglycemia, including
Ang Il and AGEs [11, 49, 125, 126]. Nox oxidase subunits (e.g. p22phox, Nox4) can be
simultaneous targets and regulators of agonists like TGF-8 in renal cells [126, 127]. The
essential role of Nox4 or other Nox subunits in diabetes-induced renal damage is further
supported by the observation that most of the agents improving renal pathologies in DN
prevent the increased expression of these Nox components in diabetic glomeruli and tubules
[26, 47, 101, 124, 128-130].

In this section, we will consider the role of Nox4 or other relevant Nox oxidase subunits in
renal cell injury induced by hyperglycemia and the various stimuli known to be involved in
the pathogenesis of DN.

Roles of Nox4 and other relevant Nox oxidase subunits in diabetes-induced glomerular

cell injury

The initial morphological alteration that takes place during the early phase of DN are
characterized by an increase in mesangial matrix accumulation accompanied by mesangial
cell hypertrophy that contribute to glomerular basement membrane thickening [8, 11, 131].
As the disease advances, the deposition of matrix protein (e.g. fibronectin, type IV collagen
or laminin) is further exacerbated and damage of glomerular epithelial cells or podocytes
occurs with widening of their foot processes following the loss of key proteins implicated in
the structural organization of the slit diaphragm [8, 11]. Podocyte injury and reduction of
podocyte number due to apoptotic cell death also occurs during early DN and plays a key
role in early proteinuria [8, 11]. Nox-derived ROS and particularly that produced by Nox4
appear to participate to each of these pathological events. Figures 2 and 3 are an overview of
the major redox signaling pathways engaged by diabetic stimuli that modulate the function
of Nox4 and other critical Nox oxidases subunits with the resultant type of glomerular
mesangial cell and podocyte injury.

Role of Nox4 and other Nox oxidase subunits in glomerular mesangium/
mesangial cell injury—Nox4 protein expression increases in the glomeruli, including the
mesangium, and Nox4-derived ROS contribute to oxidative stress during the initial and
chronic stages of diabetes [26, 47, 64, 101, 124, 128-130]. The molecular mechanisms by
which diabetes and high glucose concentrations induce Nox4 protein expression and
subsequent Nox4-mediated ROS production in the glomeruli remain speculative. However,
the elevation in Nox4 protein and ROS generation are reversed by insulin treatment,
confirming that hyperglycemia and hyperglycemia-induced mediators most likely accounted
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for these effects [26, 128]. Studies by our group provided evidence that Nox4-dependent
ROS generation mediates glomerular hypertrophy and mesangial matrix accumulation [26].
Inhibition of Nox4 oxidase by administration of antisense oligonucleotides for Nox4
reduced glomerular enlargement as well as fibronectin accumulation in glomeruli from type
1 diabetic rats [26]. In cultured mesangial cells, glucose elicits a rapid upregulation in Nox4
protein levels, including in the mitochondrial fraction, which is associated with an increase
in cellular and mitochondrial ROS production [83, 132]. Moreover, prolonged exposure of
mesangial cells to high glucose has also been described to augment Nox4 mRNA and
protein expression [128, 133, 134]. Nox4 is required for high glucose-induced (acute or
chronic) increase in ROS production and accumulation of fibronectin in these cells [26].
Furthermore, Nox4 participates to high glucose-mediated mitochondrial ROS generation in
mesangial cells [83], suggesting that Nox4-derived ROS may affect mitochondrial function.
This contention is supported by the recent observation that ROS generated by
overexpression of Nox4 are able to oxidize and affect the activity of mitochondrial proteins
in cardiac myocytes [99]. Interestingly, Nox4 and p22phox both contribute to high glucose-
dependent oxidative stress and fibronectin or collagen IV accumulation in mesangial cells
[127, 135, 136]. The mRNA and protein expression of p22phox are upregulated by glucose
in these cells as well as in glomeruli from diabetic animals [130, 135-137].

Other studies have demonstrated that statins and Rho kinase inhibitors prevent increased
Nox4 expression and oxidative stress in diabetic kidney, including glomeruli, concomitantly
to the amelioration of mesangial matrix expansion and renal function, indicate that small
GTPases Rho and Rac pathways (known targets of statins) may contribute to the modulation
of Nox4 expression and Nox4-dependent ROS release [47, 138]. microRNAs also play a
role in Nox4 expression and serves as an endogenous silencer for Nox4 gene in mesangial
cells [133]. The downregulation of microRNA-25 (miR-25) by high glucose in mesangial
cells or by hyperglycemia in diabetic kidney results in the relief of Nox4 gene silencing that
lead to increased Nox4 expression and ROS production [133]. Thioredoxin-interacting
protein (TXNIP) has been recently identified as an upstream regulator of Nox4 protein
expression in mesangial cells exposed to high glucose. TXNIP mediates high glucose-
induced ROS generation by Nox4 in mesangial cells [132].

Nox4 also confers Ang ll-mediated harmful effects in mesangial cells. Ang Il elicits an
acute increase in Nox4 protein expression as well as a chronic prolonged upregulation of
Nox4 mRNA and protein levels associated with enhanced ROS production in these cells
[129]. Ang lI-induced ROS generation in mesangial cells acts principally through Nox4 as
an upstream activator of ERK1/ERK?2, Pyk-2/Src/PDK-1, Akt/PKB, and/or p70S6K
pathways that lead to cell hypertrophy and increased protein synthesis and/or fibronectin
expression [42, 66, 67, 82]. More specifically, Pyk-2 appears to act as a molecular scaffold
binding to both PDK-1 and Src, thereby allowing Src to tyrosine phosphorylate and activate
PDK-1, which in turn activate its downstream effectors, Akt/PKB and p70S6K [82].
Interestingly, PDK-1/Src/Pyk-2 complex may favor the formation of signaling platforms
bringing key intermediates into proximity, thereby facilitating the contact between Nox4-
derived ROS and downstream effectors [82, 118]. It was reported that activation of Racl by
phospholipase A,-mediated arachidonic acid (AA) release appears to be implicated in Nox4-
dependent ROS production and subsequent Akt/PKB-mediated cellular hypertrophy in
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mesangial cell treated with Ang 11 [66, 67]. The p22phox subunit is also required for the
hypertrophic and fibrotic actions of Ang Il in mesangial cells [139]

Although TGF-B specifically increases the expression of Nox4 and ROS production in a
myriad of cell types [42, 63, 73], the role of Nox4 in TGF-R-mediated ROS generation and
matrix protein accumulation has not been directly established in mesangial cells. However,
p22phox is required for TGF-R-induced ROS production in mesangial cells [127].

Protein kinase C (PKC) isozymes are positioned upstream and downstream of p22phox-
containing NADPH oxidases and ROS production in mesangial cells exposed to high
glucose or TGF-B [135, 140]. Furthermore, in mesangial cells, high glucose-induced
oxidative stress involves autocrine TGF-i stimulation of PKC and resultant generation of
ROS by p22phox-based Nox oxidase via p22phox protein upregulation [127]. Other studies
with mesangial cells exposed to AOPPs place an NADPH oxidase, distal to PKC activation,
resulting in extracellular matrix protein overproduction and upregulation of TGF-i [126].

The role of other Nox catalytic isoforms or regulatory subunits in mesangial cell injury in
the diabetic kidney has been less studied. A role for Nox2 or Nox1 is indirectly suggested by
the observation that administration of apocynin significantly reduced glomerular fibronectin
and collagen accumulation in type 1 diabetic rats [25]. However, the involvement of Nox2
in the mesangium is less clear as some studies indicate that Nox2 is not detected in cultured
human and rat mesangial cells whereas Nox2 is detected in isolated mouse mesangial cells
and in diabetic glomeruli [114, 141, 142]. Nox2 regulatory subunits p47phox and p67phox
are systematically found in mesangial cells [141, 143] and the expression and translocation
of p47phox and p67phox to the membrane is increased in the diabetic glomeruli [144]. High
glucose causes an increase in p47phox protein expression in mesangial cells and
downregulation of p47phox blunts high glucose-induced ROS and extracellular matrix
accumulation [135, 140, 145]. Importantly, diabetes-induced oxidative stress and glomerular
injury are attenuated in p47phox-deficient type 1 diabetic Akita mice [142]. Moreover,
deletion of p47phox attenuates diabetes-induced and high glucose-induced Nox2 expression
in glomeruli and mesangial cells, respectively [142]. This indicates that p47phox-dependent
activation of Nox oxidase, likely Nox2, is determinant for the promotion of DN. However, a
recent study showed that glomerular mesangial matrix expansion and albuminuria are not
attenuated in type 1 diabetic Nox2 knockout mice [146]. Interestingly, an upregulation of
Nox4 is observed in these mice [146]. Together, these findings warrant a reassessment of the
role of Nox2 in DN. While Nox1 is thought to promote the deleterious effects of glucose or
Ang Il in the vasculature [147, 148], its function in mesangial cell injury in the diabetic
milieu has not been reported. However, p47phox and p67phox recruitment to the membrane
contributes to Ang ll-mediated oxidative stress and mesangial cell growth [149].

AOPPs also increase p22phox, p47phox and Nox4 protein expression [126]. AOPPs
promote an increase in p47phox expression and translocation as well as its interaction with
p22phox expression [126]. These events are associated with enhanced extracellular matrix
protein synthesis.
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Role of Nox4 and other Nox oxidases in glomerular epithelial cell/podocyte
injury—Upregulation of Nox4 and Nox1 protein expression in diabetic glomeruli including
podocytes is accompanied by increased oxidative stress, loss of podocyte or foot process
effacement as well as albuminuria in OVE26 type 1 diabetic mice [64, 101, 150]. In cultured
podocytes exposed to high glucose for prolonged time period, Nox4 protein is augmented
and Nox4-derived ROS play a key role in apoptotic cell death [64, 101, 150, 151]. Unlike
what is observed in mesangial cells, glucose does not acutely regulate Nox4 protein
expression in podocytes [64]. A sequential regulation of Nox oxidases by cytochrome P450
of the 4A family (CYP4A) was recently identified in podocytes in which 20-
hydroxyeicosatetraenoic acid (20-HETE) generation by CYP4A mediates the stimulatory
effect of high glucose on Nox4 and Nox1 expression and the resultant ROS production at
later time points [64]. In the presence of high glucose concentrations, Nox4 promotes
podocyte cell death via activation of p53- and PUMA-dependent apoptotic pathway [101].
The oxidative stress triggered by high glucose appears to be exacerbated by the fact that the
ROS generated by Nox4 affects the balance between oxidants and antioxidants by
decreasing the activity of key antioxidant enzymes such as glutathione peroxidase (GPx) and
catalase [151]. While Nox4 was detected within the mitochondria in podocytes, its
contribution to ROS production has not been characterized [83]. Importantly, inactivation of
AMPK-activated protein kinase (AMPK) by high glucose accounts for the increase in Nox4
mMRNA and protein expression as well as subsequent ROS production and podocyte
apoptosis [101]. AMPK activators, e.g. AICAR (5-aminoimidazole-4-carboxamide-1-
riboside) or adiponectin, significantly reduced Nox4 expression, oxidative stress and
podocyte injury invitro or in vivo [101, 150, 152]. AMPK activation is also able to
counteract the induction of ROS production by high glucose via blockade of a p22phox-
based NADPH oxidase in mesangial cells [137]. These observations are consistent with the
recent concept proposing that AMPK can act as a suppressor of oxidative stress via
inhibition of NADPH oxidase subunits expression in various biological systems including
vascular tissues [153-155].

Although podocytes also express Nox2, p22phox, p47phox and p67phox [57, 156], there is
no evidence of regulation of these subunits by high glucose. While Ang II- or TGF-R-
induced oxidative stress mediates podocyte injury [33, 57, 157], very little is known
regarding the role of the Nox oxidases in the podocyte dysfunction promoted by these
agonists or the other major mediators of DN. Similar to what is observed in MCs, Ang 11-
dependent increase in NADPH oxidase activity is associated with the upregulation of Nox4,
Nox2, Rac and p22phox expression in podocytes [57, 158]. To date, the modulation of
NADPH oxidase subunits by TGF-R, including Nox4, has been not reported in podocytes.

An important consideration is the fact that most of the factors induced by the diabetic milieu
that account for Nox-mediated glomerular injury can be generated by one of the glomerular
cell type and act in a paracrine manner on a second type of glomerular cell to mobilize Nox-
dependent signaling in these neighboring cells. For instance, since both mesangial cells and
podocytes possess a local renin-angiotensin system activated by glucose [11], Ang Il
generated by one of these cell type may promote autocrine or pacracrine activation of Nox
enzymes leading to damage in both cell types. The same observation can be applied to TGF-
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R that can target Nox oxidases in both mesangial cells and podocytes in paracrine or
autocrine manner. Therefore, complex interplay exists between mesangial cells and
podocytes in diabetes and it is reasonable to think that activation of Nox oxidases plays a
central role in these reciprocal interactions contributing to glomerular damage.

Role of Nox4 and other relevant Nox oxidase subunits in diabetes-induced tubular and
interstitial cell injury

Excessive generation of ROS induced by hyperglycemia in association with Ang I1-
mediated activation of TGF-R actively participates in tubular and interstitial cell dysfunction
[8, 11]. These events results in fibrotic processes in the tubulointerstitium due to exacerbated
extracellular matrix protein synthesis in tubular cells and activated resident interstitial
fibroblasts as well as tubular epithelial-to-mesenchymal transition (EMT) that contribute to
the thickening of the tubular basement membrane and tubulointerstitial fibrosis [8, 11, 42].
In addition, tubular cells undergo apoptosis and hypertrophy in response to diabetes-induced
oxidative stress [8, 11]. Figure 4 is an overview of the major redox signaling pathways
engaged by diabetic stimuli that modulate the function of Nox4 and other critical Nox
oxidases subunits with the resultant type of tubulointerstitial cell injury.

Role of Nox4 and other Nox oxidases in tubular cell injury—Similar to glomeruli,
tubules from type 1 diabetic rats show an increase in Nox4 mRNA and protein expression
and downregulation of tubular Nox4 levels with in vivo administration of antisense
oligonucleotides reduces diabetes-mediated ROS production and extracellular matrix protein
synthesis in the renal cortex that is mainly composed of tubular epithelial cells [26, 128,
129]. Interestingly, Nox4 protein expression is increased in renal cortex but is unchanged in
medulla from type 2 diabetic mice [159]. Increased Nox4 expression in diabetic tubules
correlates with an augmentation in p22phox levels [128, 159]. Whilst the levels of Nox2 and
p47phox are not affected in renal cortex from type 2 diabetic mice [159], Nox2 is increased
in the cortex from type 1 diabetic rats [26]. A role for Nox2 is challenged by a recent report
showing that tubulointerstitial injury is not ameliorated in type 1 diabetic Nox2 knockout
mice [146]. Exposure of cultured renal proximal tubular epithelial cells to high glucose leads
to the upregulation of Nox4 protein expression but seems to have no effect on Nox2, Nox1,
p22phox or p47phox expression [159]. Furthermore, Nox4-dependent ROS production is
required for glucose-induced increase in fibronectin accumulation and TGF- expression in
these cells [159]. The profibrotic action of the oxidase is corroborated by the finding that
overexpression of Nox4 in tubular cells causes a robust increase in fibronectin synthesis
[85]. A potential upstream regulator of Nox4 expression in the tubules is protein kinase C-3
since diabetes-induced Nox4 expression and oxidative stress are attenuated in renal cortex
from PKC-B-null mice kidney [160]. Similar to podocytes, AMPK activation attenuates high
glucose-mediated Nox4 protein upregulation in tubular epithelial cells, supporting the
concept that the kinase acts as a suppressor of oxidative stress [161]. p38MAPK has been
also identified as a critical downstream effector of Nox4 in the signaling pathway linking
high glucose and tubular cell injury [159].

Ang |1 has been shown to utilize Nox4 as a mediator of its injurious effects in tubular
epithelial cells. Chronic angiotensin Il treatment upregulates Nox4 expression and induces
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epithelial-to-mesenchymal transition in renal epithelial cells through Nox4-dependent ROS
production and resultant Src/caveolin-mediated activation of epidermal growth factor
receptor/ERK signaling pathway [162-164]. Furthermore, Ang Il upregulates Nox4
expression in the mitochondrial fraction of renal tubular cells and Nox4 is required for Ang
I1-mediated ROS mitochondrial production [165]. ROS derived from Nox4 contribute to
Ang ll-dependent apoptosis in these cells [165]. Unlike glucose, Ang Il seems to be able to
enhance the expression of Nox2, p22phox and p47phox subunits along with Nox4 in tubular
cells [164, 166]. The effects on p22phox, p47phox and Nox4 appear to be mediated by
lectin-like oxidized low-density lipoprotein receptor-1 [164, 166]. Another report shows that
high glucose induces p22phox expression and oxidative stress via ATq receptor activation,
further underlining the important role of Ang Il as a regulator of Nox signaling in tubular
cells [167]. Furthermore, a p22phox-containing NADPH oxidase is critical for Ang I1-
mediated tubular cell hypertrophy through induction of p27Kip1, a factor promoting cell
cycle arrest [166]. As in mesangial cells, Src and ERK pathways appears to be a primary
target of Nox4-derived ROS and plays a key role in the resultant fibrotic or hypertrophic
response in tubular cells. AMPK also inhibits Ang Il-induced increase in Nox4 expression
and epithelial-to-mesenchymal transition [161].

Although it is clear that oxidative stress is implicated in TGF-3-mediated tubular cell injury
[168], there is a deficit of causal evidence supporting the role of the oxidase or other Nox
enzymes in TGF-8 signaling in tubular cells. Stimulation of tubular cells by TGF-8 results in
an increase in Nox4 protein expression, an effect prevented by AMPK activation [161].
Conflicting results exist concerning the regulation of other Nox subunits by TGF-R in these
cells. On one hand, TGF-R has no effect on Nox2, p22phox and p47phox expression and that
only p67phox seems to be required for the deleterious actions of the cytokine in renal
tubular cells [169]. On the other hand, TGF-R was shown to upregulate p22phox [170].

Among the other factors known to mediate tubular damage in DN, one of the best agonist
identified as a regulator of Nox oxidase activity in tubular cells is IGF-1. Hence, Nox4-
derived ROS serve as signal transducer for the fibrotic effects of IGF-1 in renal tubular
epithelial cells via Akt/PKB and mTOR/p705¢K signaling pathways activation [85].

Role of Nox4 and other Nox oxidases in interstitial cell injury—The information
regarding the roles of hyperglycemia-mediated oxidative stress or Nox-derived ROS in
interstitial cell injury, particularly in the activation of renal fibroblast into myofibroblasts,
remains very sparse. Although glucose has been shown to elicit extracellular matrix protein
synthesis in kidney fibroblasts, there is no evidence that the ROS produced by Nox4 or any
other Nox oxidases mediate these effects. Most of the data available concern the effect of
TGF-R. Studies with fibroblasts derived from heart, lung, and kidney indicate that Nox4 is
central to TGF-R-induced ROS generation and myofibroblast differentiation to a profibrotic
phenotype [42]. For example, TGF-R-induced transition of cardiac or lung fibroblasts to
myofibroblasts is dependent on Nox4 regulation of Smad2/3, transcription factors that binds
and activate the promoter region of extracellular matrix protein genes such as collagens [42,
73, 74]. Importantly, Nox4 is also the predominant Nox oxidase isoform implicated in
kidney myofibroblast differentiation and expression of fibronectin in response to TGF-8 [42,
63]. However, unlike cardiac and lung myofibroblasts, Nox4 is positioned downstream of
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Smad3 and proximal to ERK in renal fibroblasts. These results are in agreement with what is
reported in pulmonary vascular smooth muscle cells, where TGF-B-induced proliferation
occurs through a Nox4-dependent pathway downstream of Smad3 [171].

Similar to the glomeruli, it is important to consider the existence of reciprocal paracrine
activation between tubulointerstitial cells [172]. Tubular cells may modulate Nox-dependent
pathways and the biological behavior of neighboring fibroblasts through paracrine
mechanisms, which include the production and release of TGF-R or Ang Il as tubular cells
also contain a locally active renin-angiotensin system. On the other hand, it is likely that
secretion of IGF-1 by fibroblasts regulates Nox oxidase signaling in adjacent tubules.

Nox4, with a friend like this who needs enemies?

Although significant progress has been made in the investigation of the role of Nox4 and
other relevant oxidases in diabetic kidney disease, there is still a need for more direct and
less circumstantial evidence establishing which Nox homologs or subunits are implicated in
redox-dependent pathologies in different tissue and cells. This necessity is underscored by
the data obtained using transgenic and Nox4 knockout mice. Experiments inducing a variety
of kidney diseases, including streptozotocin-induced type 1 diabetes, in global and inducible
Nox4 knockout mice indicate that Nox4 does not promote renal disease but may have a
small protective effect against proteinuria, fibrosis and inflammation [173, 174].

Although the aforementioned Nox4 knockout animal studies are in contrast to the plethora
of invitro and in vivo examples outlined above, the results are neither surprising nor
controversial. Indeed, when comparing in vitro and in vivo results as well as in vivo findings,
to one another, several factors should be considered.

First, we must reemphasize that diabetes induces systemic hyperglycemia, which effect
organs differently. Exposure of the kidney to chronic hyperglycemia induces expression of
growth factors, vasoactive peptides, and cytokines from the various cell types of this
heterogeneous organ resulting in paracrine activation and cross talks between these cell
types. This cannot be compared to in vitro experimental conditions where an agonist is
added to one renal cell type (mesangial, tubular epithelial, or podocyte cell) with subsequent
measurement of a biological output. However, these variations do not detract from studies
documenting agonist-induced, Nox4-mediated cellular injury in vitro.

Second, it is important to stress that genetic knockdown models represents very artificial
situations in that: (i) over the course of development and growth, compensatory pathways
may emerge which can alter signaling pathways more globally, and (ii) the continuous
absence of a gene can perturb the developmental sequence and therefore can affect the
response of the adult organism to stress or disease in ways that may not relate directly to the
role of that gene in the adult animal. On the other hand, a phenotype can be more reliably
associated with inactivation of the target gene when considering a tissue specific knockout.
This is stressed by the finding that Nox4 global knockout and Nox4 tissue-specific knockout
animals give rise to two opposite phenotypes when induced with the same disease. Here,
cardiac-specific knockout of Nox4 protects against pressure overload-induced cardiac injury
whereas the global Nox4 knockout showed no protection when subjected to pressure
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overload [175]. This suggests that the group of proteins or signaling intermediates affected
by Nox4 may be cell specific. Some of these pathways may protect cell function basally or
in pathological conditions. Thus, global deletion of Nox4 may be deleterious independently
of the disease induced. Note that cell-specific knockout may be challenging for some renal
cells, such as mesangial cells, since there are no specific promoters available for these cells.

Finally, and importantly, not all rodent models of DN are the same. For example, the
severity of the renal damages seen in DN differs considerably in the different mice model of
type 1 (OVE26, Akita mice and streptozotocin-induced diabetes models) or type 2 diabetes
(db/db and BTBR ob/ob mice) [176, 177]. Importantly, similar variations exist between the
mice backgrounds with some animals including C57BL6 mice, the background of most of
the Nox4-deficient mice described in the literature, being more resistant to DN than others
[176, 177]. It is also conceivable that the role of Nox4 varies during the stages and the
duration of the disease, i.e., early or advanced diabetes as well as the severity of the disease
at these different phases of diabetic complications.

Collectively, we suggest that interpretation of data by direct comparisons from independent
studies using different rodent models, different genetic backgrounds, and induced with
different agents to promote diabetic kidney disease should be approached and interpreted
with caution.

Nox4 and other Nox oxidases as therapeutic targets for DN

It is apparent from this review that the ample in vivo and in vitro experimental evidence
support a role for the Nox family of NADPH oxidases, particularly Nox4, in the
pathogenesis and pathophysiology of DN. The corollary of these observations is the
consideration of Nox4 and the other relevant Nox homologs as therapeutic targets for the
treatment of diabetic complications in the kidney. There has been a considerable effort for
the generation and development of agents able to inhibit the Nox enzymes in a homolog-
specific manner [178-184]. The data obtained in the kidney presented in this review suggest
that the catalytic subunits Nox4 and Nox2 may be privileged targets for these inhibitors.
Among these inhibitors, the orally administrable small-molecules inhibitors from the
Pyrazolo pyridine chemical series, particularly the compounds referred as GKT136901 and
GKT137831, have drawn considerable attention. In contrast with most of the other
compounds that have been described as Nox inhibitors but have not undergone or completed
preclinical studies, intensive research is currently conducted to test the bioefficacy of the
GKT inhibitors in animals models of disease and they have recently been used in a phase 1
clinical trial [183, 185-189]. They are presented as dual Nox4 and Nox1 inhibitors with to a
lesser extent some inhibitory action on Nox5 and Nox2 [159, 180, 183, 185]. While the
mechanisms by which these compounds inhibit Nox4 and Nox1 remain unclear, they may
act as competitive inhibitors since their structure resemble to NADPH [179]. Numerous
preclinical studies performed with GKT136901 or GKT137831 in experimental animal
models indicate that the inhibitors effectively attenuate the pathological changes observed in
renal complication of diabetes, atherosclerosis, liver fibrosis and idiopathic pulmonary
fibrosis [183, 185-189]. Interestingly, the efficacy of the dual Nox4/1 inhibitors was
primarily demonstrated in disease models for which the role of Nox4 as mediator of the
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pathologies is established (i.e. lung or liver fibrosis) [74, 186, 190], suggesting that the
protective actions of the compound may be predominantly due to the targeting of Nox4 in
these conditions. Importantly, the observation that treatment of normal mice with the
inhibitors is not interfering with physiological processes together with the fact that Nox4
knockout studies produce a healthy animal, for which it is difficult to elicit a positive or
negative phenotype except under specific stressor conditions [178], speak to the lack of
adverse effects of these inhibitors.

Beside stressing the importance of direct inhibition of relevant Nox oxidases, the present
review also suggests that adjunct therapies targeting the agonists or signaling intermediates
that regulate the expression or function of Nox subunits and subsequent ROS production
should be considered for the treatment of diabetic complications. In regards to the
observation reported above, such strategies could involve the use of PKC inhibitors, agents
that disrupt the AGE signaling, inhibitors of the RAS (angiotensin-converting enzyme
inhibitors and Ang Il receptor blockers), statins (that inhibit Racl and Rho), Rho/Rho kinase
inhibitors as well as AMPK activators (i.e. metformin).

Conclusion

The wide range of Nox4 and other Nox oxidase actions in diabetic-induced pathological
processes imply that the therapeutic potential of Nox inhibitors for the treatment of diabetic
complications could be considerable. However, the fact that the homologs expressed in rat
or mice kidney may not be the only Nox homologs contributing to diabetic kidney disease in
human should be considered. This concern is justified in regards to recent observations
showing that the homolog Nox5, which is not expressed in rodents, seems to be critical for
redox-mediated damages in human renal cells, including podocytes and tubular cells in
diabetic environment [62]. Therefore, it is becoming clear that defining the contribution of
Nox5 homolog to diabetes-induced injury in human tissue and cells is a prerequisite for the
design of successful therapy based on the targeting of Nox oxidases. The understanding of
the individual role of Nox homologs, especially Nox5, in the different molecular
mechanisms and signaling cascades altered by diabetes should be pursued concomitantly to
the translation of the information gathered into therapeutic intervention.
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Abbreviations

20-HETE 20-hydroxyeicosatetraenoic acid

AA arachidonic acid

AGEs advanced glycation end-products

AICAR 5-aminoimidazole-4-carboxamide-1-riboside
Akt/PKB Akt/protein kinase B
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AMPK
Ang Il
AOPPs
AT,
CTGF
CYP4A
DHE
DN
Duox
EGF
eNOS
ERK
FAD
GPx
H,0,
HIF-1
IGF-I
MEK
miR-25
NADPH
Nox
NoxA1l
NoxO1
0,
p38MAPK
p70S6K
PDGF
PDK-1
Phox
PI3-K
PKC
PLA,
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AMP-activated protein kinase
angiotensin Il

advanced oxidation protein products
receptor angiotensin Il type 1 receptor
connective tissue growth factor
cytochrome P450 of the 4A family
dihydroethidium

diabetic nephropathy

dual oxidase

epidermal growth factor

endothelial nitric oxide synthase
extracellular signal-regulated kinase
flavin adenine dinucleotide
glutathione peroxidase

hydrogen peroxide

hypoxia inducible factor

insulin-like growth factor
mitogen-activated protein kinase/ERK kinase
microRNA-25

nicotinamide adenine dinucleotide phosphate
NADPH oxidase

Nox activator 1

Nox organizer 1

superoxide anion

p38 mitogen-activated protein kinase
p70 S6 kinase

platelet-derived growth factor
3-phosphoinositide-dependent protein kinase-1
phagocyte oxidase
phosphatidylinositol 3-kinase

protein kinase C

phospholipase A,
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Poldip2 polymerase delta-interacting protein 2
Pyk-2 proline-rich tyrosine kinase-2
ROS reactive oxygen species
Smad Sma and Mad homolog
SOD superoxide dismutase
TGF-R transforming growth factor-3
Tks tyrosine kinase substrate with five SH3 domains
VEGF vascular endothelial growth factor
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Figure 1.
Structure and molecular organization of the renal NADPH oxidases of the Nox family. The

top right left panel illustrates the topology of and the enzymatic reaction catalyzed by the
Nox enzymes. The other panels represent the molecular structure of the Nox oxidase
isoforms predominantly expressed in the kidney, Nox2 (a.k.a. gp91phox), Nox1, and Nox4.
The regulatory subunits differ from a Nox isoform to another.
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Figure 2.
Nox-dependent signaling pathways implicated in glomerular mesangial cell injury triggered

by diabetic stimuli. See text for detail.
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Figure 3.
Nox-dependent signaling pathways implicated in podocyte injury triggered by diabetic

stimuli. See text for detail.
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Figure 4.
Nox-dependent signaling pathways implicated in tubular cell injury triggered by diabetic

stimuli. See text for detail.
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