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Metabolomics Reveals a Key Role for Fumarate in
Mediating the Effects of NADPH Oxidase 4 in Diabetic
Kidney Disease

Young-Hyun You,* Tammy Quach,* Rintaro Saito,* Jessica Pham,* and Kumar Sharma*†‡

*Division of Nephrology-Hypertension, Institute of Metabolomic Medicine, Center for Renal Translational Medicine,
University of California—San Diego, La Jolla, California; †Division of Medical Genetics, Department of Medicine,
University of California—San Diego, La Jolla, California; and ‡Division of Nephrology-Hypertension, Veterans Affairs
San Diego Healthcare System, La Jolla, California

ABSTRACT
TheNADPHoxidase (NOX) isoformNOX4 has been linkedwith diabetic kidney disease (DKD). However, a
mechanistic understanding of the downstream effects of NOX4 remains to be established.We report that
podocyte-specific induction of NOX4 in vivo was sufficient to recapitulate the characteristic glomerular
changes noted with DKD, including glomerular hypertrophy, mesangial matrix accumulation, glomerular
basement membrane thickening, albuminuria, and podocyte dropout. Intervention with a NOX1/NOX4
inhibitor reduced albuminuria, glomerular hypertrophy, andmesangialmatrix accumulation in the F1Akita
model of DKD.Metabolomic analyses from thesemouse studies revealed that tricarboxylic acid (TCA) cycle–
related urinarymetabolites were increased in DKD, but fumarate levels were uniquely reduced by theNOX1/
NOX4 inhibitor. Expression of fumarate hydratase (FH), which regulates urine fumarate accumulation, was
reduced in the diabetic kidney (in mouse and human tissue), and administration of the NOX1/NOX4 inhibitor
increasedglomerular FH levels in diabeticmice. InductionofNox4 in vitro and in the podocyte-specificNOX4
transgenicmouse led to reduced FH levels. In vitro, fumarate stimulated endoplasmic reticulum stress,matrix
gene expression, and expression of hypoxia-inducible factor-1a (HIF-1a) and TGF-b. Similar upregulation of
renal HIF-1a and TGF-b expression was observed in NOX4 transgenic mice and diabetic mice and was atten-
uated by NOX1/NOX4 inhibition in diabetic mice. In conclusion, NOX4 is a major mediator of diabetes-
associated glomerular dysfunction through targeting of renal FH, which increases fumarate levels. Fumarate
is therefore a key link connectingmetabolic pathways to DKD pathogenesis, andmeasuring urinary fumarate
levels may have application for monitoring renal NOX4 activity.

J Am Soc Nephrol 27: ccc–ccc, 2015. doi: 10.1681/ASN.2015030302

NADPH oxidase (NOX) is a multicomponent en-
zyme complex that catalyzes the reduction of
molecular oxygen to superoxide and hydrogen
peroxide using NADPH as an electron donor. The
NOX family consists of seven different members
(NOX1–NOX5, DUOX1, andDUOX2). Among the
seven members of the NOX family, NOX1, NOX2
(also named gp91phox), and NOX4 are expressed in
kidneys of humans and mice, whereas NOX5 is ex-
pressed only in humans.1–5 We have been examin-
ing the role of NOX isoforms in diabetic kidney
disease (DKD) and we recently found that NOX2
did not play a major role in mediating DKD with
type 1 diabetes.1,6 However, NOX4was upregulated

in the NOX2 knockout (KO) diabetic kidney, par-
ticularly in glomeruli and podocytes, and thus may
play a prominent role. Recent studies with total
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body deletion of NOX4 revealed that NOX4, but not NOX1, is
necessary for progression of DKD in ApoE KO mice7; how-
ever, in a different mouse model of DKD, the Nox4 KOmouse
did not show protection in the B6 background.2 Thus, the
major role of NOX4 in the progression of DKD remains un-
clear. In addition, the key downstream targets of NOX4 that
mediate progression of DKD remain to be elucidated.

To clarify the role of increased NOX4, we generated in-
ducible NOX4 transgenic mice with specific expression in
podocytes of the glomerulus. We also examined the effective-
ness of treatment with GKT137831, a NOX1/NOX4 inhibitor,
on the development of CKD and on the urinemetabolome in a
model of progressive DKD. With the combination of studies,
we now identify a new mechanism of action of NOX4 and
clarify the role of NOX4 in DKD. Specifically, NOX4 potently
inhibits the tricarboxylic acid cycle (TCA) enzyme fumarate
hydratase (FH), leading to accumulation of fumarate. Fuma-
rate is a key regulator of hypoxia-inducible factor (HIF)–1a
and TGF-b in renal cells andmay be the keymetabolite linking
NOX4 activity to DKD.

RESULTS

Upregulation of NOX4 Induces Apoptosis and
Endoplasmic Reticulum Stress
HA-tagged full-length human NOX4 construct (tet-O-NOX4)
was stably transfected in Tet-On 293 cells, to induce NOX4 ex-
pression under the control of doxycycline (Figure 1, A–C).
Cells transfected with the empty vector did not show changes
in H2O2 levels, whereas a significant increase in intracellular
H2O2 was observed in a doxycycline dose–dependent manner
in HA-NOX4–expressing cells (Figure 1D). To determine
whether upregulation of NOX4 induces apoptosis, doxycy-
cline was added for 24 hours after HA-NOX4 transfection
and the degree of apoptosis was detected with terminal deox-
ynucleotidyl transferase–mediated digoxigenin-deoxyuridine
nick-end labeling (TUNEL) staining. The results indicate that
increased expression of NOX4 induces a 4-fold increase in
apoptosis (Figure 1, E and F).

The endoplasmic reticulum (ER) stress pathway has been
implicated in NOX4-induced apoptosis.8 Gene expression of
the ER stress–induced apoptosis mediator CHOP was in-
creased by NOX4 in a time-dependent manner (Figure 1G).
The antiapoptotic protein BCL-2 and the proapoptotic pro-
tein BAX localize to the mitochondrial outer membrane and
their ratio regulates the release of cytochrome c to cytosol.9,10

NOX4 expression resulted in a significant increase in the
mRNA levels of proapoptotic BAX and the ratio of BAX/BCL2
(Figure 1, H and I).

Effect of Targeted Podocyte NOX4 Induction on
Glomerular Pathology
Wepreviously identified that podocytes were amajor source of
NOX4 production in response to high glucose andwith DKD.6

To examine whether podocyte-specific NOX4 upregulation
had a primary role in glomerular structure and function, we
bred FVB/J mice homozygous for podocin-rtTA with FVB/J
heterozygous for tet-O-NOX4 to generate podocin-rtTA:tet-
O-NOX4 (NOX4Tg) and podocin-rtTA mice. Male mice were
administered doxycycline (200 mg/ml) or vehicle for 5 weeks
(Figure 2A), at which point they demonstrated podocyte-
specific expression of the HA-NOX4 transgene in NOX4Tg
mice (Figure 2, B and C).

Doxycycline induction of theNOX4 transgene in podocytes
did not affect body weight or systemic blood glucose levels
(Supplemental Table 1). Albuminuria and urinary H2O2 levels
were modestly increased with induction of NOX4 (Figure 2,
D and E). Importantly, podocyte-specific Nox4 was sufficient to
increase glomerular volume and stimulate mesangial matrix
expansion in NOX4Tg doxycycline-treated mice compared
with doxycycline-treated control mice (Figure 2, F and G).
Electron microscopy was performed to evaluate for ultrastruc-
tural changes in glomeruli with NOX4 induction in podocytes.
As noted in Figure 2, H and I, podocyte NOX4 induction
resulted in a significant increase in glomerular basement
membrane thickness.

Profibrotic Markers, ER Stress, and Podocyte Dropout
Are Induced by Podocyte NOX4
Gene expression analysis was performed for specific pathways
based on the histology in the NOX4Tg mice. There was a sig-
nificant induction of the profibrotic genes TGF-b1, fibronec-
tin, anda-smoothmuscle actin (a-SMA) in isolated glomeruli
(Figure 3A). Chop, Grp78, and Gp96 were all stimulated in
glomeruli (Figure 3B) from NOX4Tg mice. In addition,
gene expression levels of Bax and the ratio of Bax/Bcl2 were
upregulated in glomeruli from NOX4Tg mice (Figure 3C).
Confocal microscopy analysis also revealed that both CHOP
and GRP78 were increased in glomeruli of NOX4Tg mice
(Figure 3, D and E).

Podocyte reduction is commonly seen in human andmouse
models of DKD. Podocyte numbers wasmeasured usingWT1-
positive nuclei per glomerulus; a significant decrease in po-
docyte number was observed in the NOX4Tg mice (Figure 3,
F and G). Thus, many of the typical glomerular changes asso-
ciated with DKD were recapitulated by podocyte-specific
NOX4 upregulation.

Inhibition of NOX1/NOX4 by GKT137831 as an
Interventional Treatment Improves DKD
To test the functional contribution of NOX4, we evaluated the
NOX1/NOX4-specific inhibitor GKT137831 (Supplemental
Figure 1A). Treatment with GKT137831 significantly de-
creased H2O2 production in a concentration-dependent fash-
ion in rtTA-293 cells stably transfected with the HA-tagged
human NOX4 transgene (Supplemental Figure 1B).

To determine whether the NOX1/NOX4 inhibitor
(GKT137831) would have benefit as an interventional agent
inDKD,we treated F1 (DBA/2J3C57BL/6J- Ins2Akita [F1Akita])
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mice with food pellets containing the NOX1/NOX4 inhibitor
fromweek 12 toweek 28 (Figure 4A). There was no effect of the
NOX1/NOX4 inhibitor on body weight, blood glucose levels,
or albuminuria (Table 1) in control mice. At 28 weeks of age,
there was a significant increase in albuminuria, glomerular
volume, and mesangial matrix expansion in F1 Akita in the
DBA/C57BL mice compared with F1 control mice. In the F1
Akita mice treated with the NOX1/NOX4 inhibitor for 4
months, there was a significant reduction in albuminuria
(Figure 4B), kidney hypertrophy (Figure 4C), mesangial ma-
trix accumulation (Figure 4D, Supplemental Figure 1C), and
glomerular volume (Figure 4E). Moreover, the NOX1/NOX4
inhibitor reduced the diabetic stimulation of renal type IV
collagen and fibronectin expression to control levels (Figure
4F). However, podocyte depletion measured using WT1-
positive nuclei per glomerulus in the F1 Akita mice was not
affected with the NOX1/NOX4 inhibitor (Figure 4, G and H).

Urine Metabolomics Reveals Fumarate as a Target of
NOX4 Inhibition
To obtain further insight into howNOX4 excess contributes to
DKD, we performed a metabolomic analysis of urine samples
obtained from 24-hour urine collections of F1 control mice,
F1Akitamice, andF1Akitamice treatedwith theNOX1/NOX4
inhibitor. A prominent pattern was an overall increase in the
metabolites of the TCA cycle in the diabetic F1 Akita mice
compared with the control group (Supplemental Figure 2).
Interestingly, only one of the TCA cycle intermediates, fuma-
rate, was significantly reduced with the NOX1/NOX4 inhibi-
tor in a dose-dependent manner (Figure 5A).

In the TCA cycle, fumarate is generated by oxidation of ad-
enylsuccinate by the enzyme succinate dehydrogenase (SDH)
and is converted tomalate by the enzyme FH. Inhibition of FH
or stimulationof SDHcan lead to accumulationof fumarate, as
seen in diabetic urine. Previous studies have reported a re-
duction of SDH in diabetes11–13; however, no studies have
examined FH to our knowledge. In addition, because
NOX1/NOX4 inhibition led to a reduction in fumarate levels
without affecting levels of succinate, FH was considered to be
the more likely site of regulation by NOX4. Immunoblotting
and immunohistochemistry analysis of mouse kidney samples
revealed a substantial reduction in FH protein in diabetic
mouse kidney compared with nondiabetic mouse controls
(Figure 5, B and C). We also evaluated FH in kidney biopsy
samples from patients with normal kidneys and patients with

diabetic nephropathy. Indeed, similar to what we observed in
the mouse model, there was a reduction of FH in the human
diabetic kidney tissue compared with control kidneys (Figure 5,
D and E).

To evaluate whether fumarate itself was regulated by NOX4
in the diabetic kidney, fumarate levels were measured and
found to be increased in the mouse diabetic renal cortex and
reduced by NOX4 inhibition (Figure 5F). Fh gene expression
was also significantly reduced in the diabetic kidney cortex
and increased with NOX4 inhibition (Figure 5G). Immunos-
taining showed that the reduced glomerular FH was restored
by NOX4 inhibitor treatment in F1 Akita mice (Figure 5H).
Together, the metabolomic, gene expression, and protein
analyses suggest that FH is a target of NOX4 in the diabetic
kidney.

NOX4 Reduces FH Expression and Activity
We hypothesized that fumarate levels in diabetes was attribut-
able to regulation of FH activity by upregulation of NOX4. To
determine whether podocyte NOX4 upregulation was suffi-
cient to inhibit FH,we evaluated FH levels in theNOX4Tgmice
treated with doxycycline. Induction of podocyte NOX4 by
doxycycline led to a significant reduction in renal cortical FH
protein (Figure 6, A and B) and gene expression (Figure 6C).
Immunostaining revealed a clear reduction of glomerular FH
with induction of podocyte NOX4 (Figure 6D). Similar to the
in vivo studies, induction of NOX4 expression led to a reduc-
tion of FH in rtTA-293 cells (Figure 6, E and F). These studies
demonstrate that NOX4 is sufficient to inhibit FH in the ab-
sence of diabetes.

Because NOX4 is a potent source of H2O2 production, we
questioned whether H2O2 was the signaling molecule medi-
ating effects of NOX4 on FH. Interestingly, H2O2-treated
HEK293 cells reduced cellular FH protein levels in a dose-
dependent manner (Figure 6, G and H) and increased fumarate
levels (Figure 6I). Furthermore, CHOP mRNA expression was
dose-dependently upregulated by fumarate (Figure 6J), suggest-
ing that the NOX4-induced fumarate production contributes to
ER stress.

NOX4 and Fumarate Are Potent Regulators of HIF-1a
and TGF-b
Accumulation of fumarate may contribute to renal pathology,
possibly via inhibition ofHIF-prolyl hydroxylases and increas-
ing HIF-1a.14 Indeed, both HIF-1a protein and mRNA were

Figure 1. Effects of NOX4 expression in rtTA-293 cells. (A) Schematic representation of the transgene construct of doxycycline-inducible
HA-tagged human NOX4. (B) Confocal immunofluorescence images of HA-NOX4 (green) protein expression. (C) HA-Nox4 mRNA
expression after normalization against 18S expression. (D) Intracellular H2O2 levels. (E) TUNEL staining of confocal images to detect
apoptosis. (F) Quantification of TUNEL-positive cells (n=3) of rtTA-293 cells transfected with pTRE-Tight vector encoding HA-tagged
human NOX4 (HA-NOX4) or empty vector with 2 mg/ml doxycycline for 24 hours. (G–J) mRNA expression of CHOP, BAX, and BAX/
BCL2 in rtTA-293 cells transfected with HANOX4 or empty vector after 2 mg/ml doxycycline for the indicated time points. Repre-
sentative results from three independent experiments are shown. *P,0.05 versus vector alone. CMV, cytomegalovirus; DOX, doxy-
cycline. Bar, 100 mm.
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elevated with either H2O2 (Figure 7A) or fumarate (Figure 7,
B–D) in HEK293 cells in a dose-dependent manner.

In addition, there was an early stimulation of TGF-b1 gene
expression levels that was noted as early as 2 hours after in-
duction of NOX4 in rt-293 cells (Figure 7E). TGF-b1 gene

expression was also stimulated with either H2O2 (Figure 7F)
or fumarate (Figure 7G). Increased HIF-1a and TGF-b1 ex-
pression with either H2O2 or fumarate in HEK293 cells was
also associated with elevated gene expression of classic mark-
ers of fibrosis such as type 1 collagen (Figure 7, H and K),

Figure 2. Effects of podocyte-specificNOX4 induction onglomerular pathology. (A) Schematic representation of podocyte-specificNOX4Tgmice
and their control littermates (podocin-rtTA) with 200 mg/ml doxycycline for 5 weeks to induce NOX4 transgene. (B) Confocal immunofluorescence
images depicting HA-NOX4 expression in podocytes. (C)HA-Nox4mRNA expression after normalization against 18S expression in the heart, liver,
lung, spleen, kidney cortex, and glomeruli of NOX4Tg and control mice. (D and E) Urinary albumin excretions (D) and H2O2 excretion (E) measured
with 24-hour urine collections from control and NOX4Tgmice after 5 weeks of doxycycline induction. *P,0.05 versus control (n$6 per group). (F–I)
Glomerular size (F) and mesangial matrix area (G) measured by morphometric analysis, representative TEM images (H), and quantification of
glomerular basement membrane thickness from TEMmicrographs of NOX4Tg and control mice (I). *P,0.05 versus control (n=3 per group). CTRL,
control; Sac, sacrifice; TEM, transmission electron microscopy; GBM, glomerular basement membrane. Bar, 50 mm in B; 1 mm in H and I.

Figure 3. Effects of podocyte-specific NOX4 on ER stress and podocyte apoptosis. (A and B) mRNA expression analysis of Tgf-b1, fibronectin,
and a-Sma (A) and ER stress genes Chop, Grp78, and Gp96 (B) in isolated glomeruli of podocyte-specific NOX4Tg and control mice. (C)
mRNA expression analysis of Bax and Bcl2 and Bax/Bcl2 in the NOX4Tg and control mice. *P,0.05 (n=4 per group). (D and E) Confocal
immunofluorescence images of CHOP (D; green) and GRP78 (E; green) expression in the glomeruli of the NOX4Tg and control mice after
200 mg/ml doxycycline for 5 weeks. (F and G) DAPI-stained (blue), confocal immunofluorescence image for the expression of WT-1 (F) and
quantification of the WT1-positive cell number (G). *P,0.05 (n=3 per group). CTRL, control; DAPI, 49,6-diamidino-2-phenylindole. Bar, 50 mm.
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fibronectin (Figure 7, I and L), and SMA (Figure 7, J and M)
in a dose-dependent manner.

We studied whether a similar effect of FH on HIF-1a and
TGF-b was observed in vivo. Interestingly, both HIF-1a (Fig-
ure 8A) and TGF-b (Figure 8B) were stimulated in glomeruli
of the NOX4 transgenic mice. Moreover, HIF-1a (Figure 8, C
and D) and TGF-b (Figure 8, E–G) were also stimulated in the
kidney cortex of the diabetic F1 Akita mice compared with
controls, whereas Nox4 inhibitor treatment restored FH for-
mation and resulted in significant decrease in HIF-1a and
TGF-b expression in kidney.

Taken together, these data support the hypothesis that loss
of FH activity is attributable to increased NOX4 in the diabetic
kidney. Increased H2O2 levels through NOX4 in the diabetic
kidney can lead to diminished FH and an increase in fumarate.
Both H2O2 and fumarate increase HIF-1a and stimulate TGF-b.
Pharmacologic inhibition ofNOX4 resulted in restored FHactivity
and reduction of HIF-1a and TGF-b, leading to reduced glomer-
ular matrix and renoprotection (Figure 9).

DISCUSSION

Diabetic glomerular disease is characterized by glomerular
hypertrophy, mesangial matrix expansion, podocyte dropout,
and glomerular basementmembrane thickening. In this study,
upregulation of podocyte Nox4 was sufficient to recapitulate all
of these glomerular features of DKD. Pharmacologic interven-
tionwith aNOX1/NOX4 inhibitor was able to reduce themajor
parameters ofDKD.Akey novelmechanismhas been identified
via metabolomics, with the finding that Nox4 inhibition

regulates fumarate levels, leading to the discovery that the
TCA cycle enzyme FH is a downstream target of NOX4. Fu-
marate has now been identified as a disease-promoting metab-
olite because it stimulates ER stress, matrix production, and
HIF-1a and TGF-b production in the context of DKD.

NOX4 has consistently been implicated as the major Nox
isoform that is upregulated in the diabetic kidney15–18; how-
ever, recent studies have found conflicting datawith NOX4KO
mice.2,7 Our study found that podocyte upregulation of NOX4
was sufficient to develop many of the classic features of di-
abetic glomerular disease. Coupled with our interventional
study demonstrating that the NOX1/NOX4 inhibitor pro-
vided protection against diabetic mesangial matrix accu-
mulation and albuminuria in the F1 Akita model and similar
beneficial preventive results with the NOX1/NOX4 inhibitor
in the ApoE diabetic model,19,20 it is likely that upregulation of
NOX4 is a critical contributor to many of the glomerular le-
sions in DKD. Although complete loss of NOX4 may abrogate
its physiologic role and could lead to worsening of renal dis-
ease under stressed conditions,21 inhibition with the NOX1/
NOX4 inhibitor would not be expected to completely suppress
NOX4. Importantly, phase 1 studies in humans have not iden-
tified toxicity of a NOX1/NOX4 inhibitor and a phase 2 study
in DKD is currently underway.22

The mechanism by which NOX4 contributes to DKD is
unknown. In this study, we identified a novel mechanism of
action of the Nox1/Nox4 inhibitor using urine metabolomics
in the F1 Akita mouse model of DKD.With this model, almost
all of the TCA cycle metabolites were found to be increased in
the urine of the diabetic mice. A similar pattern has been
described in a model of type 2 diabetes early in the course

Figure 4. Effects of NOX4 inhibitor GKT137831 in F1 Akita mice. (A) Schematic representation of the experimental plan with
GKT137831 in the F1 Akita model. (B and C) Twenty-four–hour urinary ACR (B) and kidney/body weight ratio (C) of F1 control mice
treated with vehicle, 30 mg/kg per day (CT30), or 60 mg/kg per day GKT137831 (CT60) and F1 Akita mice treated with vehicle (AKITA),
30 mg/kg per day GKT137831 (AK30), or 60 mg/kg per day GKT137831 (AK60) for 16 weeks. *P,0.05 versus control; **P,0.05 versus
AKITA (n$8 per group). (D and E) Mesangial matrix area (D) measured by morphometric analysis of glomeruli and glomerular surface
area (E) of F1 control mice treated with vehicle and F1 Akita mice treated with vehicle, 30 mg/kg per day GKT137831, or 60 mg/kg per
day GKT137831. *P,0.05 versus control; **P,0.05 versus AKITA (n$8 per group). (F) Confocal images representative of collagen (red)
and fibronectin (green) in glomerular staining (n=3 mice per group). (G) Glomerular WT-1 staining, and (H) quantification of WT-1–
positive cells per glomerulus of F1 control mice treated with vehicle and F1 Akita mice treated with vehicle or 60 mg/kg per day
GKT137831. *P,0.05 versus control (n=20 glomeruli from each mouse kidney; n=3 per group). CTRL, control; AK, Akita; Sac, sacrifice;
ACR, albumin-to-creatinine ratio; PAS, periodic acid–Schiff. Bar, 50 mm.

Table 1. Physiologic characteristics of NOX1/NOX4 inhibitor GKT137831–treated mice

Treatment Number Body Weight (g) Blood Glucose (mg/dl) ACR

F1 control 0 mg of GKT137831 (CTRL) 12 34.6862.16 186.91657.10 60.9267.85
F1 control 30 mg of GKT137831 (CT30) 14 35.7164.14 230.31660.36 43.02611.90
F1 control 60 mg of GKT137831 (CT60) 13 36.0063.75 237.92692.76 60.8565.52
F1 Akita 0 mg of GKT137831 (AKITA) 12 26.5161.83a .600a 572.56137.2a

F1 Akita 30 mg of GKT137831 (AK30) 13 27.8561.84a .600a 258.96105.9a,b

F1 Akita 60 mg of GKT137831 (AK60) 11 27.3262.46a .600a 237.2656.97a,b

Values are presented as means6SEM. F1 control mice and F1 Akita mice were treated with vehicle, 30 mg/kg per day of GKT137831, or 60 mg/kg per day of
GKT137831 for 16 weeks. ACR, albumin-to-creatinine ratio.
aP,0.05 versus CTRL group.
bP,0.05 versus AKITA group.
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of diabetes23 and in humans with diabetes before a clinical re-
duction of renal function.24 Of all of the urinary TCA cycle
metabolites that were found to be increased by diabetes, only
fumarate was significantly reduced in a dose-dependent man-
ner by GKT13781.

Because FH is a key enzyme in mitochondria that converts
fumarate to malate, we evaluated whether reduction of FH may
contribute to increased urine fumarate levels. FH was indeed
inhibited in the diabetic kidney, both in the F1Akitamice and in
humans with established diabetic nephropathy. FH was pre-

Figure 5. The GKT137831 NOX4 inhibitor reduces fumarate accumulation in diabetic kidney. (A) Box plots showing reduction in
fumarate in F1Akita diabetic urine compared with controls after 16 weeks treatment with GKT137831. F1 control mice treated with
vehicle, 30 mg/kg per day GKT137831 (CT30), or 60 mg/kg per day GKT137831 (CT60) and F1 Akita mice treated with vehicle (AKITA),
30 mg/kg per day GKT137831 (AK30), or 60mg/kg per day GKT137831 (AK60). *P,0.05 versus control; **P,0.05 versus AKITA with
vehicle (n=5–6; lines indicate the median). (B and C) Immunoblotting of F1 control mice and F1 Akita mice kidney cortex lysates against
FH antibody. *P,0.05 versus control. (D and E) Representative immunofluorescence staining of FH (D; green;), and intensity analysis of
FH in human renal biopsy specimens (E) from normal patients and patients with diabetes (n=3). (F) Fumarate levels in kidney cortex
lysate after treatment of F1 control mice with vehicle and F1 Akita mice with vehicle, 30 mg/kg per day GKT137831, or 60 mg/kg per
day GKT137831 using the Fumarate Assay Kit. *P,0.05 versus control; **P,0.05 versus F1 Akita mice with vehicle. (G) mRNA ex-
pression levels of Fh in F1 control mice with vehicle and F1 Akita mice with vehicle, 30 mg/kg per day GKT137831, or 60 mg/kg per day
GKT137831. *P,0.05 versus control (n=3 per group). (H) Representative confocal microscopy images depicting endogenous ex-
pression of FH (green) and podocin (red) in F1 control with vehicle and F1 Akita mice with vehicle or 60 mg/kg per day GKT137831
(n=3 per group). CTRL, control. Bar, 100 mm in D and E; 50 mm in H.
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viously found to be inhibited by reactive oxygen species25; how-
ever, FH has not previously been implicated in DKD nor has
the source of reactive oxygen species that regulates FH been
previously determined. In this study, we demonstrate that the
NOX4/H2O2 pathway is a likely candidate to mediate reduced
FH levels in the diabetic kidney. Indeed, inhibition of NOX4
with the NOX1/NOX4 inhibitor was able to restore FH to nor-
mal levels.

Homozygous loss-of-function mutations in FH lead to
elevated urine fumarate levels and have been associated with
encephalopathy in children. Haploinsufficiency of FH caused
by a heterozygous loss-of-function mutation predisposes to
multiple cutaneous and uterine leiomyomas and hereditary
leiomyomatosis with renal cell cancer.26–29 It was recently
identified that inhibition of FH leads to increased levels of
fumarate, which inhibits the activity of prolyl hydroxylase,

Figure 6. NOX4 overexpression reduces FH expression and activity. (A and B) Immunoblotting (A) and quantification (B) of FH protein
expression after normalization against b-actin. (C) mRNA expression levels after normalization against 18S expression in the kidney
cortex from podocyte-specific (NOX4Tg) and control mice after 200 mg/ml doxycycline for 5 weeks. (n=3–4 mice per group). (D)
Confocal microscopic analysis of FH (green) and podocin (red) in the kidney glomerulus from podocyte-specific NOX4Tg and control
mice after 200 mg/ml doxycycline for 5 weeks. (E and F) FH protein expression (E) and quantification (F) of immunoblotting after
normalization against b-actin from rtTA- 293 cells transfected with HA-NOX4 induced after 2 mg/ml doxycycline for 24 hours. (G and H)
Immunoblotting (G) and quantification (H) of FH protein expression after normalization against b-actin. (I) Fumarate production from
HEK293 cells treated with H2O2 (0, 30, 60, 90, and 120 mM) for 24 hours. (J) mRNA expression levels of CHOP after normalization
against 18S expression in HEK293 cells treated with fumarate (0, 25, 50, and 75 mM) for 24 hours. Representative results from three
independent experiments are shown. *P,0.05 versus control mice or no treatment. CTRL, control; Dox, doxycycline. Bar, 50 mm.
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resulting in HIF-1a accumulation and activation of HIF-
dependent pathways.30–33 To our knowledge, this study is the
first to demonstrate that NOX4 mediates upregulation of

HIF-1a in DKD. Activation of HIF signaling promotes fibrosis
in the context of CKD through increased expression of HIF-
1a–regulated factors such as connective tissue growth factor,

Figure 7. NOX4 and fumarate are potent regulators of HIF-1a and TGF-b in vitro. (A) HIF-1amRNA expression in HEK293 cells treated
with H2O2 (0, 30, 60, 90, and 120 mM) for 24 hours. (B–D) HIF-1a mRNA (B), immunoblotting (C), and quantification (D) of HIF-1a
protein in HEK293 cells treated with fumarate (0, 50, and 100 mM) for 24 hours. (E) mRNA expression of TGF-b1 from NOX4 stably
transfected into rtTA-293 cells treated with 2 mg doxycycline up to 48 hours. (F and G) mRNA expression of TGF-b1 in HEK293 cells
treated with H2O2 (0, 30, 60, 90, and 120 mM) (F) or fumarate (0, 50, and 100 mM) (G) for 24 hours. (H–M) mRNA expression of type 1
collagen (COL1) (H and K), fibronectin (L and J), and a-SMA (J and M) in HEK293 cells treated with H2O2 (0, 30, 60, 90, and 120 mM)
(H–J) or fumarate (0, 25, 50, and 75 mM) (K–M) for 24 hours. Data are presented as the ratio of gene to 18S. Representative results from
three independent experiments are shown. *P,0.05 versus no treatment.
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plasminogen activator inhibitor-1, tissue inhibitor of matrix
metalloprotease-1, and/or through induction of TGF-b.34–37

Because NOX4 induction is sufficient to stimulate HIF-1a in vitro
and in vivo and inhibition with NOX1/NOX4 reduces HIF-1a in
DKD, themajordriverofHIF-1awithdiabetesmaywell beNOX4.
Diebold et al. found that NOX4 is a novel target gene of HIFs38,39

and several other groups have demonstrated that NOX4 regulates
HIF-1 and HIF-2 levels,40,41 suggesting a positive-feedback loop
between NOX4 and HIFs. Our study also uniquely demonstrates
that fumarate can stimulate matrix production and TGF-b1 in
renal cells. We find that TGF-b1 is stimulated by fumarate at
both the mRNA and protein levels, suggesting that this metabolite
is a key player in mediating matrix accumulation in DKD.

In addition and consistent with previous findings in smooth
muscle cells,8 we identified that Nox4 regulates ER stress in
podocytes. Both H2O2

42 and fumarate were found to induce
ER stress and may contribute to this effect of Nox4. Further
studies are needed to uncover the actual mechanisms govern-
ing these observations.

In conclusion, we have identified that NOX4 in podocytes
plays a key role in mediating many of the features of DKD at
the glomerular level. The mechanisms underlying the dam-
aging effects of NOX4 upregulation involve ER stress, FH re-
duction, and a H2O2/ fumarate induction of HIF-1a/TGF-b1
upregulation. Inhibition of NOX4 and upregulation of FHmay
represent novel approaches to treat progressive DKD.

CONCISE METHODS

Generation of Inducible, Podocyte-Specific NOX4
Transgenic Mice
To generate the tet-O-NOX4 construct, HA-tagged NOX4 was

placed under the control of a tetracycline-responsive element by

subcloning a HA-tagged full-length (1.8 kb) human NOX4 cDNA frag-

ment by PCR into pTRE-Tight vector (Clontech) between the Cla1 and

PST1 sites. The tet-O-NOX4 construct was purified by electrophoresis and

DNA extraction (QIAEXII gel extraction kit; Qiagen) and injected into

pronuclei of FVB/N fertilized zygotes. Transgene-bearing founder mice

were identified by PCR using the following primers: 5-TAACCAAGGGC-

CAGAGTATCACT-3 and 5-AGTGATACTCTGGCCCTTGTTA-3. Trans-

genic tet-O-NOX4 mice were crossbred with podocin-rtTA mice, which

express a reverse transactivator under the control of the podocin-specific

promoter (kindly provided by J. Kopp, National Institutes of Health

[NIH]). NOX4Tg mice are viable, healthy and fertile. For induction of

the NOX4 transgene, 8-week-old NOX4Tg mice were given doxycycline

(200 mg/ml) in their drinking water for 5 weeks. All animal studies were

approved by the Institutional Animal Care and Use Committee of Uni-

versity of California—San Diego.

Cell Culture and Transfection
All cell culture experiments were performed in HEK293 cells or 293 Tet-

On cells (rtTA-293; Clontech) maintained in complete DMEM media

Figure 8. NOX4 and fumarate are potent regulators of HIF-1a and TGF-b in mouse kidney. (A and B) Confocal microscopic images of
HIF-1a (A; green) and TGF-b1 (B; green) expression in the kidney glomerulus from podocyte-specific NOX4Tg and control mice after
200 mg/ml doxycycline for 5 weeks. (C–F) Immunohistochemistry and image quantitation of HIF-1a (C and D) and TGF-b1 (E and F) of
F1 control mice with vehicle and F1 Akita mice with vehicle (AKITA) or 60 mg/kg per day GKT137831 (AK60). *P,0.05 versus control;
**P,0.05 versus Akita control group (n=3 mice per group). (G) Confocal expression of TGF-b1 (green) and podocyte-specific marker
protein podocin (red) in kidney glomeruli of F1 control mice with vehicle and F1 Akita mice with vehicle or 60 mg/kg per day
GKT137831 (n=3 mice per group). CTRL, control. Bar, 50 mm.

Figure 9. Model depicting the role of NOX4-induced H2O2 and
fumarate in kidney in diabetes or high glucose. High glucose–
induced stimulation of NOX4-mediated H2O2 production leads
to decreased activity of FH and a consequent increase in fuma-
rate levels. Both H2O2 and fumarate contribute to the elevated
HIF-1a level and TGF-b found in kidney diabetic cells and in-
creased glomerular matrix and podocyte dysfunction. In addition,
H2O2 and fumarate increase ER stress, which in turn can
cause a BCL-2–mediated and mitochondria-dependent apopto-
sis. Dotted lines represent previous studies, whereas continuous
lines represent this study.
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(10%FCS, 1% L-glutamine, and 0.1%penicillin–streptomycin), at 37°C

and 5% CO2. To overexpress NOX4, the tet-O-NOX4 construct or empty

vector was transfected using Lipofectamine 2000 by following the manu-

facturer’s protocol and was induced with 2 mg/ml of doxycycline for 24

hours. For stable NOX4 generation, the tet-O-NOX4 construct was trans-

fected into rtTA-293 cells and selected with puromycin (2 mg/ml). For

treatment with fumarate (Chem Cruz, sodium fumarate dibesic; Santa

Cruz Biotechnology), the cells were treated with 0–100 mM for 24 hours.

For H2O2 treatment, the cells were treated with 0–120 mM H2O2 for 24

hours. Fumarate was detected in cell and tissue lysates using the Fumarate

Assay Kit (Sigma-Aldrich) by following the manufacturer’s protocol.

Interventional Animal Studies with Nox1/Nox4-Specific
Inhibitor GKT137831
C57BL/6-Ins2Akita male mice were bred to female DBA/2 mice (The

Jackson Laboratory) to produce the F1 (DBA/2 3 C57BL/6) control

(F1 control) and the F1 (DBA/2 3 C57BL/6)-Ins2Akita mice.43 In the

interventional study, the Nox1/Nox4-specific inhibitor GKT137831

(Genkyotex, Geneva, Switzerland) was administered by feeding drug-

impregnated food pellets (Harlan-Teklad) to the F1 control mice and

the F1 Akita mice at dosages of 30 and 60 mg/kg per day or vehicle food

pellets at age 12 weeks for 16 weeks.Mice were euthanized after 16 weeks

of treatment for further characterization.At the endof the study period, a

24-hour urine collection was obtained in metabolic cages, blood was

obtained by venous puncture, and kidneys were harvested as previously

described.1 Glomeruli were isolated by magnetic bead–based isolation as

described.44 Blood glucose was measured using the Accu-Chek meter

system (RocheDiagnostics). Urinary albumin and creatinine weremea-

sured by mouse-specific ELISA (Albuwell M ELISA; Exocell) and a

Creatinine Companion kit (Exocell). As an index of oxidative stress,

urine samples were also analyzed for hydrogen peroxide by the Amplex

Red assay (Invitrogen) according to the manufacturer’s protocol.

Histology, Morphometric Analyses, and Transmission
Electron Microscopy
Kidneys were fixed in 4% formalin and embedded in paraffin. Peri-

odic acid–Schiff staining was performed to evaluate the extent of the

mesangial matrix in the mesangium as previously described.45 The

glomerular size and periodic acid–Schiff-positive mesangial area

were analyzed with 15 randomly selected glomeruli per animal

(n=3 per group) using i-solution software (Advanced Imaging Con-

cepts, Princeton, NJ). Quantitative analysis was performed in a blinded

manner. For electron microscopy analysis, the kidney cortex was

fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.15 M

sodium cacodylate buffer, processed for transmission electron

microscopy and viewed on a JEOL 1200EX II transmission electron

microscope (JEOL, Peabody, MA), and photographed using a Gatan

digital camera (Gatan, Pleasanton, CA). Electron micrographs of four

glomeruli per kidney were taken randomly for each mouse to evaluate

morphometric analysis of podocyte and glomerular basement mem-

brane thickness according to published methods.6

Human Participants
Slides of normal kidney tissue and kidney tissue from patients with

DKD (n=3 per group) were obtained from Agnes Fogo (Vanderbilt

University) and Sanjay Jain (Washington University) from archived

tissue samples via institutional review board–approved protocols.

Immunofluorescence Staining
Frozen kidney was sectioned into 4- to 6-mm thickness, fixed using

4% paraformaldehyde, and blocked with 5% FBS for 1 hour at room

temperature. Sections were incubated overnight at 4°C with primary

antibodies, washed with PBS, and incubated for 1 hour at room

temperature with Alexa Fluor–conjugated secondary antibodies. The

following primary antibodies were used in this study: rabbit anti-HA

(Sigma-Aldrich), goat anti–type IV collagen (SouthernBiotech), rabbit

anti–TGF-b 1/TGF-b2/TGF-b3 (Santa Cruz Biotechnology), goat

anti-fibronectin (Sigma-Aldrich), rabbit anti-WT1 (Santa Cruz Bio-

technology), mouse anti-CHOP (Cell Signaling Technology), mouse

anti-GRP78 (Cell Signaling Technology), rabbit anti-FH (Sigma-

Aldrich), rabbit anti–HIF-1a (Santa Cruz Biotechnology), and goat

anti-podocin (Santa Cruz Biotechnology). Sections were visualized

by an Olympus FluoView FV1000 device.

Immunohistochemistry
Antigen retrieval from 4- to 5-mm paraffin sections was performed

with Vector unmasking reagent (Vector Laboratories, Burlingame,

CA). After antigen retrieval, kidney sections were blocked with

PBS, 5% (vol/vol) normal goat serum, and 0.01% (vol/vol) Triton.

The sections were incubated with primary antibody diluted in

the blocking solution overnight at 4°C and were detected with a

horseradish peroxidase– conjugated secondary antibody (Jackson

ImmunoResearch). The following primary antibodies were

used: rabbit anti–TGF-b 1/TGF-b2/TGF-b 3 (Santa Cruz Biotech-

nology), rabbit anti-WT1 (Santa Cruz Biotechnology), rabbit anti-FH

(Sigma-Aldrich), and rabbit anti–HIF-1a (Santa Cruz Biotechnology).

Kidney sections were finally incubated with ABC complex (Vector Lab-

oratories) for 30minutes and bound peroxidase activity was detected

with the 3,39-diaminobenzidine kit. ImageJ software (NIH, Be-

thesda, MD) was finally used to quantify the percentage of positive

area. A total of 10 fields randomly taken at3400magnification in the

kidney tissue were analyzed from four mice per group. The number

of podocytes was analyzed from WT1 staining by estimating the

number of total WT1-positive cells (podocytes) in 15 randomly

selected glomeruli from three mice per group.

RNA Isolation and Real-Time Quantitative PCR
Total RNA was isolated from the kidney cortex using Trizol reagent

(Invitrogen) and real-time quantitative PCR was performed as pre-

viously described.46 Real-time quantitative was carried out with spe-

cific primers (Supplemental Table 2). For quantitative analysis, the

samples were normalized to 18S or b-actin gene expression using the

D cycle threshold value method.

Immunoblotting
Kidney cortex or cell pellets were lysed in lysis buffer (10 mM Tris-

HCl [pH 7.5], 100 mM NaCl, 1% NP-40, 50 mM NaF, 20 mM

b-glycerophosphate, 2 mM EDTA, 1 mM dithiothreitol, 1 mM

PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin) and boiled in

SDS sample buffer. Lysates were subjected to SDS-PAGE and Western
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blotting according to standard techniques. Three separate Western

blots were performed for each experiment. The digital quantification

of Western blots was performed using ImageJ software. The quantifi-

cation intensity was normalized against b-actin bands.

TUNEL Analyses
TUNEL analysis was performed to detect apoptotic nuclei using the

DeadEnd Fluorometric TUNEL System (Promega) according to the

manufacturer’s instructions. TUNEL-positive cells (nuclei) were

counted using ImageJ image analysis software.

Metabolomic Analyses
Aliquots of 24-hour urine collection were processed for metabolo-

mic analysis as described previously.47 Briefly, before lyophilization,

the ketoacids oximated with pentafluorobenzylhydroxylamine.

Organic acids were isolated by liquid partition chromatography

on silica (42% 2-methyl-2-butanol in chloroform), the elute was

evaporated, and the dry residue was silylated with Tri-Sil N,O-bis

(trimethylsilyl) trifluoroacetamide. Urine aliquots corresponding

to 1 mmol of creatinine were applied by injection onto a 30 m 3

0.32 mm column (Agilent DB-5) in a gas chromatograph (Agilent

5890) and eluted with a 4°C/min gradient of 70°C–300°C, and analytes

were detected by electron impactmass spectrometry (Agilent 5973mass

selective detector). Each compound was identified and quantified.

Statistical Analyses
The assessment of differences in metabolite levels among the sample

groups was done by the t test after log2 transformation of the metab-

olite levels. In addition, the metabolite levels were visualized by box

plots. These statistical analyses were done using R software. Differences

between groups were evaluated for significance using the independent

t test or one-way ANOVA with the Student–Newman–Keuls post hoc

test. P values ,0.05 were considered statistically significant.
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