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Introduction

Nonalcoholic fatty liver disease (NAFLD) has reached epidemic
proportions, affecting 20%-30% of the world’s population (1, 2).
Although there are strong genetic determinants for disease onset
and progression, the prevalence of NAFLD can be attributed pre-
dominantly to the entrenched and growing obesity and diabetes
epidemics (1-3). NAFLD encompasses disorders ranging from
simple steatosis, or nonalcoholic fatty liver (NAFL), to nonalco-
holic steatohepatitis (NASH), which is evident in 20%-30% of
patients with NAFLD and characterized by chronic lipid accumu-
lation, liver damage, and lobular/portal inflammation involving
the recruitment and activation of immune cells, especially T cells.
The liver damage and inflammation elicit reparative processes
that result in fibrosis (1). Ultimately, persistent reparative respons-
es can lead to severe fibrosis or cirrhosis and end-stage liver dis-
ease, or even hepatocellular carcinoma (HCC) (1, 4). NASH is
currently the second leading reason for liver transplantation, the
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Nonalcoholic fatty liver disease (NAFLD) is prevalent in the majority of individuals with obesity, but in a subset of these
individuals, it progresses to nonalcoholic steatohepatitis (ONASH) and fibrosis. The mechanisms that prevent NASH and
fibrosis in the majority of patients with NAFLD remain unclear. Here, we report that NAD(P)H oxidase 4 (NOX4) and nuclear
factor erythroid 2-related factor 2 (NFE2L2) were elevated in hepatocytes early in disease progression to prevent NASH and
fibrosis. Mitochondria-derived ROS activated NFE2L2 to induce the expression of NOX4, which in turn generated H,0, to
exacerbate the NFE2L2 antioxidant defense response. The deletion or inhibition of NOX4 in hepatocytes decreased ROS and
attenuated antioxidant defense to promote mitochondrial oxidative stress, damage proteins and lipids, diminish insulin
signaling, and promote cell death upon oxidant challenge. Hepatocyte NOX4 deletion in high-fat diet-fed obese mice, which
otherwise develop steatosis, but not NASH, resulted in hepatic oxidative damage, inflammation, and T cell recruitment

to drive NASH and fibrosis, whereas NOX4 overexpression tempered the development of NASH and fibrosis in mice fed a
NASH-promoting diet. Thus, mitochondria- and NOX4-derived ROS function in concert to drive a NFE2L2 antioxidant defense
response to attenuate oxidative liver damage and progression to NASH and fibrosis in obesity.

fastest-growing cause of HCC, and a major contributor to cardio-
vascular disease (1, 4, 5).

It is well established that the severity of steatosis can predict
progression to NASH, as well as the risk for cirrhosis (1, 6). Genetic
polymorphisms in encodes patatin-like phospholipase domain-
containing protein 3 (PNPLA3) that increase the risk for steatosis
also increase the risk for NASH (1, 6). Steatosis occurs as a conse-
quence of increased lipogenesis, increased uptake of dietary fatty
acids and carbohydrates, and adipose tissue insulin resistance and
the flux of free fatty acids to the liver (1, 6). However, the accumu-
lation of lipids alone is not sufficient to drive progression to NASH
and fibrosis (NASH and fibrosis). Indeed, the overexpression of
diacylglycerol acyltransferase 2 (DGAT?2) in mice or the deletion of
adipose triglyceride lipase (ATGL) in hepatocytes increase steato-
sis without promoting inflammation, a key feature of NASH (7, 8).
Chronic lipid accumulation in NAFL can increase mitochondrial
B-oxidation and respiration (6, 9-11). The increased fatty acid oxi-
dation and the excess supply of reduced substrates to the electron
transport chain (ETC) are thought to result in increased electron
leakage to generate superoxide (O,+) (9, 12), but mitochondrial
abnormalities or functional changes in the ETC may also contrib-
ute to O, generation (9, 10, 13-15). Genetic and pharmacological
studies in rodents point toward mitochondrial oxidative stress not
only promoting insulin resistance, a key driver of NAFLD (15-21),
but also NASH and fibrosis (9, 20, 21). Indeed, a common poly-
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morphism in the gene encoding mitochondria-targeted superox-
ide dismutase 2 (SOD2), which converts O, into hydrogen per-
oxide (H,0,), diminishes SOD2 function and is associated with
more advanced fibrosis in NASH (22). However, several other
processes including inflammation, ER stress, and increased NOX
expression might also contribute to ROS generation (9, 23-26). In
particular, the expression of NOX4, which can generate both O,
and H,0, (27), is increased in the livers of patients with NAFLD,
and its deletion in hepatocytes has been shown to attenuate NASH
and fibrosis in mice fed a NASH-promoting diet (24). O, canreact
with nitric oxide to generate toxic peroxynitrite, or promote the
conversion of H,O, into highly reactive hydroxyl radicals to dam-
age proteins, lipids, and DNA (9). Increased ROS and the oxida-
tive damage of macromolecules have been noted in the livers of
rodents and patients with NAFLD (10, 28-31), and such oxidative
damage can promote cell death and elicit reparative and inflam-
matory responses that result in fibrosis (9). Moreover, oxidative
stress in NAFLD can result in the oxidative inactivation of protein
tyrosine phosphatases in hepatocytes to promote tyrosine phos-
phorylation-dependent signaling, including STAT1 signaling, to
facilitate T cell recruitment, inflammation, and the progression to
NASH and fibrosis (32).

Given the potential for lipid accumulation to drive oxidative
stress, it is perplexing why the majority of patients with NAFLD
don’t progress to develop NASH and fibrosis. One possibility is that
adaptive mechanisms temper the oxidative damage that may oth-
erwise occur along the NAFLD continuum. One such mechanism
may involve nuclear factor erythroid 2-related factor 2 (NFE2L2),
a transcription factor that binds to antioxidant response elements
(AREs) in the promoter regions of antioxidant and cytoprotective
genes (33). Although NFE2L2 is normally targeted for degradation
by the kelch-like ECH-associated protein 1 (KEAP1)-cullin-3 E3
ligase complex, ROS oxidize Cys residues on KEAP1 to facilitate
the release and translocation of NFE2L2 to the nucleus to drive the
expression of more than 200 endogenous antioxidant and xenobi-
otic detoxifying enzymes (33). Interestingly, the NFE2L2 gene con-
tains AREs within its promoter region so that the NFE2L2 protein
can drive its own transcription to amplify the effects of NFE2L2
(34). Genetic studies in mice have yielded conflicting evidence as to
the roles of NFE2L2 and KEAP1 in NAFLD. (35-40). We report that
hepatic NFE2L2 target genes were elevated in NAFLD and that this
served to attenuate the progression to NASH and fibrosis. We show
that the induction and activation of NFE2L2 was reliant on ROS
generated by both mitochondria and NOX4 and that Nox4 deletion
in hepatocytes was sufficient to abrogate the antioxidant defense
response to promote oxidative lipid and protein damage, cell death,
inflammation and the transition to NASH and fibrosis in obesity.

Results

NFE2L2 redox signatures in NAFLD. To assess redox balance in
NAFLD, we first took advantage of a publicly available RNA-Seq
data set (41) to assess the expression of redox genes in liver biop-
sies from lean or overweight individuals (body mass index [BMI]
= 25.9 *+5.8) without steatosis (NAFLD activity score [NAS] = 0-1)
and from overweight or obese individuals (BMI = 33.9 * 5.8) with
NAFL and mild lobular inflammation (NAS = 1-4), NASH (NAS =
1-6) with mild fibrosis (fibrosis score = 1), or NASH (NAS = 2-6)
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with significant or advanced fibrosis (fibrosis score =22) (Supple-
mental Table 1). We found that the expression of genes targeted
by NFE2L2 was increased in NAFL and NASH livers with mild
fibrosis, but was decreased in NASH livers with more advanced
fibrosis (Figure 1A). In particular, NQO1, which encodes the super-
oxide scavenger NAD(P)H dehydrogenase (quinone 1), SOD2,
which converts O,-" into H,0, and catalase (CAT), which elimi-
nates H,0,, were increased in individuals with NAFL or NASH
with mild fibrosis, but tended to decline in individuals with NASH
with significant/advanced fibrosis. Interestingly, the expression of
NOX4, which has two NFE2L2-binding AREs in its promoter (42),
also increased in patients with NAFL or NASH with mild fibrosis
but declined in those with NASH with significant/advanced fibro-
sis (Figure 1A). Consistent with this, NFE2L2, NQOI, SOD2, CAT,
and NOX4 mRNA levels, as assessed by quantitative real-time
PCR (qPCR) (Figure 1B), were also increased in liver core biop-
sies from patients with obesity (BMI = 36-61) with NAFL (NAS =
1-2), when compared with those from patients with obesity (BMI
= 36-61) without steatosis (NAS = 0) (32). Moreover, except for
NOX4 expression, which trended lower, NFE2L2, NQOI, SOD2,
and CAT gene expression declined in patients with obesity (BMI =
47-74) with NASH and fibrosis (NAS = 5-6; fibrosis score = 1-2) to
levels evident in patients with obesity with nonsteatotic livers (Fig-
ure 1B). Therefore, NAFL, but not obesity per se, was accompa-
nied by the increased expression of NFE2L2 targets genes, includ-
ing NOX4, which encodes a ROS-producing enzyme, and NQOI,
SOD2, and CAT, which encode key antioxidant defense enzymes,
but these declined with more advanced disease and fibrosis.

As NOX4 and NFE2L2 are expressed in both hepatocytes and
nonparenchymal cells, we next explored whether their induction
in NAFL may be hepatocyte intrinsic. We assessed the expression
of redox genes in the livers and hepatocytes of chow-fed lean ver-
sus high-fat diet-fed (HFD-fed) obese mice that developed liver
steatosis but did not progress to NASH and fibrosis. Hepatocytes
from HFD-fed mice were steatotic, as reflected by the accumula-
tion of lipids and the expression of lipogenic genes (Supplemental
Figure 1, A and B; supplemental material available online with this
article; https://doi.org/10.1172/JCI162533DS1). As in humans,
Nfe2l2 and Nox4 mRNA levels were induced in livers (Figure 1C)
or hepatocytes (Figure 1D) from HFD-fed mice. The induction
of Nfe2i2 in hepatocytes from HFD-fed mice was accompanied
by the increased expression of NFE2L2 target genes (Figure 1E)
encoding enzymes involved in (a) NADPH production neces-
sary for the reduction of oxidized glutathione (GSH) to reduced
GSH, including phosphoglycerate dehydrogenase (Phgdh), malic
enzyme 1 (Mel), and glucose-6-phosphate dehydrogenase (G6pd);
(b) GSH production and regeneration, including glutamate-cyste-
ine ligase (GCL) catalytic subunit (Gclc), GCL complex modifier
subunit (Gelm) and glutathione reductase (Gsr); (c) quinone detox-
ification, including NQO1 (Ngol); and (d) ROS detoxification,
including SOD1 (Sod1) and SOD2 (Sod?2), peroxiredoxin-3 (Prdx3),
and Cat. Several of these genes were also increased in the livers of
HFD-fed mice (Supplemental Figure 1C). The expression of Cybb,
which encodes the O~ producing enzyme NOX2, was modestly
increased, whereas the expression of N¢fI and Racl, which encode
the NOX2 regulatory subunits p47°"* and RAC1, was not altered
(Supplemental Figure 1D). The induction of Nfe2/2 and Nox4 in
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processed for gPCR. (D-H) C57BL/6 mice were fed a chow diet or a HFD for
8-10 weeks, and hepatocytes were isolated and processed for (D and E)
gPCR or (F and G) immunoblotting. (H) Quantification of protein levels for
F and G. Representative and quantified results are shown as the mean
+ SEM for the indicated number of mice. *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001, by 1-way ANOVA (A and B) or Student’s t
test (C-E and H); #*P <0.05, by Student’s t test (B).
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hepatocytes from HFD-fed mice was accompanied by increased
NFE2L2 and NOX4 protein levels, as well as increased NQOI,
SOD2, and catalase (Figure 1, F-H), with no overt differences in
NOX2, p47°hx, or RAC1 protein levels (Supplemental Figure 1E).
Moreover, in line with the increased NFE2L2 and NFE2L2 tran-
scriptional targets, the abundance of KEAP1, which normally
binds and targets NFE2L2 for degradation (33), was decreased
(Figure 1F). Finally, in line with the induction of NOX4 being an
outcome of increased NFE2L2-dependent transcription, we found
that the NFE2L2 agonist isothiocyanate sulforaphane readily
induced Nox4 in hepatocytes (Supplemental Figure 1F). Thus, ste-
atosis in obesity was accompanied by the induction of NOX4 and
the NFE2L2 antioxidant defense response in hepatocytes.

Lipids and mitochondrial ROS drive antioxidant defense in
NAFLD. Chronic hepatic lipid accumulation in NAFLD is accom-
panied by increased mitochondrial O2-~ and H,O, generation (9,
43). Accordingly, we determined the extent to which hepatic lipid
accumulation and heightened mitochondrial ROS might influ-
ence antioxidant defense. We first compared ROS generation by
hepatocytes isolated from chow-fed versus HFD-fed mice with
hepatocytes from chow-fed mice administered the saturated free
fatty acid palmitate (PA). We monitored for the emission of H,0,
from live hepatocytes using the H,O,-selective probe Amplex
Red (Amplex Red added to the culture medium). Hepatocytes
from HFD-fed mice generated more ROS than did hepatocytes
from chow-fed mice (Figure 2A). Also, hepatocytes from chow-
fed mice treated with PA overnight generated more ROS than did
vehicle-treated controls (Figure 2B and Supplemental Figure 2A).
Importantly, the extent of PA-induced ROS generation approxi-
mated that seen in hepatocytes from HFD-fed mice (Figure 2B);
after a more prolonged treatment, lipogenic gene expression was
also increased (Supplemental Figure 2B), as noted in hepatocytes
from HFD-fed mice. Next, we assessed whether PA-induced ROS
might be sufficient to drive the antioxidant defense response. We
found that PA treatment significantly increased the expression of
Nfe2i2 (Figure 2C) and NFE2L2 transcriptional targets, including
Ngqol, Sodl, Sod2, Cat, and Nox4 (Figure 2, D and E, and Supple-
mental Figure 2C); by contrast, mRNAs for NOX2 subunits were
unaltered (Figure 2E). The PA-induced increase in Nfe2l2 was
accompanied by increased NFE2L2 and decreased KEAPI pro-
tein levels (Figure 2F). Consistent with this, NOX4, NQO1, SOD2,
and catalase protein levels were all increased (Figure 2F). Indeed,
NFE2L2, KEAP1, NQO1, SOD], catalase, and NOX4 levels in
PA-treated hepatocytes from chow-fed mice approximated those
seen in hepatocytes isolated from HFD-fed mice (Figure 2F).
Finally, we assessed whether the PA-induced antioxidant defense
response and Nox4 expression might be ascribed to increased
mitochondrial ROS generation. To this end, we examined whether
the mitochondria-targeted O,- scavenger and antioxidant mito-
TEMPOL could reduce ROS and thereby antioxidant defense and
Nox4 expression. We found that treatment with mitoTEMPOL not
only attenuated the PA-induced increase in H,0, (Figure 2G), but
also the expression of the antioxidant defense genes Nfe2/2, Nqgol,
Sod1, Sod2, and Cat as well as the expression of Nox4 (Figure 2H).
Therefore, the heightened antioxidant defense response and the
induction of NOX4 in NAFLD might be linked to enhanced ROS
production by mitochondria.
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NOX4 is essential for antioxidant defense in hepatocytes. Previ-
ously we have shown that NFE2L2 drives Nox4 expression in mus-
cle and, in turn, that NOX4-derived H,0, enhances NFE2L2 anti-
oxidant defense to attenuate muscle oxidative damage and insulin
resistance (44). In this study, we have reaffirmed that the activation
of NFE2L2 with sulforaphane was sufficient to induce Nox4 expres-
sion in hepatocytes (Supplemental Figure 1F). We reasoned that
the induction of NOX4 in hepatocytes in NAFLD might function
as part of a feedback loop to exacerbate and/or sustain NFE2L2
antioxidant defense otherwise instigated by mitochondrial ROS.
To test this, we isolated hepatocytes from control (Nox4"#) (45) and
hepatocyte-specific NOX4-deficient mice (Alb-Cre Nox4") fed a
HFD for 10 weeks to induce steatosis (Supplemental Figure 3A) and
assessed H,0, levels and the expression of NFE2L2 and its target
genes. NOX4 was effectively ablated in hepatocytes (Figure 3, A and
B). The deletion of Nox4 attenuated the otherwise increased H,O,
emission by hepatocytes from HFD-fed mice (Figure 3C), but this
still exceeded that from chow-fed Nox4"? mice (Figure 3C), con-
sistent with the contribution of both mitochondria and NOX4 to
ROS generation. The deletion of Nox4 also attenuated the expres-
sion of both Nfe2I2 (Figure 3D) and NFE2L2 target genes, including
Ngol, Sodl, Sod2, and Cat (Figure 3E), as well as the corresponding
NFE2L2, NQO1, SOD2, and catalase proteins (Figure 3, F and G).
The reduced NFE2L2 and NQOL1 levels could be rescued by incu-
bating cells in the presence of the proteasome inhibitor MG132 (Fig-
ure 3G), consistent with NOX4-derived H,O, otherwise preventing
NFE2L2 degradation. Conversely, the deletion of Gpx1, encoding
glutathione peroxidase 1 (GPX1), an enzyme that detoxifies H,0,,
increased the emission of H,O, by hepatocytes from HFD-fed mice
(Figure 3H) and increased the expression of Nfe2/2, Nqgol, Sod2, and
Cat (Figure 3I). Therefore, changes in H,0, levels in hepatocytes
from HFD-fed mice could elicit corresponding changes in antiox-
idant defense gene expression. The reduced expression of antiox-
idant defense genes and decreased NFE2L2 and NQO1 proteins
associated with NOX4-deficiency in hepatocytes from HFD-fed
mice were also evident in the livers of 12-week HFD-fed Alb-Cre
Nox4"versus Nox4" mice (Figure 3] and Supplemental Figure 3B).
The reduced antioxidant gene expression in hepatocytes from Alb-
Cre Nox4"# HFD-fed mice was accompanied by reduced NFE2L2
and increased KEAP1 protein levels, consistent with NOX4-derived
ROS being required for the degradation of KEAPI and the stabili-
zation of NFE2L2 (Figure 3K and Supplemental Figure 3C). Impor-
tantly, as with ROS production, NFE2L2 levels in hepatocytes from
HFD-fed Alb-Cre Nox4"# mice tended to exceed those in hepato-
cytes from chow-fed Nox4## mice (Figure 3K and Supplemental
Figure 3C), consistent with a contribution of both mitochondria-
and NOX4-derived ROS to the antioxidant defense response. In
line with this, SOD2, NQO1, and catalase levels were attenuated
by NOX4 deficiency but still exceeded those in hepatocytes from
chow-fed Nox4"# mice (Figure 3K and Supplemental Figure 3C).
Importantly, the reduced expression of antioxidant defense genes
(Figure 4A) and NFE2L2, SOD2, NQO1, and catalase protein levels
(Figure 4B and Supplemental Figure 3D) in hepatocytes from HFD-
fed Alb-Cre Nox4"f mice could be corrected by the administration
of the NFE2L2 agonist sulforaphane, consistent with the abrogation
of NFE2L2-dependent responses by NOX4 deficiency. Finally, we
found that NOX4 deficiency in hepatocytes from chow-fed Alb-Cre

J Clin Invest. 2024;134(3):e162533 https://doi.org/10.1172/)CI162533
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Nox4"# mice largely attenuated the PA-induced increase in antiox-
idant defense, as reflected by the expression of Nfe2/2 and its target
genes Nqgol, Sod2, and Cat (Figure 4C). Thus the induction of NOX4
in NAFLD, downstream of mitochondrial ROS, may be required for
optimal NFE2L2 antioxidant defense responses.

To specifically assess whether NOX4-derived ROS in NAFLD
contributes to antioxidant defense, we first examined the effect
of Gpx1 deletion. The compound deletion of GpxI corrected the
diminished H,0, levels (Figure 4D) and the reduced antioxidant
defense response (Figure 4E) in hepatocytes from HFD-fed Alb-

J Clin Invest. 2024;134(3):e162533 https://doi.org/10.1172/)CI162533

Cre Nox4™" mice. Next, to determine whether the effects of NOX4
deletion were attributed to decreased NOX4 activity, we took
advantage of the NOX1/4 inhibitor GKT137831 (46). We treat-
ed hepatocytes from HFD-fed Nox4%/ and Alb-Cre Nox4" mice
with vehicle or GKT137831 and measured ROS production and
antioxidant defense. GKT137831 was just as efficient as NOX4
deletion in reducing H,O, levels (Figure 4F). Since we could not
detect NoxI in isolated hepatocytes by qPCR, we surmised that
these effects were due to the inhibition of NOX4. Consistent with
this, GKT137831 did not further reduce the emission of H,O, by
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Figure 4. NOX4-derived H,0, is essential for antioxidant defense. (A
and B) Nox4"/" or Alb-Cre Nox4"/" mice were fed a HFD for 8-10 weeks,
and hepatocytes were isolated and treated with vehicle (DMSO) or 1 uM
sulforaphane (sulf) for (A) 16 hours and processed for gPCR or for (B) 36
hours and processed for immunoblotting. (C) Alternatively, hepatocytes
were treated with BSA or PA for 16 hours and processed for gPCR. (D and
E) Eight-week-old Nox4™", Alb-Cre Nox4™/f, and Alb-Cre Nox4™/f Gpx1/f!
mice were fed a HFD for 8-10 weeks, and hepatocytes were isolated and
processed for (D) H,0, measurement and (E) gPCR. (F-H) Nox4™" or Alb-
Cre Nox4™ mice were fed a HFD for 8-10 weeks, and isolated hepatocytes
were treated with vehicle (DMSO), 40 uM GKT137831 (GKT), or GKT plus

1 uM sulforaphane for 16 hours and processed for (F) H,0, measurement
and (G) gPCR, or (H) for 36 hours and processed for immunoblotting. (I)
Alternatively, hepatocytes were treated with vehicle, PA, GKT, or PA plus
GKT for 16 hours and processed for qPCR. Representative and quantified
results are shown as the mean + SEM for the indicated number of mice.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 1-way
ANOVA (A, C-G, and I); *P < 0.05, *#P < 0.01, and **#P < 0.001, by Stu-
dent’s t test (A and E).

NOX4-deficient hepatocytes (Figure 4F). The inhibition of NOX4
and the reduction in ROS production were accompanied by reduc-
tions in the expression of NFE2L2 targets genes (Figure 4G) and
corresponding proteins (Figure 4H). Importantly, the decreased
antioxidant defense associated with the inhibition of NOX4 could
be corrected by the administration of the NFE2L2 agonist sulfora-
phane (Figure 4, G and H). Furthermore, GKT137831 repressed
the PA-induced expression of Nfe2l2 target genes, including Nqgol,
Sod2, and Cat (Figure 4I). Taken together, these results indicate
that the induction of NOX4 and the accompanying increased ROS
in hepatocytes were essential for the antioxidant defense response
that was instigated by mitochondrial ROS in NAFLD.

NOX4 deletion in hepatocytes promotes oxidative stress, insu-
lin resistance, and cell death. Numerous studies have shown that
oxidative stress and, in particular, increased mitochondrial ROS
can contribute to the development of insulin resistance (16, 17, 19,
47). Indeed, the heterozygous deletion of Sod2 and consequent
increased mitochondrial O,-” promote insulin resistance in chow-
fed mice, whereas SOD2 overexpression, or the expression of
mitochondria-targeted catalase attenuate systemic insulin resis-
tance in HFD-fed mice (16, 17, 19). Therefore, we reasoned that
ablating NOX4 and abrogating the resultant H,O,-dependent
NFE2L2 antioxidant defense response, and, in particular, reducing
SOD2, would promote mitochondrial oxidative stress to diminish
insulin signaling and promote insulin resistance. To test this, we
monitored by confocal microscopy for mitochondrial O, levels
using the mitochondrial O, probe MitoSOX Red. The deletion
of Nox4 in hepatocytes increased mitochondrial O, in NOX4-
deficient hepatocytes isolated from HFD-fed mice (Figure 5A).
The increase in mitochondrial O,-” was accompanied by a reduc-
tion in insulin signaling, as monitored by phosphorylated AKT
(Ser473) (p-AKT) in hepatocytes (Figure 5B and Supplemental Fig-
ure 4A). Importantly, treatment with the NFE2L2 agonist sulfora-
phane not only restored the decreased expression of antioxidant
defense genes and the decreased abundance of NFE2L2, NQO1,
SOD2, and catalase proteins (Figure 4B and Supplemental Figure
3D), but also partially restored insulin signaling in NOX4-deficient
hepatocytes (Figure 5C and Supplemental Figure 4B). Moreover,
treatment with the mitochondria-targeted O,-” scavenger mito-
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TEMPOL restored insulin signaling in hepatocytes from HFD-
fed Alb-Cre Nox4"# mice (Figure 5D and Supplemental Figure
4C). Finally, the sustained inhibition of NOX4 with GKT137831
diminished the expression of antioxidant defense genes (Figure
6A) and insulin-induced p-AKT in hepatocytes from HFD-fed
mice (Figure 6B), and both were prevented if hepatocytes were
additionally cocultured with either sulforaphane (Figure 6, C and
D) or the GSH precursor N-acetyl cysteine (NAC) (Figure 6, E and
F). By contrast, the short-term administration of GKT137831 had
no effect on insulin-induced p-AKT, arguing against the idea that
NOX4-derived ROS had direct effects on insulin signaling (Sup-
plemental Figure 4D). Therefore, defective NOX4-dependent
antioxidant defense may exacerbate mitochondrial oxidative
stress and the attenuation of insulin signaling in hepatocytes.

A potential outcome of defective antioxidant defense in
NOX4-deficient hepatocytes in NAFLD might be increased oxi-
dative damage. Consistent with this, we noted increased oxidative
lipid damage, as assessed by immunoblotting NOX4-deficient
hepatocytes from HFD-fed mice for 4-hydroxynonenal (4-HNE)
(Figure 5E and Supplemental Figure 4E), a marker of lipid peroxi-
dation, as well as increased oxidative protein damage, as assessed
by immunoblotting for protein carbonylation (Figure 5F and
Supplemental Figure 4F). The increased lipid peroxidation and
protein carbonylation exceeded that otherwise induced in HFD-
fed mice (Figure 5, E and F). The increased oxidative protein
damage was attenuated when NOX4-deficient Alb-Cre Nox4"/#
hepatocytes were cultured with sulforaphane (Figure 5G), which
could rescue the defective antioxidant defense (Figure 4, A and
B). Moreover, the increased oxidative protein damage was atten-
uated when NOX4-deficient Alb-Cre Nox4"# hepatocytes were
cultured in the presence of mitoTEMPOL (Figure 5H). Finally,
the sustained inhibition of NOX4 with GKT137831 also increased
oxidative protein damage in hepatocytes from HFD-fed mice (Fig-
ure 6G), and this could be corrected when cells were cocultured
with sulforaphane (Figure 6H) or NAC (Figure 61). These findings
are consistent with the idea that the increased oxidative damage
accompanying NOX4 deficiency was attributable to defective
antioxidant defense and increased mitochondrial oxidative stress.

To further test whether the increased oxidative damage
could be attributed to enhanced oxidant sensitivity, we treated
hepatocytes from HFD-fed Nox4"/ versus Alb-Cre Nox4"# mice
with menadione. Menadione is a drug that generates ROS with-
in the cytosol and mitochondria through futile redox cycling (48).
Menadione increased the generation of ROS/H,0, in hepatocytes
isolated from HFD-fed mice (Figure 7A); overall H,O, measured
was reduced by NOX4 deficiency, but the relative increase in
menadione-induced H,0, was similar (Figure 7A). As expected,
menadione treatment increased oxidative protein damage in both
Nox4™"# and Alb-Cre Nox4"# hepatocytes (Supplemental Figure
4G). However, the extent of oxidative damage was exacerbated
by NOX4 deficiency (Supplemental Figure 4G). A potential con-
sequence of increased oxidative damage is cell death, which in the
context of the liver would elicit regenerative responses and lead
to fibrosis. Consistent with this, we found that menadione, which
promotes cell death in a ROS-dependent manner (48), induced
cell death (assessed by monitoring for metabolically active live
cells) and this was exacerbated by NOX4 deficiency (IC,, Nox4""
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Figure 5. NOX4 deletion in hepatocytes promotes oxidative stress and insulin resistance. (A and B) Nox4™ and Alb-Cre Nox4"/f mice were fed a HFD for
8-10 weeks, and isolated hepatocytes were either (A) stained with 1 uM MitoSOX Red and analyzed by confocal microscopy (counterstained with DAPI) or
(B) serum starved and stimulated with 1 nM insulin and then processed for immunoblotting to measure p-AKT (Ser473) levels. Scale bars: 50 um. (C and D)
Alternatively, hepatocytes were treated with vehicle, 1 uM sulforaphane, or 20 uM MitoT for 16 hours and then serum starved. Next, they were stimulated
with 1 nM insulin and processed for immunoblotting. (E and F) Nox4"f and Alb-Cre Nox4/fmice were fed a chow diet or a HFD for 8-10 weeks, and hepato-
cytes were isolated and processed for lipid peroxidation (4-HNE) or protein carbonylation (OxyBlot) analysis by immunoblotting. (G and H) Nox4"f and
Alb-Cre Nox4™" mice were fed a HFD for 8-10 weeks, and isolated hepatocytes treated with vehicle, 1 uM sulforaphane, or 20 uM MitoT for 16 hours and
processed for 4-HNE or OxyBlot immunoblotting. Results shown are representative of at least 3 independent experiments.
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= 8.4 uM; IC,, Alb-Cre Nox4"" = 1.3 uM) (Figure 7B). Important-
ly, the enhanced menadione-induced cell death was blocked by
sulforaphane or mitoTEMPOL (Figure 7C), indicating that NOX4
deficiency exacerbated cell death because of defective NFE2L2
antioxidant defense and increased mitochondrial ROS. Moreover,
the enhanced menadione-induced cell death in NOX4-deficient
hepatocytes was accompanied by increased cleaved caspase-3 and
cleaved poly ADP ribose polymerase (PARP), consistent with the
promotion of apoptosis (Figure 7D). The enhanced cell death was
also accompanied by increased phosphorylation and activation of
the mitogen-activated protein kinases JNK and p38 (Figure 7D and
Supplemental Figure 4H), which are known to contribute to apop-
tosis and inflammatory responses in the liver (49, 50). Finally,
the enhanced cleavage of caspase-3 and PARP and the increased
p38 activation were reduced by treating hepatocytes with either
mitoTEMPOL (Figure 7E) or the NFE2L2 agonist sulforaphane
(Supplemental Figure 41I). These results point toward the idea that
induction of NOX4 in the liver in obesity drives the antioxidant
defense response to mitigate mitochondrial oxidative stress, mac-
romolecular damage, and cell death in lipid-laden hepatocytes.
Hepatocyte NOX4 deficiency promotes obesity, steatosis, and
insulin resistance in mice. To explore the effect of NOX4 abun-
dance on hepatic pathophysiology in diet-induced obesity (DIO),
we sought to delete Nox4 postnatally in hepatocytes using the
Alb-Cre transgene; Nox4 was efficiently deleted in the livers and
hepatocytes of Alb-Cre Nox4" mice (Figure 3, A and B, and Sup-
plemental Figure 5, A and B), but not in other metabolic tissues
(Supplemental Figure 5, A and B). Eight-week-old Nox4"# and Alb-
Cre Nox4"/ mice were fed either a standard chow diet or a HFD
for 12 weeks, and the effects on body weight, body composition,
glucose metabolism, and liver steatosis were assessed. The dele-
tion of Nox4 in hepatocytes had no effect on body weight in mice
fed a chow diet (Supplemental Figure 5C). By contrast, the dele-
tion of hepatocyte Nox4 in HFD-fed male (Figure 8A) or female
(Supplemental Figure 6A) mice led to an increase in body weight.
The increased body weight in male mice was accompanied by
increased food intake in the dark cycle, but paradoxically also
increased energy expenditure, as determined by indirect calo-
rimetry (Supplemental Figure 7, A-C, and Supplemental Figure
8). NOX4 deficiency increased whole-body adiposity and fat pad
weights in HFD-fed but not chow-fed mice, without any change
in lean mass (Figure 8, B and C, Supplemental Figure 5, D and E,
and Supplemental Figure 6B). Liver weights were also increased in
HFD-fed mice (Figure 8C; Supplemental Figure 6C) but not chow-
fed Alb-Cre Nox4"/ mice (Supplemental Figure 5E), and this was
accompanied by increased steatosis, as assessed by H&E histol-
ogy for lipid droplets and staining for neutral lipids with Oil Red
O (Figure 8D and Supplemental Figure 6D); steatosis was not evi-
dent in chow-fed Alb-Cre Nox4"# mice (Supplemental Figure 5F).
The increased steatosis was in turn accompanied by the increased
expression of de novo lipogenesis genes, including Fasn, Scdl, and
Srebfl (Figure 8E), increased hepatic FASN and SCD1 protein lev-
els (Figure 8F), and an approximately 2-fold increase in de novo
lipogenesis (Figure 8G), as determined in liver slices ex vivo, with-
out any significant change in fatty acid oxidation (Figure 8H). The
enhanced de novo lipogenesis was consistent with studies showing
that NFE2L2 negatively regulates lipid synthesis genes in the liv-
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er and protects against steatosis (35, 36, 51-53). Indeed, we found
that expression of the lipogenesis genes Fasn and Scdl was also
induced in GKT137831-treated hepatocytes (Supplemental Figure
9A) from HFD-fed mice, in which antioxidant defense was defec-
tive (Figure 6A). However, the enhanced expression of lipogenic
genes in NOX4-deficient hepatocytes from HFD-fed mice was
corrected by administration of the NFE2L2 agonist sulforaphane
(Supplemental Figure 9B). Nonetheless, consistent with the overt
steatosis, liver triglyceride, diglyceride, and ceramide levels were
significantly elevated in HFD-fed Alb-Cre Nox4"# mice (Figure
81). Therefore, the deletion of NOX4 in hepatocytes exacerbated
DIO and promoted steatosis that was attributable, at least in part,
to increased de novo lipogenesis.

An expected outcome of DIO in C57BL/6 mice is the devel-
opment of insulin resistance. Consistent with this, we found that
HFD-fed Alb-Cre Nox4"" mice were more insulin resistant, as
reflected in insulin tolerance tests (Figure 9A and Supplemental
Figure 6, E and F) and the heightened circulating glucose and
insulin levels in fasted mice (Figure 9B and Supplemental Figure
6F). To explore the effect of NOX4 deficiency on glucose turn-
over and whole-body insulin sensitivity, we subjected conscious,
free-moving Nox4"# and Alb-Cre Nox4"# male mice fed a HFD
for 12 weeks to hyperinsulinemic-euglycemic clamps. We found
that the glucose infusion rate (GIR) necessary to maintain eugly-
cemia during the insulin clamp was reduced (Figure 9C and Sup-
plemental Figure 7, D and E), consistent with the development of
insulin resistance. The rate of glucose disappearance (RD), a mea-
sure of muscle and adipose tissue glucose uptake, was reduced in
clamped Alb-Cre Nox4™/ mice (Figure 9D), whereas endogenous
glucose production (EGP) in clamped Alb-Cre Nox4" mice was
increased (Figure 9E and Supplemental Figure 7, F and G), consis-
tent with hepatic insulin resistance. The latter was accompanied
by an increased expression of genes encoding glucose-6 phos-
phatase (G6pc) and phosphoenolpyruvate carboxykinase (PckI)
(Figure 9F), which are rate-limiting enzymes in gluconeogenesis.
The diminished insulin-induced repression of HGP in HFD-fed
Alb-Cre Nox4" mice was also associated with a reduction in insu-
lin-induced PI3K/AKT signaling, as assessed by immunoblotting
for AKT (Ser473) phosphorylation in corresponding liver homoge-
nates (Figure 9G), or in hepatocytes from HFD-fed Alb-Cre Nox4"#
mice (Figure 5, B-D). Taken together, our results show that NOX4
deficiency in the liver diminished antioxidant defense to promote
hepatic and systemic insulin resistance in obesity.

Hepatocyte NOX4 deficiency promotes NASH and fibrosis.
C57BL/6 mice fed a HFD become obese and develop NAFL,
but do not develop NASH (54). Beyond exacerbating steatosis
and insulin resistance, hepatocyte NOX4 deficiency in HFD-fed
C57BL/6 mice also facilitated the progression to NASH (Figure
7), with many of the key diagnostic features of human NASH (1),
including hepatocyte ballooning (Figure 10, A and B), hepatocyte
cell death, as reflected by TUNEL staining (Figure 10C), and lym-
phocytic infiltration, including CD3* T cell infiltration, as assessed
by histology (Figure 10D), immunohistochemistry (Figure 10E),
and flow cytometry (Figure 10F and Supplemental Figure 10).
The lymphocytic infiltrates included CD4* and CD8" T cells with
an effector/memory phenotype (CD44"CD62L"), including anti-
gen-experienced (CD49d") and activated (CD69") CD8* T cells,
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Figure 7. NOX4 deficiency promotes cell death. (A-D) Nox4™/" and Alb-Cre Nox4"/ mice were fed a HFD for 8-10 weeks, and hepatocytes were isolated and
(R) treated with vehicle (veh) (EtOH) or 1 uM menadione (mene) for 16 hours and processed for H,0, measurement, or (B) treated with varying concentra-
tions of menadione (16.9 uM to 3 mM) for 48 hours or (C) with vehicle, 1 uM sulforaphane, or 20 uM MitoT for 16 hours and then with varying concentra-
tions of menadione for 48 hours in the presence of 1 uM sulforaphane or 20 uM MitoT as indicated and (B and C) processed for the analysis of cell death
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (D and E) Alternatively, hepatocytes were incubated with (D) vehicle
or 2.5 uM menadione for 36 hours or (E) vehicle or 20 uM MitoT for 16 hours and then 2.5 uM menadione for 24 hours in the presence of vehicle or 20 uM
MitoT, as indicated, and then processed forimmunoblotting to monitor for cleaved PARP, cleaved caspase-3 (CASP3), and p-p38 (T180/Y182) MAPK. Rep-
resentative and quantified results are shown as the mean + SEM for the indicated number of mice. *P < 0.05, **P < 0.01, ***P < 0.001, and

****p < 0.0001, by (A and C) 2-way ANOVA or (B) Student’s t test.

as well as those with terminally differentiated (KLRG1Y) and
exhausted (PD-1MTIM-3") phenotypes (Figure 10F and Supple-
mental Figure 10), as seen previously in humans with NASH (32,
54-56). It also included “autoaggressive” PD-1"CXCR6" CD8*
T cells (Figure 10F), which have been proposed to contribute to
NAFLD pathogenesis in humans (57). NK cells, DCs, NK T (NKT)
cells, macrophages, and Kupffer cells that are frequently elevated

J Clin Invest. 2024;134(3):e162533

in NASH (56) were also increased (Figure 10F and Supplemen-
tal Figure 10), as were immunosuppressive CD4* Tregs (Figure
10F). The increased T cell infiltration was in turn accompanied
by increased inflammation, as reflected by heightened p-STAT1
(Tyr701) in hepatocytes (Figure 11A), expression of the STAT1
target gene Cxcl9 (encodes the T cell chemoattractant CXCL9),
and increased expression of genes encoding proinflammato-
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Figure 8. NOX4 deficiency promotes obesity, steatosis, and insulin resistance. Nox4™" and Alb-Cre Nox4"/f male mice were fed a HFD for 12 weeks. (A)
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(A), or Student’s t test (B, C, E, and G-1).

ry cytokines, including IFN-y (Ifng) and TNF (Tnf) (Figure 11B).
An expected consequence of T cell recruitment and activation,
inflammation, and hepatocyte death in NAFLD is the induction of
reparative processes that lead to DNA damage in dividing hepato-
cytes and increased fibrosis due to hepatic stellate cell activation.
Consistent with this, hepatocytes with double-stranded DNA
(dsDNA) breaks (as assessed by YH2AX staining) were readily evi-
dent in the livers of HFD-fed Alb-Cre Nox4"/ mice (Figure 11C). In
addition, the livers of HFD-fed Alb-Cre Nox4"/ mice showed overt
signs of fibrosis, as reflected by Picrosirius red staining (stains col-
lagen) (Figure 11D), increased expression of fibrosis-related genes,
including a-smooth muscle actin (Acta2) and transforming growth
factor B (Tgfb), indicative of stellate cell activation, and expression

J Clin Invest. 2024;134(3):e162533 https://doi.org/10.1172/)C1162533

of the extracellular matrix genes a-1 type 1 collagen (Collal) and
fibronectin (Fnl) (Figure 11E), as well as an increased abundance
of hydroxyproline (Figure 11F), a measure of collagen degradation
and severity of fibrosis. Thus, the deletion of NOX4 in the liver not
only promoted steatosis but also facilitated the transition to NASH
and ensuing fibrosis in DIO.

Next, we sought to determine whether NOX4 deletion might
be sufficient to drive NASH and fibrosis in adult mice that were
already obese and had established steatosis. To this end, we delet-
ed Nox4 using an adeno-associated virus (AAV) thyroxine-binding
globulin (TBG) promoter construct that expressed Cre specifically
in hepatocytes (58). Eight-week-old Nox4" mice were fed a HFD
for 10 weeks to promote obesity and steatosis and then adminis-
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Figure 9. NOX4 deficiency promotes insulin resistance. (A-G) Nox4"" and Alb-Cre Nox4™ male mice were fed a HFD for 12 weeks. (A) Mice were subject-
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tered either AAV-TBG-EGFP control or AAV-TBG-iCre, with HFD
feeding continued for a further 10 weeks. The administration of
AAV-TBG-iCre efficiently deleted Nox4 so that Nox4 mRNA was
reduced by approximately 70% and NOX4 protein by 60% (Fig-
ure 12, A and B). The deletion of Nox4 was accompanied by mod-
est increases in body weight (Figure 12C) attributed to increased
whole-body adiposity (Figure 12D). The deletion of Nox4 was
also accompanied by decreased hepatic expression of antioxidant
defense genes, including Nfe2I2, Ngol, Sodl, Sod2, Prdx1, and Cat
(Figure 12E), and reduced NFE2L2 (Figure 12F), increased KEAP1
(Figure 12F), and decreased NQO1, SOD2, and catalase protein
expression (Figure 12F), consistent with an abrogated antioxidant
defense response. Moreover, Nox4 deletion increased steatosis
(Figure 12G) and the expression of lipogenic genes (Figure 12H).
Notably, the deletion of hepatocyte Nox4 in adult obese mice also
facilitated the transition to NASH with fibrosis, as assessed histo-
logically by Picrosirius red staining (Figure 12I) and by measuring

J Clin Invest. 2024;134(3):e162533

hepatic expression of inflammatory (Tnf, Ifng) and fibrosis-related
(Acta2, Tgfb, Collal, Fnl) genes (Figure 12]) and hepatic hydroxy-
proline levels (Figure 12K). Therefore, the deletion of hepatocyte
Nox4 in adult obese mice could abrogate the antioxidant defense
response otherwise induced during NAFL to exacerbate steatosis
and facilitate the transition to NASH and fibrosis.

To explore whether the progression to NASH and fibrosis asso-
ciated with the deletion of Nox4 might be ascribed to decreased
NOX4-derived ROS generation and antioxidant defense, we
examined whether the NOX1/4 inhibitor GKT137831 could pro-
mote NASH and fibrosis in HFD-fed C57BL/6 mice (Figure 13).
The administration of GKT137831 (40 mg/kg, 3 times/week for 5
weeks) to obese C57BL/6 mice fed a HFD for 15 weeks modestly
increased body weights (Figure 13A) and had no significant effect
on liver weights (Figure 13B), but decreased Nfe2l2 expression in
the liver along with the expression of key antioxidant defense
genes, including Sodl, Sod2, Cat, and Nqol (Figure 13C), while

https://doi.org/10.1172/)C1162533
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increasing the expression of lipogenic genes (Figure 13D and Sup-
plemental Figure 9A). This was accompanied by increased steato-
sis (Figure 13E) and lymphocytic infiltrates (Figure 13F), as well as
by increased fibrosis (Figure 13, G and H), as determined by the
hepatic expression of fibrosis-related genes (Figure 13G) and by
histology (Figure 13H). These results are consistent with the notion
that the induction of NOX4 in the livers of obese mice with ste-
atosis contributes to the ROS-dependent induction of antioxidant
defense to limit steatosis, mitochondrial oxidative stress, and tis-
sue damage to thereby limit the progression to NASH and fibrosis.

Reduced NOX4 and antioxidant defense gene expression in NASH
with advanced fibrosis. Our analysis of publicly available RNA-Seq

B
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Figure 11. NOX4 deficiency promotes
inflammation and fibrosis. (A-F) Nox4//!
and Alb-Cre Nox4™" male mice were fed a
HFD for 12 weeks. (A) Livers were processed
for immunohistochemistry to monitor for
STAT1 (Tyr701) phosphorylation (p-STATY;
p-STAT1* hepatocytes indicated by arrows).
(B) Liver Cxcl9, Tnf, and Ifng mRNA levels
were assessed by qPCR. (C) Livers were
processed for immunohistochemistry to
monitor for DNA damage (yH2AX* hepato-
cytes indicated by arrows). (D) Livers were
processed for Picrosirius Red staining to
monitor for fibrosis. (E) Liver Acta2, Tgfb,
Col1a1, and Fn1 mRNA levels were assessed
by gPCR. (F) Liver hydroxyproline levels.
Scale bars: 300 um (A), 40 um (C and E), and
100 um (B and D). Representative and quan-
tified results are shown as the mean + SEM
for the indicated number of mice. *P < 0.05,
**P < 0.01, and ***P < 0.001, by Student’s
t test (B, E, and F).

data (41) and our qPCR analyses of liver
core biopsies revealed that the expres-
sion of NOX4 and antioxidant genes
tended to decline in humans with NASH
and advanced fibrosis when compared
with those with NAFL (Figure 1A). We
reasoned that the decline in NOX4 and
antioxidant defense may exacerbate
disease and contribute to NASH and
fibrosis. Accordingly, we first asked
whether the reduced expression of
NOX4 and antioxidant defense genes
might have been hepatocyte intrinsic
or otherwise indicative of changes in
the abundance and activation of non-
parenchymal cells in NASH and fibro-
sis. To this end, we isolated hepato-
cytes from C57BL/6 mice that were
fed either a standard chow-diet, a HFD
to promote obesity, insulin resistance,
and steatosis, or a choline-deficient
HFD (CD-HFD) to promote obesity,
insulin resistance, and progression to
NASH and fibrosis. CD-HFD-fed mice

exhibited NASH with steatosis, lymphocytic infiltrates, and fibro-
sis (Figure 14, A and B). As noted already, Nox4, Sod2, Cat, and
Ngol mRNA levels were increased in lipid-laden hepatocytes from
HFD-fed C57BL/6 mice (Figure 14C and Supplemental Figure 11).
Importantly, as noted in humans with NASH and advanced fibrosis,
the expression of Nox4, Sod2, Cat, and Ngol was reduced in hepato-
cytes from CD-HFD fed mice (Figure 14C). The reduced expres-
sion of Nox4, Sod2, Cat, and Ngol was accompanied by decreased
NOX4, NQO1, SOD2, and catalase protein levels (Figure 14D) and
reduced H,0, production (Figure 14E). Importantly, the reduced
levels of NOX4 and H,O, and the decreased expression of anti-
oxidant defense proteins in hepatocytes from CD-HFD fed mice

J Clin Invest. 2024;134(3):e162533 https://doi.org/10.1172/)CI162533
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Figure 12. NOX4 deficiency in obese adult mice promotes NASH and fibrosis. (A-1) Male Nox4"/f mice fed a HFD for 10 weeks were administered i.v.
AAV-TBG-iCre or AAV-TBG-EGFP and then fed a HFD for another 10 weeks. Livers were processed for (A) gPCR or (B) immunoblotting. (C) Body weights.
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0.001, and ****P < 0.0001, by Student’s t test (A, C-E, H, }, and K).

J Clin Invest. 2024;134(3):e162533 https://doi.org/10.1172/)C1162533

- [



RESEARCH ARTICLE

The Journal of Clinical Investigation

A evehice (n=12) B e Vehicle (n1=12) C ® Vehicle (n= 12) D @ Vehicle (n=12)
O GKT137831 O GKT137831 OGKT137831 (n=12) OGKT137831 (n=12)
(n=12) (n=12)

60 3 =207 Xk kK x & ke ko ek 40p a0 %
5 © 2 . o S 5l «
= = €15 =)
£ 40 £ < le & 2 o &8 8o 27 , g
2 2 > O ) Z 20 °
2 20 o 1 c 4 . : 5 1.0
o) = 205 e [ l[n] ° ¢ -

o - 5 5 05
0 0 — 0.0
Nfe2l2 Sod1 Sod2 Cat Prdx1 Prdx2 Prdx3 Nqo1 Scd1 Fasn  Srebf1
E H&E F G . 5

~ 4.0 ® \Vehicle (n=12)

% 2.5]_ o O ©oGKT137831 (n=12)

;:" .

&
3| 3 £
< < —
2 2 2

-

Vehicle GKT137831
< < 3 =
3 3 14 SO
~ N~ %)
‘(2 \(2 g N X
& & 2 % :
o o 5 o
g o )
~ 200um 200pm

Livers from HFD-fed mice
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the expression of (C) antioxidant defense and (D) lipogenic genes. Livers were processed for (E and F) H&E staining to monitor for (E) steatosis and (F)
lymphocytic infiltrates (indicated by arrows). Livers were processed for (G) gPCR to assess the expression of fibrosis-related genes or (H) for histology
(Picrosirius red). Scale bars: 100 um (F) and 200 um (E and H). Representative and quantified results are shown as the mean + SEM for the indicated num-
ber of mice. *P < 0.05, **P < 0.01, and ***P < 0.001, by Student’s t test (A-D and G).

were in turn accompanied by increased oxidative protein damage
(Figure 14F). To independently assess the extent to which NASH
and fibrosis may affect Nox4 expression in vivo, we took advan-
tage of a publicly available cell type-resolved transcriptional data
set (59) to assess the expression of Nox4, as well as the expression
of antioxidant defense genes in hepatocyte nuclei from mice fed a
low-fat control diet versus those given a HFD rich in fructose, PA,
and cholesterol (HFD-FPC diet) for 20 weeks; the HFD-FPC diet
promotes variable degrees of NASH and fibrosis and recapitulates
key aspects of human NASH (59). We found that Nox4, Sod1, Sod2,
Cat, Nfe2l2, and Ngol mRNA levels were increased in hepatocytes
from HFD-FPC mice with mild NASH with minimal inflammation
and no appreciable fibrosis (Figure 14G), but tended to decline in
hepatocytes from mice with advanced NASH with comparable
levels of steatosis but more inflammatory foci and overt fibrosis
(Figure 14G). Therefore, the decline in NOX4 and NFE2L2 anti-
oxidant defense associated with more advanced NASH and fibro-
sis may contribute to disease progression. To test this, we sought
to induce the overexpression of NOX4 and ascertain whether this
might sustain the antioxidant defense response and temper NASH

__JCI ¥

and fibrosis in mice fed a CD-HFD. We took advantage of AAVs to
overexpress either GFP (AAV-TBG-EGFP) or murine NOX4 (AAV-
TBG-mNox4) in hepatocytes before feeding mice a CD-HFD for 12
weeks. Hepatic Nox4 was overexpressed by 7.9-fold (Figure 15A),
and this was accompanied by increased NOX4 protein (Figure 15B)
and a greater than 2-fold increase in extracellular H,0, in isolat-
ed hepatocytes (Figure 15C). The overexpression of NOX4 was
accompanied by modestly decreased body (Figure 15D) and liver
(Figure 15E) weights but no change in body composition (Figure
15F). The decreased liver weights were accompanied by decreased
expression of lipogenic genes (Figure 15G) and decreased steato-
sis (Figure 15H). Moreover, overexpression of NOX4 increased
the hepatic expression of select antioxidant defense genes (Figure
15I) and proteins, including NFE2L2, SOD2, and NQO1 (Figure 15]
and Supplemental Figure 12) and decreased oxidative damage as
assessed by measuring protein carbonylation in hepatocytes from
the corresponding mice (Figure 15K). The decreased oxidative
damage was accompanied by a trend toward decreased hepatic
CD8" T cell infiltrates including decreased activated and effector/
memory CD8" T cells and a significant decrease in the propor-
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Figure 14. Reduced NOX4 and antioxidant defense gene expression

in NASH with advanced fibrosis. (A-F) C57BL/6 male mice were fed a
chow-diet, a HFD, or a CD-HFD for 12 weeks. Livers were processed for
histology (A) and stained with H&E to monitor for steatosis or (B) lympho-
cytic infiltrates (indicated by arrows), or were stained with Picrosirius red to
monitor for fibrosis. (C-F Hepatocytes were isolated and processed for (C)
gPCR, (D) immunoblotting, (E) H,0, measurements, or (F) protein carbonyla-
tion analysis. (G) RNA-Seq analysis (GSE162876) of hepatocyte nuclei from
hepatocyte-isolation of nuclei tagged in specific cell types (HEP-INTACT)
mice (59) fed a low-fat control diet (n = 4) versus a HFD rich in fructose, PA,
and cholesterol (HFD/FPC diet) for 20 weeks; HFD/FPC diet-fed mice were
stratified into groups of those with mild fibrosis (n = 4) or overt inflamma-
tion and advanced fibrosis (n = 3). Scale bars: 50 um and 100 um (A and B).
Representative and quantified results are shown as the mean + SEM for
the indicated number of mice. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001, by 1-way ANOVA (C-G); #P < 0.05, by Student’s t test (C

and E) TPM, transcripts per kilobase million.
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tion of exhausted and autoaggressive CD8* T cells (Figure 16A);
innate immune cells remained unaltered (Figure 16A). In addition,
CD-HFD-fed mice overexpressing NOX4 were characterized by
a trend toward decreased hepatic inflammation, as demonstrated
by a decrease in immune infiltrates (Figure 16B) and a decrease in
the expression of proinflammatory genes (Figure 16C). This was
accompanied by decreased fibrosis, as assessed histologically (Fig-
ure 16D), and by the decreased hepatic expression of fibrosis-re-
lated genes (Figure 16E) and the decreased hepatic hydroxyproline
levels (Figure 16F). Therefore, forced NOX4 overexpression could
mitigate the development of NASH and fibrosis otherwise associ-
ated with the decline in Nox4 expression in mice fed a NASH- and
fibrosis-promoting CD-HFD.

Discussion

In this study, we report that the induction of the NFE2L2 antiox-
idant defense response in NAFL, orchestrated first by mitochon-
dria- and then NOX4-derived ROS, prevents liver damage and the
progression to NASH with fibrosis. Conversely, reduced NOX4
levels and antioxidant defense might be a key feature of the pro-
gression to NASH and fibrosis.

The dysregulation of redox balance and the resulting oxidative
stress can affect the progression of many human diseases (60). In
particular, the increased production of mitochondrial oxidants
in metabolic tissues has been causally linked to the development
of insulin resistance (10, 15-21, 23, 28, 61, 62), a key pathological
feature of type 2 diabetes and a leading risk factor for NAFLD
(1). Genetic and pharmacological studies in rodents also point
toward mitochondrial oxidative distress facilitating the progres-
sion to NASH and fibrosis (9, 10, 14, 20-22). However, beyond the
potential to drive disease progression, ROS also have important
physiological functions (60). For example, ROS such as H,0, can
function as second messengers to facilitate signaling in response
to physiological stimuli by oxidizing and inactivating protein
tyrosine phosphatases (63). Moreover, we have shown previously
that H,O, generated by NOX4 in skeletal muscle in mice during
exercise can activate NFE2L2 and elicit adaptive responses that
enhance muscle function and maintain insulin sensitivity (44).
Similarly, others have reported that NOX4 also activates NFE2L2
in the heart to prevent oxidative stress and maintain cardiac func-
tion during exercise (64), whereas studies in humans have shown
that antioxidants can negate the beneficial effects of exercise on
insulin sensitivity and that this is accompanied by the decreased
expression of muscle genes encoding mediators of antioxidant
defense, including SOD1/-2 and GPX1 (65). Therefore, beyond
their direct effect on signaling and physiological processes, ROS
also drive adaptive responses that mitigate disease.

In this study, we have shown that mitochondria- and NOX4-
derived ROS functioned in concert to elicit adaptive responses
in the liver to temper NAFLD pathogenesis. We have shown that
mitochondria- and NOX4-derived ROS drive NFE2L2 antioxidant
defense in hepatocytes to limit the oxidative damage of macromole-
cules, the development of insulin resistance, and the progression to
NASH and fibrosis. Our studies indicate that this response was grad-
ed, with mitochondrial ROS first stabilizing NFE2L2 to increase the
expression of NOX4 and then further increasing ROS/H,0, and the
abundance of NFE2L2, thereby driving a robust antioxidant defense
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response. The importance of mitochondria-derived ROS/H,0, in
driving such adaptive/protective responses in the liver has been
noted previously. Carter et al. reported that the beneficial effects of
static magnetic and electric fields on insulin sensitivity were reliant
on mitochondrial-derived O, (66). Our own studies have shown
that the deletion of GpxI in hepatocytes and the resultant increased
H,0, levels enhanced insulin sensitivity in HFD-fed mice and atten-
uated NASH and fibrosis in mice fed a choline-deficient, amino
acid-defined (CDAA) diet (67). In this study, we report that ROS
generation by NOX4 was essential for the mitochondria-orches-
trated adaptive response in NAFLD. The deletion of Nox4 increased
KEAPI and decreased NFE2L2 protein levels, thereby reducing
the expression of NFE2L2 target genes, including those encoding
SOD2 and catalase. Previous studies have shown that the heterozy-
gous deletion of Sod2 in mice can promote mitochondrial oxidative
stress (16), whereas genetic polymorphisms in SOD2 in humans that
decrease SOD2 mitochondria targeting and activity may be associ-
ated with NASH and the severity of fibrosis (22, 68). Thus, we pro-
pose that the reductions in SOD2 and catalase are key contributors
to the oxidative distress evident in NOX4-deficient hepatocytes.
The promotion of mitochondrial oxidative stress associated with
the deletion/inhibition of NOX4 in hepatocytes diminished insulin
signaling, whereas NOX4 deficiency in vivo promoted hepatic and
systemic insulin resistance, a key driver of NAFLD. The deletion
of Nox4 and the diminished antioxidant defense also exacerbated
the ability of mitochondrial oxidants to promote hepatocyte death.
The progression to NASH and fibrosis in HFD-fed Alb-Cre Nox4"#
mice was accompanied by hepatocyte death, inflammation, and
the recruitment and accumulation of CD8* T cell subsets that have
been causally linked to NASH (32, 54-57). The extent to which the
progression to NASH and fibrosis may have been ascribable to oxi-
dant-dependent cell death and ensuing inflammation, or otherwise
to the oxidative inactivation of tyrosine phosphatases and the pro-
motion of STAT1 signaling in hepatocytes to drive T cell recruitment,
inflammation, and cell death, as we noted previously (32), remains
unclear. Since both DNA damage and heightened hepatocyte STAT1
signaling were readily evident, we propose that both mechanisms
are likely contributors. Interestingly, the deletion of Nox4 in hepato-
cytes also increased DIO and enhanced steatosis, which is a risk fac-
tor for the progression to NASH. Although the molecular basis for the
increased body weights of HFD-fed Alb-Cre Nox4"# mice remains
unclear, food consumption was increased, pointing toward potential
crosstalk with the CNS and the control of feeding. The increased
body weight/adiposity and systemic insulin resistance in HFD-fed
Alb-Cre Nox4"? mice may have contributed to the increased ste-
atosis by promoting the flux of lipids from adipose tissue. However,
the increased steatosis was also accompanied by increased de novo
lipogenesis. Previous studies have shown that NFE2L2 can nega-
tively regulate the expression of lipid synthesis genes and protect
from steatosis (35, 36, 51-53). Consistent with this, we found that the
increase in lipogenic gene expression in hepatocytes resulting from
the deletion of Nox4 was corrected by administration of the NFE2L2
agonist sulforaphane. However, neither obesity per se nor steatosisis
sufficient to drive the progression from NAFL to NASH in C57BL/6
mice or, indeed, humans (1, 7, 8). Therefore, although the increased
weight gain and steatosis may have influenced disease severity, they
would not have instigated disease progression.
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Figure 15. NOX4 overexpression promotes antioxidant defense and tempers steatosis and oxidative damage. C57BL/6 male mice were administered
(i.v.) AAV-TBG-EGFP or AAV-TBG-mNox4 and fed a CD-HFD for up to 12 weeks. (A-C) Hepatocytes were isolated and processed for (A) gPCR, (B) immuno-
blotting, or (C) extracellular H,0, measurements. (D) Body weights, (E) liver weights, and (F) body composition of mice fed a CD-HFD for 12 weeks. Livers
were processed for (G) gPCR to assess the expression of lipogenic genes, (H) histology to monitor for steatosis, or (I) gPCR to assess antioxidant defense
gene expression. (J-K) Hepatocytes were isolated and (J) the abundance of antioxidant defense proteins and (K) protein carbonylation (OxyBlot) were
assessed by immunoblotting. Scale bars: 200 um (H). Representative and quantified results are shown as the mean + SEM for the indicated number of
mice. *P < 0.05, **P < 0.01, and ***P < 0.001, by Student's t test (C-E, G, and I); *P < 0.05, by 2-tailed Mann-Whitney U test (l).

Our findings seemingly contrast with those of previous stud-
ies reporting that the deletion of Nox4 in hepatocytes attenuates
NASH and fibrosis in mice fed diets that promote NASH and fibro-
sis, with or without obesity (24). Yet other studies have shown that
systemic NOX1/4 inhibition with GKT137831 can repress liver
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fibrosis induced by bile duct ligation or CCl, treatment (46, 69).
Our studies do not preclude the possibility that NOX4-derived
ROS in the context of diminished antioxidant defense contrib-
utes to oxidative distress and NAFLD pathogenesis. Moreover,
our findings do not preclude a role for NOX1/4 in other cell types,

+ [



RESEARCH ARTICLE The Journal of Clinical Investigation

A Liver CD8* T cells Liver innate cells
_ P=038
80, % 2 80 607 P=0007 21007 & 8 1507
° 7 P=038 32 2 7
60- 5607 o N = 807 = .
3 o] [ ] £ i )] =] i
x £ 2 40 E60{ o £ 100
0 40 [ @ 401 [a)] 5 s 5
3 ! m O 2 401 e d
© 20- § 20 320 5 5 %9
c o H pa £ 201 c
= O = =
0 S o 0 8 o S o
EMT cells EMT cells NK cells mMDSCs
*
157 0 ~ 257 _* 3 401
— S R _ @ @ AAV-TBG-EGFP (n = 7)
S | o | S | spammecereen £ T e
N i © o
& 10 X 15 @ £
= > 5 20-
4 Q
o5 o 10 £ °
Y % 5 S 104
[a] ) c
* o = o 3 o
© gMDSCs
B C D Picosirius Red
® AAV-TBG-EGFP (n = 7)
B AAV-TBG-mNox4 (n = 7)
o | al
% ; 49 P=01 * &
ul ° 9
[0) e [ ] w
om p S 3 (O]
= e [ m
>I | ~ |_|
} : < >
% 2 <
i L °
g
; = <
X k Ul
2 0- 2
Ef Tnf ling £ .
o i %
2l F
> | >
2| < | 200pm
Livers from 12-week CD-HFD-
fed mice
E F -
_ @®AAV-TBG-EGFP (n=4) 1000 *kk _
3 - © AAV-TBG-EGFP (n = 4)
B AAV-TBG-mNox4 (n = 5) _# R B AAVTBG-mox. 4?n )
* [ 2 l e
5 o 800
S P=0.06 _x L] 2
< e £ 600"
Z o
% o S 400
CT) 11 [ ] ¢ §
e
3 |® : 2 2007
| ® g [P
00—
Acta2 Tgfb Coltat Fn1 Liver
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including hepatic stellate cells, where NOX1/4 activation may
drive an activated/fibrogenic state (70). Our studies demonstrate
that, whereas steatosis and resultant increases in mitochondrial
ROS drove NOX4 expression in NAFL, the progression toward
more advanced disease with fibrosis was accompanied by reduced
NOX4 and concomitantly reduced antioxidant defense. This is
consistent with other studies that have shown that catalase activi-
ty declines in patients with overt NASH and fibrosis (10), as well as
studies showing that hepatic Nox4 and Cat transcripts are reduced
in mice fed a NASH and fibrosis-promoting methionine- and cho-
line-deficient diet (71). Importantly, we found that NOX4 overex-
pression in hepatocytes was able to increase antioxidant defense
and decrease steatosis, inflammation, and fibrosis in mice fed a
NASH- and fibrosis-promoting CD-HFD. Precisely why NOX4
and the antioxidant defense response may decline in NASH and
fibrosis remains unclear, but may relate to the mitochondrial dys-
function associated with advanced disease (9, 10, 72). Nonethe-
less, in the context of reduced NOX4 and a resultant decreased
adaptive antioxidant defense, any ROS generated by NOX4 might
contribute to oxidative distress and exacerbate disease severity,
such that its complete deletion or inhibition would be beneficial.
This is line with a contribution of NOX4 to both adaptive redox
signaling to mitigate NAFLD progression as well to oxidative dis-
tress to promote NASH pathogenesis.

The results of this study underscore the importance of redox
balance in governing the transition from NAFL to NASH and the
progressive development of fibrosis in obesity. Our studies define
the interplay between mitochondria and NOX4 in eliciting opti-
mal NFE2L2-dependent antioxidant defense in hepatocytes and
point toward perturbations in this adaptive response being an
important contributor to NAFLD pathogenesis.

Methods

The experimental procedures and reagents used in this study can be
found in the Supplemental Methods.
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Statistics. Statistical significance was set at a P value of less than
0.05 and was determined with a 2-tailed Student’s ¢ test, a Mann-
Whitney U test, or a 1- or 2-way ANOVA with multiple comparisons. The
data are presented as the mean + SEM.

Study approval. Animal experiments were approved by the Monash
University School of Biomedical Sciences Animal Ethics Committee
(project IDs: 22138, 23077, 36631, 17687, 14368). The use of human
tissue was approved by the Monash University Human Research Eth-
ics Committee (CF12/2339-2012001246; CF15/3041-2015001282).
Participants gave written consent before entering the study. Liver core
biopsies were from men and women with obesity undergoing bariatric
surgery (32) and were processed for RNA isolation. Sex difference anal-
yses were not performed because of the low number of suitable donors.

Data availability. All data are available from the corresponding
author and are provided in the Supplemental Supporting Data Values file.
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