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Abstract

The increased production of reactive oxygen species (ROS) has been postulated to play a key role
in the progression of nonalcoholic fatty liver disease (NAFLD). However, the source of ROS and
mechanisms underlying the development of NAFLD have yet to be established. We observed a
significant up-regulation of a minor isoform of NADPH oxidase, NOX1, in the liver of
nonalcoholic steatohepatitis (NASH) patients as well as of mice fed a high-fat and high-cholesterol
(HFC) diet for 8 weeks. In mice deficient in MoxZ (Nox1KO), increased levels of serum alanine
aminotransferase and hepatic cleaved caspase-3 demonstrated in HFC diet-fed wild-type mice
(WT) were significantly attenuated. Concomitantly, increased protein nitrotyrosine adducts, a
marker of peroxynitrite-induced injury detected in hepatic sinusoids of WT, were significantly
suppressed in Nox1KO. The expression of NOX1 mRNA was much higher in the fractions of
enriched liver sinusoidal endothelial cells (LSECs) than in those of hepatocytes. In primary
cultured LSECs, palmitic acid (PA) up-regulated the mRNA level of NOX1, but not of NOX2 or
NOX4. The production of nitric oxide by LSECs was significantly attenuated by PA-treatment in
WT but not in Nox1KO. When the in vitro relaxation of TWNTL, a cell line that originated from
hepatic stellate cells, was assessed by the gel contraction assay, the relaxation of stellate cells
induced by LSECs was attenuated by PA treatment. In contrast, the relaxation effect of LSECs was
preserved in cells isolated from Nox1KO. Taken together, the up-regulation of NOX1 in LSECs
may elicit peroxynitrite-mediated cellular injury and impaired hepatic microcirculation through
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the reduced bioavailability of nitric oxide. ROS derived from NOX1 may therefore constitute a
critical component in the progression of NAFLD.

Keywords

Nonalcoholic fatty liver disease (NAFLD); Reactive oxygen species (ROS); Liver sinusoidal
endothelial cells (LSECs); Nitrotyrosine; Nitric oxide (NO)

1. Introduction

The involvement of reactive oxygen species (ROS) in the development of non-alcoholic fatty
liver diseases (NAFLD) has been documented [1]. As a source of ROS in the liver,
cytochrome P450 2E1 (CYP2E1) that metabolizes a variety of small xenobiotic substrates,
produces superoxide as a byproduct and promotes high-fat diet-induced nonalcoholic
steatohepatitis (NASH) [2]. Another source of ROS in the liver is NADPH oxidase, a multi-
subunit enzyme comprised of the catalytic subunit NOX, p22Pho% and several cytosolic
subunits. Over the last decade, several isoforms of NOX have been identified [3], among
which NOX1, NOX2, and NOX4 were demonstrated in the liver [4,5]. While the role of
NOX2 in the NASH pathology has been variable in different animal models [6,7], the
involvement of NOX4/NADPH oxidase was demonstrated in a fast-food diet-induced NASH
model using hepatocyte-specific Mox4 knockout mice [8].

NOX1 is a non-phagocytic homolog of NOX2 (gp91P"°X), an isoform characterized in
chronic granulomatous disease. We previously reported that NOX1 promotes the
proliferation of hepatic stellate cells (HSCs) to accelerate the development of liver fibrosis
induced by bile duct ligation [9]. ROS derived from NOX1 inactivate the phosphatase and
tensin homolog (PTEN) and enhance the proliferative PI3K/Akt signaling in activated HSCs.
On the other hand, the involvement of NOX1 in fatty liver diseases has not been examined.
Therefore, this study was undertaken to clarify the role of NOX1 in a diet-induced fatty liver
model using NoxI-deficient mice (Nox1KO). In this study, we fed mice with a high-fat and
high-cholesterol (HFC) diet. It has been documented that supplementation of cholesterol
aggravates liver steatosis and ensuing steatohepatitis in a rodent model of NAFLD [10,11].
We here demonstrate the critical role of NOX1 in the formation of protein nitrotyrosine
adducts and reduction of nitric oxide bioavailability in hepatic sinusoids. Our findings
suggest a novel mechanism for the progression from steatosis to early-stage NASH through
peroxynitrite-mediated hepatocellular injury and impairment of the hepatic microcirculation.

2. Materials and methods

Additional Material and Methods are included in the Supplemental Information.

2.1. Liver biopsy samples

Formalin-fixed and paraffin-embedded (FFPE) liver tissue blocks from NASH patients and
healthy controls were obtained from the University of California Davis Cancer Center
Biorepository (Sacramento, CA) funded by the National Cancer Institute (Bethesda, MD).
Following the manufacturer's instructions, mRNA was extracted from the FFPE liver tissue
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using the RecoverALL Total Nucleic Acid Isolation kit (Life Technologies, Grand Island,
NY). Reverse transcription was performed using a kit from Bio-Rad (Hercules, CA). For the
study using liver biopsy samples (Supplemental Fig. 1), all patients had given written
informed consent for the analysis of genes and liver biopsies before the study. The study
protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Ethics Committee of the Kyoto Prefectural University of Medicine.

2.2. Animal model

All animals were treated in compliance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health. All experimental procedures
received approval from the Committee for Animal Research at Kyoto Prefectural University
of Medicine. NoxI-deficient (Nox1KO) and control littermate (WT) mice were maintained
on a 12-hr light/dark cycle and fed ad libitum [12]. Male WT and Nox1KO were fed either
control diet (CE2 diet; containing 4.6% fat; 12% calories from fat; Japan CLEA, Tokyo,
Japan) or HFC diet (modified atherogenic diet F2HFD1 with 1.5% cholesterol, 8% lard, 0%
cholic acid; containing 20.9% fat; 43.7% calories from fat; OrientalBioService, Kyoto,
Japan) for 8 weeks starting at 8-10 weeks of age.

2.3. Biochemical measurements

The analyses of serum alanine aminotransferase (ALT), cholesterol (T-CHO), non-esterified
free fatty acids (NEFASs), and hepatic triglycerides were carried out by enzymatic assay
(Nagahama Life Science Laboratory, Nagahama, Japan). The activity of caspase-3 was
determined using the Apo-ONE® Homogeneous Caspase-3/7 assay purchased from
Promega (Madison, WI).

2.4. Statistics

3. Results

Results are expressed as the mean + standard error of the mean (SEM). Statistical analyses
were performed by Student's #test for the comparison of two unpaired groups, or analysis of
variance (ANOVA) followed by the post-hoc Tukey-Kramer's test for the comparison of
multiple groups.

3.1. NOX1 mRNA expression was increased in NASH patients and mice fed HFC diet

The up-regulation of NOX4 mRNA in human liver biopsy samples from NASH patients has
been reported [8]. When the expression of NOX1 mRNA was examined, a significant
increase in NOX1 mRNA was observed in NASH patients compared with those from
healthy controls in liver samples obtained from the University of California Davis Cancer
Center Biorepository (Fig. 1A). In a separate study with biopsy samples obtained from
Kyoto Prefectural University of Medicine, the level of NOX1 tended to be higher in NASH
patients, although there was no significant difference between patients diagnosed with
nonalcoholic fatty liver (NAFL) and those with NASH (Supplemental Fig. 1).

When the expression of NOX1 mRNA was determined in a mouse model of NAFLD fed
HFC diet for 8 weeks, the level of NOX1 in the liver was significantly increased compared
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with that in mice fed a control diet. In addition, the expression of NOX2 was slightly but
significantly increased in HFC diet-fed mice (Fig. 1B). The mRNA expression of NOX3 was
not detected (data not shown). While the up-regulation of NOX4 and CYP2E1 was
previously reported in NASH models [2,8,13], there was no difference in mRNA levels
between our experimental groups (Fig. 1B). The detection of NOX1 protein in the liver was
unsuccessful with the usage of the established polyclonal antibody raised against mouse
NOX1 [14], possibly due to its detection limit.

3.2. Liver steatosis and inflammation induced by HFC diet were unaffected by Nox1

deficiency

When WT and Nox1KO were fed control or HFC diet for 8 weeks, a time-dependent
increase in body weight was demonstrated in WT as well as Nox1KO (Fig. 2A). There was
no difference in the elevated serum cholesterol (T-CHO) or non-esterified free fatty acids
(NEFAS) level between the genotypes (Fig. 2B, C). The hepatic triglyceride content was
significantly increased after 8 weeks of HFC diet feeding, but no difference was observed
between the genotypes (Fig. 2D). Oil Red O staining also showed comparable levels of liver
steatosis in the two genotypes (Supplemental Fig. 2). Levels of inflammatory cytokines,
interleukin-1p (IL-1p) and tumor necrosis factor-a (TNF-a), were un-affected by HFC diet
(Fig. 2E, F). In addition, the activation of hepatic stellate cells was not apparent in this
model, because aSMA mRNA expression was equivalent in mice fed control or HFC diet
(Supplemental Fig. 3). Thus, this HFC diet model shows low inflammatory phenotype and
possibly corresponds to the early-stage of human NAFLD.

3.3. Liver injury and cellular apoptosis induced by HFC diet were ameliorated in Nox1KO

On the other hand, a significant increase in the serum level of ALT was observed in WT on
HFC diet for 8 weeks, reflecting hepatocellular damage (Fig. 3A). This increase was
partially but significantly attenuated in Nox1KO. Although some TUNEL-positive cells
were observed in the liver of HFC diet-fed mice (Fig. 3B), it was too few to assess the
significance of differences among the experimental groups (data not shown). On the other
hand, an increase in the level of hepatic cleaved-caspase 3 in HFC diet-fed WT was
significantly blunted in Nox1KO (Fig. 3C). Thus, NMoxZ deficiency protected against HFC
diet-induced liver damage, possibly by reducing cellular apoptosis.

3.4. Protein nitrotyrosine adducts in the hepatic sinusoids were decreased in Nox1KO

NOX1/NADPH oxidase generates superoxide, which reacts with nitric oxide (NO) to form a
highly-reactive molecule, peroxynitrite [15]. While this reaction reduces the bioavailability
of NO [12], peoxynitrite causes protein tyrosine nitration to generate protein nitrotyrosine
adducts. When immunohistochemical staining was carried out, protein nitrotyrosine adducts
were mainly deposited in the hepatic sinusoids radially expanding from the central vein (Fig.
4A). Compared with control diet-fed mice, the intensity was higher in the liver of HFC diet-
fed WT, but not of Nox1KO. To verify these findings, a competitive ELISA assay was
carried out. As demonstrated in Fig. 4B, the increased levels of protein nitrotyrosine adducts
in HFC diet-fed WT were significantly suppressed in Nox1KO.

Free Radic Biol Med. Author manuscript; available in PMC 2018 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsumoto et al.

Page 5

To elucidate the potential involvement of altered expression of nitric oxide synthase (NOS)
in protein nitrotyrosine adduct formation, the levels of NOS mRNAs in the liver were
examined. Neither the iINOS nor eNOS mRNA level was altered following HFC diet feeding
(Supplemental Fig. 4A, B). The increased level of protein nitrotyrosine adducts in HFC diet-
fed mice was therefore attributed to up-regulation of NOX1 in the liver.

As shown in Fig. 5A, the hepatic sinusoids that make up the liver microvasculature were
clearly stained by red fluorescent-labeled tomato lectin. When protein nitrotyrosine adducts
were co-stained with tomato lectin, they were partially co-localized with tomato lectin or
observed contiguous to tomato lectin. Such a distribution pattern of protein nitrotyrosine
adducts was similar among experimental groups (Fig. 5B). These results suggest that the
hepatic sinusoids are the main locus of NOX1-mediated protein tyrosine nitration.

3.5. NOX1 was up-regulated by palmitic acid in cultured liver sinusoidal endothelial cells

3.6. NOX1is

Consistent with a previous report [16], the expression of NOX1 mRNA was abundant in
freshly isolated CD146-positive liver sinusoidal endothelial cells (LSECs) compared with
that in hepatocytes. NOX2 mRNA was also preferentially expressed in LSECs, whereas
NOX4 mRNA was less abundant in LSECs than in hepatocytes (Fig. 6A).

The primary isolated LSECs were treated with palmitic acid (PA), the most abundant
saturated FFA in plasma. As shown in Fig. 6B and C, NOX1 mRNA expression was
significantly increased by PA treatment in time- and dose-dependent manners. On the other
hand, the level of NOX1 mRNA was not affected by oleic acid (OA), an unsaturated FFA.
Pre-treatment of LSECs with TAK-242, an inhibitor for Toll-like receptor 4 (TLR4),
significantly suppressed the PA-induced increase in NOX1 expression (Fig. 6D), suggesting
that the up-regulation of NOX1 by PA was mediated by TLR4. The levels of NOX2 and
NOX4 mRNA were not increased by PA treatment (Fig. 6E). These results suggest that
saturated FFA-mediated TLR4 activation elicits up-regulation of NOX1 in the liver of HFC
diet-fed mice. In fact, a significant increase in the serm level of NEFAs was demonstrated in
HFC diet-fed mice (Fig. 2C).

required for PA-mediated regulation of NO bioavailability

When the cellular toxicity of PA was first examined by a cleaved caspase 3/7 assay, high
concentrations of PA (> 800 uM) induced the lipoapoptosis of LSECs isolated from
Nox1KO as well as WT (Supplemental Fig. 6). Thus, it was suggested that the lipoapoptosis
induced by PA was not mediated by NOX1.

LSECs play an important role in the regulation of hepatic vascular tone by releasing
vasoactive molecules. Endothelial cell-derived NO is a predominant vasodilator, which can
be quenched and converted to peroxynitrite upon direct reaction with superoxide [15]. We
therefore examined the production of NO in LSECs using the fluorescent NO probe 4,5-
diaminofluorescein (DAF-2). For the detection of low levels of NO, a low concentration of
DAF2 (0.1 uM) was used to limit the autofluorescence [17]. As shown in Fig. 7A, equivalent
levels of NO were detected in LSECs from WT and Nox1KO in the absence of PA.
However, treatment with 400 uM PA for 24 h significantly impaired NO production in WT,
but not Nox1KO. These data suggest that ROS derived from NOX1 in PA-tretated LSECs

Free Radic Biol Med. Author manuscript; available in PMC 2018 May 25.
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may reduce the bioavailability of NO to form peroxynitrite, resulting in loss of the
vasodilatory function of LSECs and increased peroxinitrite-mediated toxicity.

The dysfunction of LSECs due to the reduced bioavailability of NO may impair the hepatic
microcirculation [18]. To evaluate LSEC dysfunction induced by PA, a collagen gel
contraction assay was performed, in which LSECs were co-cultured with hepatic stellate
cells. Upon 10% FBS stimulation, TWNT1, an immortalized human hepatic stellate cell
line, showed a contractile response to release collagen lattices from their substrata. The co-
culture of TWNT1 with WT- or Nox1KO-derived LSECs significantly suppressed the
contraction, indicating that LSECs induced the relaxation of HSCs. PA treatment itself did
not affect the gel contraction of TWNT1 when incubated without LSECs (Fig. 7B). On the
other hand, the relaxation was attenuated in TWNT1 co-cultured with WT-LSECs in the
presence of PA, but not with Nox1KO-LSECs (Fig. 7B). These findings suggest that NOX1-
derived ROS impaired the LSEC-induced relaxation of HSCs, possibly through the reduction
of NO bioavailability. The dysfunction of LSECs may subsequently impair hepatic
microcirculation to accelerate hepatic cell death and the ensuing development of NASH

(Fig. 8).

4. Discussion

In this study we demonstrated that ROS derived from NOX1/ NADPH oxidase play a critical
role in HFC diet-induced liver injury. We herein showed that: (1) Expression of NOX1 was
elevated in the liver of NASH patients and HFC diet-fed mice. (2) NoxZ deficiency
ameliorated not only HFC diet-induced liver damage but also the production of protein
nitrotyrosine adducts in hepatic sinusoids. (3) NOX1 mRNA was mainly expressed in
LSECs and up-regulated by PA through TLR4 activation. (4) PA reduced the bioavailability
of NO in WT-LSECs but not in Nox1KO-LSECs. (5) PA-treatment attenuated the relaxation
of HSCs induced by WT-LSECs but not by Nox1KO-LSECs. Taken together, elevated levels
of saturated FFAs in NASH patients or in HFC diet-fed animals may up-regulate NOX1 and
increase oxidative stress in hepatic sinusoids, which impairs the hepatic microcirculation
through the reduced bioactivity of NO. In addition, the suppressed formation of protein
nitrotyrosine adducts in Nox1KO suggests that the generation of cell-toxic peroxynitrites in
the liver is mediated by NOX1.

A significant increase in NOX1 mRNA was observed in the liver of NASH patients as well
as of mice fed HFC diet for 8 weeks. In a separate study on biopsy samples obtained from a
different cohort, the level of NOX1 mRNA in NASH patients was compared with that in
patients with NAFL. However, no significant difference was demonstrated between the
groups (Supplemental Fig. 1). Because healthy control samples were unavailable in this
cohort, we could not compare the level of NOX1 with the normal liver. There is a possibility
that NOX1 may be up-regulated in the liver of patients who already developed hepatic
steatosis. In the normal mouse liver, the expression of NOX1 mRNA was relatively low
compared with other NOX isoforms. Considering the fact that hepatocytes express a very
low level of NOX1 mRNA vs. LSECs or HSCs [9], the limited expression of NOX1 mRNA
detected in the whole liver may be due to the predominance of hepatocytes in the isolated
tissue.
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The involvement of TLR4 in the up-regulation of NOX1 has been documented [19,20].
Indeed, the up-regulation of NOX1 by PA in isolated LSECs was attenuated by TLR4
inhibitor. On the other hand, OA, an unsaturated FFA, did not affect NOX1 expression,
suggesting that the up-regulation of NOX1 is not due to the nonspecific surfactant effects of
lipids. Recently, it was reported that fetuin-A, a liver secretory glycoprotein and a major
carrier protein of FFAs, acts as an endogenous ligand of TLR4 [21]. Another line of study
demonstrated that saturated FFAs, but not polyunsaturated FFAs, induce the dimerization of
TLR2/4 to cause receptor activation in a ligand-independent manner [22]. The
concentrations of FFAs used for cultured LSECs were almost equivalent to those in mouse
serum following HFC diet feeding, in which the serum NEFA level was approximately 500
UEQ/L, comparable to 500 uM of monovalent FFAs. Accordingly, it can be speculated that
increased levels of circulating saturated FFAs may induce NOX1 expression through TLR4
activation not only in LSECs of HFC diet-fed mice, but also of obese individuals with
hyperlipidemia. It is also conceivable that gut-derived endotoxin in circulating plasma
following the intake of a high-fat diet [23] may take part in the up-regulation of NOX1. In
this context, the activation of TLR4 may be critical for the up-regulation of NOX1.

Nox1 deficiency significantly ameliorated liver injury induced by HFC diet feeding, but it
did not affect the increase in body weight, serum lipids, or hepatic steatosis. We previously
reported that liver injury and fibrosis induced by bile duct ligation (BDL) were significantly
attenuated in Nox1KO. While NOX1 was shown to promote the proliferation of HSCs in the
BDL model [9], the activation of HSCs was not apparent in mice fed HFC diet
(Supplemental Fig. 2), suggesting that this HFC diet model represents the early phase of
NASH development. Accordingly, the molecular mechanism underlying HFC diet-induced
liver injury may be distinct from that of BDL-induced injury. In mice fed HFC diet, a
crosstalk between NOX1 and NO was demonstrated. Namely, ROS derived from NOX1
increased the formation of protein nitrotyrosine adducts. A clear correlation exists between
the relatively high expression of NOX1 in LSECs and the localization of protein
nitrotyrosine adducts along hepatic sinusoids. Given that protein nitrotyrosine adducts
indirectly suggest the accelerated formation of peroxynitrite, which is highly toxic to cells
[24,25], the NOX1-dependent generation of peroxynitrite in hepatic sinusoids may have
promoted hepatocellular injury.

The reduced bioavailability of NO by reaction with superoxide generated by NOX1 in
LSECs could impair intrahepatic microcirculation. LSECs produce NO as an important
vasodilator to maintain the intrahepatic circulation. When we examined the effect of LSEC-
derived NO on stellate cells with a collagen gel contraction assay, primary cultured LSECs
significantly attenuated the contraction of stellate cells induced by FBS-stimulation. The
relaxation of stellate cells induced by LSECs was impaired by PA-treatment of WT but not
of Nox1KO LSECs, suggesting that NO was inactivated by increased superoxide generated
by NOX1. This is similar to our previous findings obtained in the an-giotensin Il-infused
hypertension model, in which ROS derived from NOX1 perturbed endothelium-dependent
relaxation of aortic strips, leading to the development of systemic hypertension [12]. The
dysfunction of LSECs is known to augment intrahepatic resistance to impair
microcirculation in the liver [18,26]. In fact, increased intrahepatic resistance has been
demonstrated in an isolated-perfused rat liver obtained from a cafeteria diet-fed model of
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NAFLD [27], a methionine-choline-deficient model of NASH [28], and from a model of
LPS-induced endotoxemia [29]. While the assessment of intrahepatic micro-circulation is
technically limited in mice [30], impaired blood flow in the liver may accelerate hepatocyte
cell death in hypoxic micro-environments.

The protective roles of NO against liver disease were demonstrated using mice deficient in
NOS [31-33]. Considering the fact that eNOS is endogenously expressed in LSECs [34],
NO derived from eNOS may take part in the impaired relaxation of sinusoids induced by
NOXL1. In contrast with the significant up-regulation of NOX1, the expression of eNOS was
unaltered following HFC diet feeding. The lack of a significant induction of iNOS in our
animal model also suggests the predominant contribution of eNOS to the development of
endothelial dysfunction in liver sinusoids.

Recently, NOX4 was demonstrated to play a critical role in the development of NASH [8].
Given that levels of NOX1 mRNA expressed in freshly-isolated fractions of Kupffer cells
and HSCs were almost equivalent to that in LSECs (data not shown), NOX1 may be mainly
expressed in non-parenchymal cells, not in parenchymal hepatocytes. In contrast, NOX4 was
predominantly expressed in hepatocytes and the hepatocyte-specific deletion of NOX4
attenuated liver injury, fibrosis, and hepatic insulin resistance induced by a fast-food diet [8].
While up-regulation of NOX4 mRNA was demonstrated in the study, we did not observe
alteration in NOX4 expression in mice fed HFC diet. This discrepancy may be due to the
difference in dietary fat composition and feeding period. The NOX1-mediated pathway may
constitute an early component of NASH pathogenesis in patients with hepatic steatosis.
Considering that each NOX isoform expressed in a specific cell lineage plays a different role
in the disease pathogenesis, the inhibition of both NOX1 and NOX4 may be a potential
treatment strategy to suppress the development of NASH.

5. Conclusions

ROS derived from NOX1 may not only reduce the bioavailability of NO to cause an
impaired hepatic microcirculation, but also enhance peroxynitrite-induced hepatocellular
injury. The present study provides insight into the potential significance of NOX1/NADPH
oxidase in the progression of NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. NOX1 mRNA expression wasincreased in NASH patients and mice fed HFC diet
(A) NOX1 mRNA expression in the liver of normal subjects (NL) and NASH patients

(NASH). N=5-6 per group. **p < 0.01 versus NL. (B) Levels of NOX1, NOX2, NOX4, and
CYP2E1 mRNAs in the liver of mice fed a control diet (control) or a high-fat and high-
cholesterol (HFC) diet for 8 weeks. N=4-5 per group. *p < 0.05, ** p< 0.01 versus control.
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Fig. 2.
Liver steatosis and inflammation induced by HFC diet were unaffected by AMoxZ deficiency.

(A) Body weight, (B) serum level of total cholesterol (T-CHO), and (C) serum levels of non-
esterified fatty acids (NEFAS) and hepatic triglycerides (D) of WT littermates and Nox1KO
fed control or HFC diet for 8 weeks. (E, F) The expression of IL-1f (E) and TNF-a (F)
mMRNAs in the liver of WT and Nox1KO fed HFC diet for 8 weeks. N=6-9 per group. *p <
0.05, **p < 0.01 versus corresponding control.
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Fig. 3. Liver injury and cellular apoptosisinduced by HFC diet were ameliorated in Nox1KO
(A) Levels of serum ALT in mice fed HFC diet for 8 weeks. N=4 per group. Results are

representative of two separate experiments. (B) Representative photographs of TUNEL
staining of sections obtained from the liver. Nuclei of apoptotic cells were stained brown
(DAB) and all nuclei were counterstained with hematoxylin (purple). Arrows indicate
apoptotic cells. Scale bar=50 um. (C) Representative immunoblots and quantitative
densitometric analysis of cleaved-caspase 3 in the liver. N=6-8 per group. **p < 0.01 versus
corresponding control, #p < 0.05.
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Fig. 4. Protein nitrotyrosine adducts were decreased in Nox1KO
(A) Representative photographs of immunostaining with anti-nitrotyrosine antibody (DAB)

in the liver of mice fed HFC diet for 8 weeks. Nuclei were counterstained with hematoxylin
(purple). Scale bar=100 pm. (B) Quantitative analysis of protein nitrotyrosine adducts by
ELISA. N=4-6 per group. *p < 0.05 versus corresponding control, #p < 0.05.
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Fig. 5. Protein nitrotyrosine adducts wer e observed in the hepatic sinusoids
(A) Immunohistochemistry in the liver of WT mice fed HFC diet for 8 weeks. Arrows

indicate nitrotyrosine contiguous to tomato lectin-positive sinusoidal endothelium. (B)
Representative photographs of immunostaining for nitrotyrosine (green) and tomato lectin
(red) in WT or Nox1KO fed control or HFC diet. Scale bar=30 pum.
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Fig. 6. NOX1 was up-regulated by palmitic acid in cultured liver sinusoidal endothelial cells
(A) Expression of NOX isoform mRNAs in freshly isolated liver sinusoidal endothelial cells

(LSECs) relative to enriched hepatocytes (left). N=3 per group. Representative photographs
of hepatocytes and LSECs cultured for 24 h (right). (B, C) Time- and dose-dependent
expression of NOX1 mRNA in primary cultured LSECs. Cells were incubated with palmitic
acid (PA) for 24 h (B), or with 400 uM PA (C). (D) Expression of NOX1 mRNA in the
presence of 400 UM PA or 400 pM oleic acid (OA) for 24 h. LSECs were pretreated with 10
UM TAK242 before PA treatment. (E) Expression of NOX2 and NOX4 mRNAs in LSECs
treated with PA for 24 h. N=3-12 per group. *p < 0.05, **p < 0.01, #p< 0.01.
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Fig. 7. Reduced bioavailability of NO induced by palmitic acid was abolished by Nox1 deficiency
(A) Levels of nitric oxide (NO) released from LSECs treated with 200 or 400 uM PA for 24

h. N=6 per group. (B) Representative photographs and quantitative analysis of collagen gel
contraction of TWNTL cells. TWNTZ1, an immortalized hepatic stellate cell line, was seeded
onto the collagen gel in the absence (=) or presence of LSECs isolated from WT or
Nox1KO. Cells were cultured with serum-free medium containing 400 uM PA for 24 h. The
gel area was measured 24 h after FBS stimulation. N=7 per group. *p < 0.05, **p < 0.01
versus vehicle (Veh), #p < 0.05. n.s.: not significant.
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Fig. 8. A schematic model proposed for therole of NOX1in HFC diet-induced liver injury
Saturated FFASs up-regulate NOX1 in LSECs though TLR4. The generation of peroxynitrite

by ROS derived from NOX1 may directly cause hepatocellular injury. At the same time,
NOX1-derived ROS may impair the hepatic microcirculation through the reduced bioactivity
of NO, which will further enhance peroxynitrite-mediated hepatocellular injury under
hypoxic conditions.
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