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Regulation of endothelial nitric oxide synthase (eNOS)
in hepatocytes may be an important target in nonalco-
holic fatty liver disease (NAFLD) development and pro-
gression to nonalcoholic steatohepatitis (NASH). In this
study, we show genetic deletion and viral knockdown of
hepatocyte-specific eNOS exacerbated hepatic steato-
sis and inflammation, decreased hepatic mitochondrial
fatty acid oxidation and respiration, increased mito-
chondrial H2O2 emission, and impaired the hepatic
mitophagic (BNIP3 and LC3II) response. Conversely,
overexpressing eNOS in hepatocytes in vitro and in vivo
increased hepatocyte mitochondrial respiration and
attenuated Western diet–induced NASH. Moreover,
patients with elevated NAFLD activity score (histology
score of worsening steatosis, hepatocyte ballooning,
and inflammation) exhibited reduced hepatic eNOS
expression, which correlated with reduced hepatic
mitochondrial fatty acid oxidation and lower hepatic
protein expression of mitophagy protein BNIP3. The
current study reveals an important molecular role for
hepatocyte-specific eNOS as a key regulator of NAFLD/
NASH susceptibility and mitochondrial quality control
with direct clinical correlation to patients with NASH.

Nonalcoholic fatty liver disease (NAFLD) and its progres-
sion to nonalcoholic steatohepatitis (NASH) is the most
rapidly increasing indication for liver transplantation in

the U.S. (1). NAFLD is considered an independent risk fac-
tor for cardiovascular, liver-related, and all-cause mortality
(2,3). A hallmark of NAFLD progression is the decline in
function of hepatic mitochondria, including increased reac-
tive oxygen species (ROS) and decreased oxidative capacity
(4–7). However, the precise mechanisms of hepatic mito-
chondrial dysfunction during NAFLD development and
progression to NASH remain unresolved.

Endothelial nitric oxide synthase (eNOS) represents one
potential mediator of maintaining mitochondrial function
in the liver, given its well-established role in regulating
mitochondrial biogenesis in other tissues (8–11). Our group
has shown that whole-liver eNOS activity is reduced in
models of NAFLD and NASH (12), and whole-body eNOS
null mice display exacerbated NASH (13). In addition, phar-
macological NOS inhibition causes hepatic mitochondrial
dysfunction and NAFLD development (14). Despite these
observations with whole-liver eNOS changes and findings
in whole-body eNOS knockout (KO) mice, a specific in vivo
role for eNOS in hepatocytes in NAFLD and NASH is
unknown.

In this study, we generated a novel hepatocyte-specific
eNOS KO mouse model to elucidate the role of eNOS in
hepatocytes on NAFLD/NASH. We reveal that hepatocyte-
specific eNOS is required for adequate hepatic mitochon-
drial function and turnover, eNOS deletion exacerbates
NAFLD and NASH, and eNOS overexpression partially
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rescues Western diet (WD)–induced NASH. This is coupled
with clinical data highlighting that reduced hepatic eNOS
expression is seen in patients with increasing NAFLD activ-
ity score (NAS) and correlated with reduced hepatic mito-
chondrial fatty acid oxidation and reduced mitophagy
protein BNIP3.

RESEARCH DESIGN AND METHODS

Animal Models
Hepatocyte-specific eNOS KO (eNOShep�/�) mice were gen-
erated by crossing homozygous eNOS-floxed (eNOSfl/fl)
mice on a C57BL/6J background (15), with Albumin-Cre
recombinase transgenic mice (002684; The Jackson Labo-
ratory, Bar Harbor, ME). All animal protocols were
approved by the University of Missouri and Harry S. Tru-
man Memorial Veterans’ Hospital Animal Care and Use
Committees. At 10 weeks of age, male and female eNOSfl/fl

and eNOShep�/� mice received either a semipurified control
diet (CD; 10% kcal fat) (D12110704; Research Diets, New
Brunswick, NJ) or a WD high-fat (45%), high-sucrose diet
with cholesterol (D09071604; Research Diets) for 16
weeks. This resulted in a total of four groups (n 5 13–17/
group): CD-eNOSfl/fl, WD-eNOSfl/fl, CD-eNOShep�/�, and
WD-eNOShep�/�.

Adeno-Associated Viral Knockdown of Hepatocellular
eNOS
Adeno-associated viral (AAV)–shRNA and AAV-Cre viruses
were purchased from Vector Biolabs (Malvern, PA) and
University of Pennsylvania (Philadelphia, PA), respectively.
The AAV-Cre was designed with the hepatocyte-specific
thyroid hormone-binding globulin (TBG) promoter, and
the AAV-shRNA was designed with the hepatocyte-specific
transthyretin (TTR) promoter. Male eNOSfl/fl mice were
administered with an AAV8-TBG-Cre virus (1 � 1012 gene
copies [GC]/mL; lot number CS1294) and fed a CD for 6
weeks versus AAV-TBG-Scr control (1 � 1012 GC/mL; lot
number CS1325L).

Wild-type (WT) C57BL/6J mice were injected with
either an AAV8-TTR-GFP-mNOS3-shRNA (1 � 1011 GC/
mL; lot number 2015–1130) or an AAV8-TTR-GFP-Scr-
shRNA (1 � 1011 GC/mL; lot number 2016–0808) to
serve as control. Mice were then fed a WD for 2 weeks
before mitophagic flux testing via i.p. leupeptin injections,
a lysosomal inhibitor, as described previously (16). Briefly,
mice were i.p. injected with either 40 mg/kg leupeptin
(#9783; Sigma-Aldrich, St. Louis, MO) or an equal volume
of saline 18 h prior to euthanasia. Mice then had their
food pulled 12 h prior to the terminal experiment the fol-
lowing morning. At 4 h prior to euthanasia, an additional
20 mg/kg of leupeptin or equal volume of saline was
administered via i.p. injection. Accumulation of key pro-
teins involved in autophogasome assembly and its dock-
ing to the mitochondria—LC3-II, p62, and BNIP3—were
measured to give an indication of mitophagic flux.

Adenoviral and AAV Overexpression of Hepatocellular
eNOS
Primary hepatocytes were isolated from female eNOSfl/fl

mice (20–22 weeks of age) and transfected with either
adenoviral (Adv) b-galactosidase (b-Gal) control or Adv
eNOS overexpression: 1 � 104 PFU/mL, 1 � 105 PFU/
mL, and 1 � 106 PFU/mL (lot number 20170516T#2;
Vector Biolabs). For short-term in vivo overexpression
studies, 10-week-old C57BL/6J mice on a CD were inj-
ected with either an AAV8-TTR-eNOS overexpression
virus (1 � 1011 GC/mL; lot number 170605#16) or AAV8-
TTR-GFP (1 � 1011 GC/mL; lot number 161219–170614)
to serve as a control and maintained on CD for 6 weeks.
For longer-term overexpression studies, after 20 weeks on
either CD or WD, C57BL/6J mice were injected with
either an AAV8-TTR-eNOS or AAV8-TTR-GFP scramble
control (as described above) and maintained on their diets
for an additional 10 weeks. This resulted in a total of four
groups (n 5 10/group): AAV-GFP-CD, AAV-eNOS OE-CD,
AAV-GFP-WD, and AAV-eNOS OE-WD.

Nitric Oxide Donor Studies
Male eNOShep�/� mice (18–23 weeks old) on a CD were i.p.
injected twice daily with 5 mg/kg of the liver-specific nitric
oxide (NO) donor V-PYRRO/NO (number 179344-98-0;
Cayman Chemical, Ann Arbor, MI) or saline for 3 weeks, as
described previously (17–19). Mice were fasted overnight,
and the last injection was given 2 h prior to sacrifice.

Primary hepatocytes were isolated from female eNOSfl/fl

mice (20–22 weeks of age), and cells were left untreated or
administered an NO donor (DETA NONOate; 50 mmol/L
or 100 mmol/L) before functional outcomes were per-
formed as described below.

Hepatic Insulin Signaling
For acute in vivo insulin stimulation studies in eNOSfl/fl

and eNOShep�/� male mice (20–22 weeks of age), food
was removed 5 h prior to either i.p. saline or insulin
(Humulin; 2.5 units/kg) injections, as described previously
(20). Tissues were harvested under anesthesia 20 min
postinjection.

Primary Hepatocyte Experiments
Primary hepatocytes were isolated from CD-fed WT and
eNOSfl/fl and eNOShep�/� female mice (20–22 weeks of
age) using a two-step collagenase method as described pre-
viously (13,21,22). Magnetic-activated cell sorting was used
as described in detail previously by our group (13) and
originally modified from Azimifar et al. (23). A total of 108

cells were pelleted at 300g for 10 min at 4�C and treated
with CD146, CD11b, CD146, and CD11c microbeads (Mil-
tenyi Biotec, Auburn, CA) for the removal of endothelial
cells, Kupffer cells, and macrophages. Immunofluorescence
was performed on a subset of magnetic-activated cell sor-
ting–purified primary hepatocytes for confirmation of the
removal of Cd11b1, CD1461, CD311, and Cd11c1 cells
and lack of eNOS in hepatocytes from eNOShep�/� mice.
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Exclusion of the primary antibody was used as negative
control. For confirmation of the removal of Cd11b1,
CD1461, CD311, and Cd11c1 cells, back-end immunofluo-
rescence for these proteins was used in purified hepato-
cytes. Cellular oxygen consumption in primary hepatocytes
was assessed using a Seahorse XF24 analyzer (Agilent Tech-
nologies, Santa Clara, CA), as described previously with
slight modifications (24).

NO Production
A nitrate/nitrite fluorometric assay kit (#780051; Cayman
Chemical) was used as a surrogate marker of NO oxida-
tion as performed previously (25).

Enzymatic Assays
b-Hydroxyacyl-CoA dehydrogenase and citrate synthase
activity were assessed in whole-liver homogenate as previ-
ously described (26).

Liver Histology
The fresh liver was placed in 10% formalin for 24 h and
then imbedded in paraffin, sectioned, and stained with
hematoxylin-eosin (H&E) or trichrome (to assess fibrosis)
by IDEXX BioAnalytics (Columbia, MO) for mouse histol-
ogy or Boyce & Bynum Pathology Professional Services
(Columbia, MO) for human samples. NAS (27) and fibro-
sis staging of liver sections were conducted by a trained
and blinded observer.

Gene and Protein Quantification
Western blot analyses were completed in whole-liver
homogenate, isolated hepatic mitochondria, and hepato-
cyte lysates. Total protein was assessed with Amido black
(0.1%; Sigma-Aldrich) to control for differences in protein
loading and transfer as previously described (26,28). Blots
in primary hepatocytes were normalized to b-actin. A list
of primary antibodies is included in the Supplementary
Materials. Quantitative real-time PCR was conducted using
SYBR Green reagents (Bio-Rad Laboratories) or TaqMan
(Bio-Rad Laboratories) and primer pairs (Sigma-Aldrich)
listed in Supplementary Table 1. PCR product melt curves
were used to assess primer specificity. Data are represented
relative to cyclophilin B (Ppib) using the 2�DDCT method.

Hepatic Mitochondrial Function and H2O2 Emission
Hepatic mitochondria were isolated as described (13,
26,29,30). Hepatic mitochondrial respiration and H2O2

production were assessed using high-resolution respirom-
etry (Oroboros Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria) with the addition of Amplex UltraRed
reagent (for H2O2) (#A36006; Thermo Fisher Scientific)
with substrates as described (13,26,29,31). Hepatic fatty
acid oxidation capacity was determined by 1-14C palmitate
oxidation to 14CO2 (a measure of complete oxidation) and
1-14C containing acid-soluble metabolites (a measure of
incomplete oxidation) (26,29,30,32).

Transmission Electron Microscopy
Mitochondrial ultrastructural changes were assessed via
transmission electron microscopy (TEM) from a small sec-
tion of fresh liver (�1–2 mg) immediately fixed in 2%
paraformaldehyde and 2% glutaraldehyde in 100 mmol/L
sodium cacodylate buffer, pH 7.35, and processed by the
Electron Microscopy Core Facility at the University of
Missouri.

Human Samples
Liver samples were obtained from adults with clinical obe-
sity undergoing elective bariatric surgery at the University
of Missouri Hospital (Columbia, MO). Before inclusion, all
participants gave written informed consent to the proto-
col, which was approved by the institutional review board
of the University of Missouri (protocol number 2008258)
and conducted according to the World Medical Associa-
tion’s Declaration of Helsinki. Liver wedge biopsies were
processed for H&E and trichrome staining, isolated mito-
chondrial fatty acid oxidation, and Western blotting, as
described above. Degree of NAFLD severity was deter-
mined using the NAS (27) by a blinded hematopatholo-
gist. Participants were clustered into three groups based
on NAS: no disease (NAS 5 0; n 5 7), moderate (NAS 5
1–3, n 5 45), and severe (NAS 5 4–6; n 5 38). Charac-
teristics of patients broken down by NAS groupings can
be found in Supplementary Table 2. NAS inclusion criteria
for patients with NAFLD were based on an alcohol intake
<20g/day and histologically confirmed steatosis with/
without necroinflammation and/or fibrosis. Other causes
of liver disease were excluded based on history, laboratory
data, and histological features.

Statistical Analysis
Statistical analyses were completed in SPSS (SPSS Statistics
for Windows, Version 24.0.; IBM Corporation, Armonk,
NY) with an a level of P < 0.05. For the human data, a
one-way ANOVA and Pearson correlation were used. In
vivo animal studies were analyzed via two-way (2 � 2)
ANOVA, with a Fisher least significant difference post hoc
test used when a significant interaction term was detected.
For in vitro studies, data were analyzed with either two-
way or one-way ANOVA with or without repeated meas-
ures or paired t test as appropriate. Data were graphed
using GraphPad Prism 8.1. All data are presented as
means ±SD.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

Generation of Hepatocyte-Specific eNOS KO Model
In this study, we show the eNOS gene that is floxed in
both our eNOSfl/fl and eNOShep�/� mice, along with the
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presence of the Albumin-Cre in our eNOShep�/� mice only
(Fig. 1A) (eNOShep1/� mice are shown to demonstrate the
cross, but these animals were not used in any experi-
ments). Gene expression from isolated primary hepatocytes
demonstrates the ablation of eNOS in eNOShep�/�

versus eNOSfl/fl mice (Fig. 1B). No difference was found

between eNOSfl/fl and eNOShep�/� hepatocytes for induc-
ible NOS or neuronal NOS mRNA expression (data not
shown). Further, eNOS protein content in other tissues
was not affected by genotype (Supplementary Fig. 9B).
For further confirmation, fluorescence microscopy of iso-
lated primary hepatocytes demonstrates the deletion of

Figure 1—Confirmation of the deletion of hepatocellular eNOS in primary hepatocytes collected from both eNOSfl/fl and eNOShep�/� mice
on a CD. A: Genotyping images displaying the floxed eNOS gene and the presence of the Albumin-Cre in our eNOSfl/fl and eNOShep�/�

murine line. B: mRNA expression of eNOS from isolated primary hepatocytes (n 5 4/group). C: Fluorescence microscopy of isolated pri-
mary hepatocytes, confirming the deletion of hepatocellular eNOS. Nuclei were stained with DAPI (blue), hepatocytes stained with albumin
(green), and eNOS stained by anti-eNOS antibody (red) (n 5 4–5/genotype). D: Nitrate and nitrite concentration in supernatant from iso-
lated primary hepatocytes (P5 0.16; n5 6–8). Data are presented as mean ± SD. #Significantly different from eNOSfl/fl (P < 0.05). RQ, rel-
ative quotient.
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hepatocellular eNOS in eNOShep�/� versus eNOSfl/fl mice
(Fig. 1C). Isolated hepatocytes from eNOShep�/� versus
eNOSfl/fl mice also tended to show a slight reduction in
nitrate and nitrite concentration (P 5 0.16), a surrogate
marker for NO production (Fig. 1D).

Serum and Anthropometric Characteristics
eNOShep�/� mice developed normally, with no differences
in body weight, body fat percentage, or liver weight versus
eNOSfl/fl mice on CD or WD for 16 weeks (Supplementary
Fig. 1A–C). In addition, WD feeding increased serum ALT
and insulin and decreased serum triglycerides in
eNOShep�/� and eNOSfl/fl mice, with only serum insulin
being elevated in eNOShep�/� versus eNOSfl/fl mice on CD
(P < 0.05) (Supplementary Fig. 1D). eNOShep�/� mice
also displayed similar responses during glucose tolerance,
insulin tolerance, and pyruvate tolerance testing com-
pared with eNOSfl/fl mice (Supplementary Fig. 1E and F),
except for elevated glucose response to pyruvate tolerance
testing in eNOShep�/� mice on CD versus eNOSfl/fl mice
(P < 0.05). Interestingly, eNOShep�/� mice also exhibited
elevated markers of hepatic gluconeogenesis (g6pase and
ppeck gene expression) compared with eNOSfl/fl mice,
regardless of diet (data not shown).

Ablation of Hepatocyte eNOS Increases Histological
Hepatic Steatosis and Inflammation
eNOShep�/� mice displayed elevated hepatic steatosis,
inflammation, and NAS compared with eNOSfl/fl mice
(Fig. 2A and B), with no genotype effect seen in hepato-
cellular ballooning or fibrosis on CD or WD. In addition,
WD-induced upregulation in mRNA expression of
markers of inflammation and fibrosis was not further
exacerbated in eNOShep�/� mice (Supplementary Fig. 2).
As further verification, nongermline deletion strategies
with both AAV8-TBG-Cre injection induced knockdown
of eNOS in eNOSfl/fl mice followed by 6 weeks of
CD feeding (Fig. 2C and D) and AAV8-TTR-GFP-
mNOS3-shRNA knockdown in C57BL/6J mice followed
by 2 weeks of WD feeding (Fig. 2E and F) resulted in
exacerbated histological hepatic steatosis and inflamma-
tion compared with scramble control conditions.

Deletion of Hepatocyte eNOS Reduced Hepatic
Mitochondrial Function and Increased Mitochondrial
Reactive Oxygen Species
Hepatocyte-specific deletion of eNOS downregulated
hepatic mitochondrial fatty acid oxidation (Fig. 3A) and
complete 1-14C-palmitate oxidation to CO2 in whole-liver
lysate in eNOShep�/� mice compared with eNOSfl/fl mice
(Fig. 3B). Hepatocyte-specific eNOS deletion also reduced
state 3-complex I and carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone–stimulated maximal uncoupled mitochon-
drial respiration versus eNOSfl/fl mice (Fig. 3C) and caused
elevated hepatic mitochondrial ROS production (H2O2

emission) compared with eNOSfl/fl mice (Fig. 3D). Similar
impairments in hepatic fatty acid oxidation and mit-

ochondrial respiration were also seen in female eNOShep�/�

versus eNOSfl/fl mice, indicating this phenomenon was not
sex dependent (Supplementary Fig. 3). These reductions in
hepatic mitochondrial function in eNOShep�/� mice did not
appear to be explained by a reduction in hepatic mitochon-
drial content, as citrate synthase activity was modestly
increased in eNOShep�/� mice (P < 0.05) and electron
transport chain complexes did not differ between genotypes
(Supplementary Fig. 4B and C).

Ablation of Hepatocyte eNOS Alters Mitochondrial
Ultrastructure and Impairs Mitophagic Flux
Mitochondrial morphology and ultrastructure were deter-
mined by TEM and revealed that mitochondria from
eNOShep�/� mice were more elongated with disrupted
cristae (Fig. 4A). Enlarged mitochondria may be indicative
of impaired hepatic mitophagy (33). pDRP1s616/DRP1
tended to be reduced in eNOShep�/� mice (P 5 0.16),
with no change in markers of mitochondrial fusion
(OPA1) (Supplementary Fig. 4D). Similarly, liver-specific
DRP1 KO animals deficient in mitochondrial fission also
present with enlarged mitochondrial morphology (33).
Despite multiple observations of the requirement of
eNOS and NO for the induction of markers of mitochon-
drial biogenesis (10,11,34), we saw no genotype effect on
phospho-AMPK/AMPK, PGC1a, or TFAM in whole-liver
homogenate (Supplementary Fig. 4D).

Assessing mitophagic capacity/flux, leupeptin-injected
eNOShep�/� mice failed to mount WD-induced increase in
BNIP3 accumulation, as seen in eNOSfl/fl mice in whole
liver (Fig. 4C), and hepatic mitochondrial LC3-II accumu-
lation tended to be reduced in eNOShep�/� mice versus
eNOSfl/fl mice (P 5 0.15) (Fig. 4C). Supporting this,
in vivo AAV-shRNA knockdown of hepatocyte eNOS sig-
nificantly blunted accumulation of hepatic mitochondrial
LC3-II after leupeptin injections compared with AAV-
scramble controls after 2 weeks of WD feeding (Fig. 4D).
Regarding static markers of mitophagy, hepatic mitochon-
drial BNIP3 was significantly reduced in eNOShep�/� mice
(Fig. 4B), and whole-liver pULK1/ULK1 was markedly
reduced in eNOShep�/� mice (�60%) compared with
eNOSfl/fl mice (CD-fed only) (Supplementary Fig. 5).

Short-Term Hepatocyte-Specific eNOS Overexpression
Increases Hepatocyte Respiration
Protein expression of eNOS in isolated primary hepa-
tocytes from eNOSfl/fl mice exposed to Adv b-Gal or
varying viral loads of eNOS Adv (104–106 PFU/mL)
confirmed successful overexpression of eNOS in hepa-
tocytes (Fig. 5A). Adenoviral overexpression of eNOS
also increased carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone–stimulated maximal uncoupled oxygen
consumption in primary hepatocytes (Fig. 5B) and increased
NQO1 mRNA expression, as well as increased BNIP3 pro-
tein and mRNA expression compared with b-Gal controls
(Fig. 5C). Next, CD-fed 10-week-old male C57BL/6J mice
were injected with either AAV8-TTR-eNOS (AAV-eNOS OE)
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or AAV8-TTR-GFP (AAV-GFP) control to determine the
effects of in vivo hepatocyte-specific eNOS overexpression.
Similar to in vitro eNOS overexpression, in vivo

hepatocellular eNOS overexpression increased basal and
maximal uncoupled respiration in isolated primary hepato-
cytes from AAV-eNOS OE animals (Fig. 5E).

Figure 2—Hepatocellular eNOS deficiency exacerbates histological hepatic steatosis and inflammation. From eNOSfl/fl and eNOShep�/�

mice on either a CD or WD for 16 weeks. A: Representative liver H&E and trichrome staining. B: Histological and fibrosis scoring based on
H&E and trichrome images (n = 10–17/group). Hepatocyte eNOS knockdown via AAV8-TGB-Cre injection in eNOSfl/fl animals at 10 weeks
of age. C: Representative liver H&E staining after 6 weeks of CD feeding and (D) mRNA expression of eNOS in isolated primary hepato-
cytes (n = 3–5/group). AAV8-TTR-eNOS-shRNA knockdown of hepatocyte eNOS in C57BL/6J mice at 10 weeks of age. E: Representative
liver H&E staining after 6 weeks of CD feeding and (F) mRNA expression of eNOS in isolated primary hepatocytes from shRNA eNOS
knockdown mice (n = 2-3/group). Data are presented as mean ± SD. *Main effect of diet (P < 0.05 vs. CD). #Main effect of genotype (P <
0.05 vs. eNOSfl/fl). $Significantly different from GFP or AAV-scramble controls (P < 0.05). CD, control diet; H&E, hemotoxylin and eosin;
KD, knockdown; NAS, NAFLD activity score; PPIB, cyclophilin B; RQ, relative quotient; WD, Western diet.
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Long-Term Hepatocellular eNOS Overexpression
Mitigates NASH

After either CD or WD feeding for 20 weeks, C57BL/6J
mice were injected with the same eNOS overexpression

AAV or control as used for short-term overexpression:
AAV8-TTR-eNOS (AAV-eNOS OE) or AAV8-TTR-GFP (AAV-
GFP). Animals were then maintained on their respective
diets for an additional 10 weeks. Despite an expected WD

Figure 3—Hepatocellular eNOS deficiency reduces hepatic mitochondrial function. In eNOSfl/fl and eNOShep�/� mice on either a CD or
WD for 16 weeks. A: Isolated liver mitochondria complete, incomplete, and total [1-14C] palmitate oxidation to CO2 (n = 13–17/group). B:
Whole-liver complete, incomplete, and total [1-14C] palmitate oxidation to CO2 (n = 13–17/group). C: Oxygen consumption in isolated
liver mitochondria (n = 6–10/group). D: PCoA stimulated H2O2 emission in isolated liver mitochondria from male and female (combined)
eNOSfl/fl and eNOShep�/� fed a CD only (n = 7–9/group). Data are presented as mean ± SD. *Main effect of diet (P < 0.05 vs. CD). #Main
effect of genotype (P < 0.05 vs. eNOSfl/fl). ASMs, acid-soluble metabolites; CD, control diet; OCR, oxygen consumption rate; PCoA,
palmitoyl-CoA; WD, Western diet.
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Figure 4—Hepatocellular eNOS deficiency impairs mitochondrial morphology, quality, and turnover. In eNOSfl/fl and eNOShep�/� mice on
either a CD or WD for 16 weeks. A: Representative TEM images of whole liver. B: Protein expression of markers of mitophagy in isolated
liver mitochondria (n = 13–23/group) and their representative Western blot images. C: Protein expression of the accumulation of mitoph-
agy proteins after in vivo leupeptin injections in eNOSfl/fl and eNOShep�/� mice on either a CD or WD for 16 weeks: whole-liver BNIP3 and
LC3-II/I, and isolated liver mitochondria BNIP3 and LC3-II (n = 5–9/group), and their representative Western blot images. C57BL/6J mice
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effect, hepatocyte eNOS overexpression did not alter body
weight or body fat percentage compared with AAV-GFP
control mice (Fig. 6A and B). Importantly, eNOS protein

content in other tissues was not affected by liver-specific
eNOS overexpression (Supplementary Fig. 9B). Interest-
ingly, WD feeding–induced increases in inflammation, NAS

were injected with AAV8-TTR-eNOS-shRNA to knockdown hepatocyte eNOS at 10 weeks of age and then fed a WD for 2 weeks. D: Pro-
tein expression of the accumulation of whole-liver LC3-II/I after in vivo leupeptin injection in AAV-scramble and AAV-eNOS-shRNA–
injected animals after 2 weeks of WD feeding (n = 3–4/group). Data are presented as mean ± SD. *Effect of diet (P < 0.05 vs. CD). #Main
effect of genotype (P < 0.05 vs. eNOSfl/fl). $Significantly different from saline (P < 0.05). AU/correc., arbitrary unit/correction; CD, control
diet; TEM, transmission electron microscopy; WD, Western diet.

Figure 5—Hepatocellular eNOS overexpression increases primary hepatocyte respiration. Primary hepatocytes were isolated from female
eNOSfl/fl mice (20–22 weeks of age) and transfected with either Adv b-Gal control or Adv eNOS overexpression. A: Representative West-
ern blot image of Adv eNOS overexpression in primary hepatocytes. eNOS expression in cells exposed to Adv-b-Gal are underexposed
due to the robust increases in eNOS expression in cells exposed to Adv-eNOS. B: Oxygen consumption rate (OCR) in isolated primary
hepatocytes (n 5 3). C: Gene expression and protein expression in isolated primary hepatocytes (n 5 3). CD-fed 10-week-old male
C57BL/6J mice were injected with either AAV8-TTR-eNOS or AAV8-TTR-GFP control. At 6 weeks post–AAV8-TTR-eNOS overexpression.
D: eNOS gene expression in whole liver and isolated primary hepatocytes, and (E) oxygen consumption rate in isolated primary hepato-
cytes (n 5 7–8/group). Data are presented as mean ± SD. *Significantly different from b-Gal and from AAV8-GFP; #Significantly different
from b-Gal, 104, 105; $Significantly different from 105 (for all P < 0.05). AAV, adeno associated virus; Adv, adenoviral; AU, arbitrary units/
correction; CD, control diet; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhy drazone; OE, overexpression; Rot/Ant, rotenone/anti-
mycin; RQ/PPIB, relative quotient/cyclophilin B.
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Figure 6—Long-term hepatocellular eNOS overexpression attenuates WD-induced NASH. C57BL/6J mice were randomized to receive
either a CD or WD for 20 weeks, then further randomized to receive either an AAV8-TTR-eNOS overexpression virus or AAV8-TTR-GFP at
the 20-week mark, while the body weights were recorded until 30 weeks of age (n5 10/group). A: Body weight over time. B: Final body fat
% (n 5 10/group). C: Whole-liver protein expression of eNOS confirming the viral overexpression (n 5 10/group), and the representative
Western blot image. D: Representative liver H&E and trichrome staining from the indicated mice at 30 weeks of age. E: Histological and
fibrosis scoring based on H&E and trichrome images (n 5 8/group). F: mRNA expression of markers of hepatic inflammatory and antioxi-
dant genes (n5 9–10/group). Data are presented as mean ± SD. *Main effect of diet (P < 0.05 vs. CD), #P < 0.05, and ###P < 0.001, main
effect of overexpression vs. AAV-GFP. AU/correc., arbitrary units/correction; CD, control diet; H&E, hemotoxylin-eosin; NAS, NAFLD
activity score; RQ/PPIB, relative quotient/cyclophilin B; WD, Western diet.
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score, and fibrosis were attenuated in AAV-eNOS OE
animals (Fig. 6D and E). This attenuation in hepatic inflam-
mation and fibrosis was associated with elevations in NRF2
(nfe2l2) mRNA expression, a known master regulator of the
antioxidant response and implicated in our previous studies
as being regulated by eNOS (13). However, this was not
accompanied by alterations in other gene expression
markers of inflammation or collagen deposition (Fig. 6F).
Long-term AAV-induced overexpression of eNOS did not
alter whole-liver or isolated mitochondria fatty acid oxida-
tion nor did it prevent WD-induced decreases in ETC pro-
tein complexes or BNIP3 and PGC1a hepatic protein
content (Supplementary Fig. 6A, B, and D–F).

In Vitro and In Vivo NO Donor Effects on Mitochondrial
Function in eNOShep2/2 Hepatocytes and Mice
In an attempt to rescue the decreased respiration observed
in eNOShep�/� hepatocytes, isolated primary hepatocytes
were exposed to varying concentrations (50 mmol/L and
100 mmol/L) of the NO donor DETA NONOate. Maximal
uncoupled respiration was significantly higher in eNOSfl/fl

versus eNOShep�/� hepatocytes, regardless of NO treat-
ment (Fig. 7A), but NO donor administration did not
increase cellular respiration in either eNOShep�/� or
eNOSfl/fl hepatocytes (Fig. 7A). However, the NO donor did
increase palmitate oxidation to CO2 in eNOSfl/fl hepatocytes
compared with control untreated cells, but did not rescue
the reduced palmitate oxidation seen in the eNOShep�/�

hepatocytes (Fig. 7B). In addition, 100 mmol/L of NO donor
increased LC3-I and LC3-II protein content in eNOSfl/fl hep-
atocytes, but not in eNOShep�/� hepatocytes (Fig. 7C). Con-
versely, administration of the liver-specific in vivo NO
donor (PYRRO/NO) in eNOShep�/� mice for 3 weeks signif-
icantly increased isolated hepatic mitochondrial palmitate
oxidation and lowered histological steatosis and inflamma-
tion (Fig. 7D and E). This effect was independent of any
effect of saline or NO donor injections on body weight
(data not shown).

Hepatic Insulin Signaling Is Not Compromised in
eNOShep2/2 Mice
Following acute i.p. injection of insulin, the protein content
of hepatic IRS1, IRS2, Akt, and GSK-3b did not differ
between genotypes, along with insulin stimulated Aktser473
and AktThr308 phosphorylation (Supplementary Fig. 8). In
addition, pIRS1ser612 and pIRS2ser731 were not different
between eNOSfl/fl and eNOShep�/� mice, nor was insulin-
stimulated phosphorylation of GSK-3bser9 (Supplementary
Fig. 8).

Metabolomic Analyses Support Hepatic Mitochondrial
Dysfunction in eNOShep2/2 Mice
Metabolomic analysis on whole-liver homogenates from
eNOSfl/fl versus eNOShep�/� mice on either a CD or WD
for 16 weeks revealed that eNOShep�/� mice presented
with elevated lactic acid and kynurenine levels versus
eNOSfl/fl mice (Supplementary Fig. 7B). This is likely

indicative of impaired tricarboxylic acid (TCA) cycle or
ETC flux, shunting more pyruvate to lactate production,
in which excess can be used for glycogen synthesis or lipid
storage (35). Additionally, as kynurenine is a substrate for
the TCA cycle, increased levels as seen in eNOShep�/�

mice further support the notion of impaired TCA cycle or
ETC flux in these mice. Moreover, elevated kynurenine
pathways have been associated with loss of mitochondrial
function (36).

Reduced Hepatic eNOS Is Associated With Elevated
NAS, Reduced Fatty Acid Oxidation, and Reduced
BNIP3 Protein Content in Patients With Obesity
To establish translational relevance, hepatic eNOS expres-
sion in liver samples obtained from a cohort of patients
undergoing bariatric surgery. Subject characteristics are
shown in Supplementary Table 2. Liver samples under-
went NAS (the summation of hepatic steatosis, balloon-
ing, and inflammation [27]) and were grouped based on
an NAS of 0, 1–3, and 4–6 (representative histology
shown in Fig. 8A). We found that both total and phos-
phorylated (Ser1117) hepatic eNOS protein content was
reduced in patients with histologically confirmed NAS of
1–3 compared with patients with an NAS of 0, and this
reduction persists with elevated NAS scores of 4–6 (Fig.
8B). This indicates that hepatic eNOS is reduced with
early onset of NAFLD and remained suppressed into
more advanced NASH. Further, reduced hepatic eNOS
protein expression was tightly correlated with reduced
hepatic mitochondrial fatty acid oxidation and reduced
hepatic protein content of the mitophagy marker BNIP3
in these patients (Fig. 8C and D).

DISCUSSION

The mechanisms behind the decline in hepatic mitochon-
drial function with NASH progression are not fully eluci-
dated. In this study, genetic and viral approaches were
used to establish a novel beneficial role of hepatocyte-spe-
cific eNOS in NAFLD development and progression. We
demonstrate that eNOS in hepatocytes is required for
optimal mitochondrial fatty acid oxidation, mitochondrial
respiration, and fully functioning mitophagic capacity to
maintain mitochondrial quality control. Moreover, while
hepatocyte-specific eNOS deletion exacerbated NAFLD
and NASH, hepatocyte-specific overexpression of eNOS
attenuated NASH progression and increased hepatic mito-
chondrial respiration and antioxidant defense. This occ-
urred in the absence of measured impairment in hepatic
insulin signaling. These findings were further supported
by novel clinical data showing that hepatic eNOS is
reduced with worsening liver disease in patients, and this
is significantly correlated with reduced mitochondrial
fatty acid oxidation and loss of hepatic BNIP3 protein
content. Taken together, these data from multiple inde-
pendent lines of evidence suggest a protective and vital
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Figure 7—Effects of in vitro and in vivo NO donor in primary isolated hepatocytes and eNOShep�/� mice. Primary hepatocytes were iso-
lated from female eNOSfl/fl mice (20–22 weeks of age) and administered an NO donor – DETA NONOate (50–100 mmol/L). Effect of NO
donor on (A) oxygen consumption rate and (B) complete palmitate oxidation in isolated hepatocytes from eNOSfl/fl and eNOShep�/� mice.
C: Protein content and representative Western blot images of LC3-I and LC3-II in primary isolated hepatocytes from eNOSfl/fl and
eNOShep�/� mice exposed to NO donor (n 5 4–6/group), where groups are normalized to their own respective controls, which does not
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role of hepatocellular eNOS in NAFLD development and
progression.

We demonstrate that viral and genetic ablation of hepa-
tocyte eNOS exacerbated liver steatosis and inflammation
in short-term CD and WD feeding. Earlier, our group dem-
onstrated that hepatic eNOS activity is markedly reduced
during progression from hepatic steatosis to NASH in obese
Otsuka Long-Evans Tokushima Fatty rats (12), systemic
NOS inhibition induced NASH in this rat model (14), and
WD feeding significantly reduces eNOS activation in the
liver (13). Moreover, eNOS null mice display exacerbated
WD-induced hepatic steatosis and inflammation compared
to WT mice (13,37). These observations in whole-body
models make it difficult to delineate the role of hepatocyte-
specific eNOS in NAFLD/NASH. Using direct manipulation
with multiple approaches, we have identified that the lack
of eNOS, specifically in hepatocytes, plays a critical role in
NAFLD development.

NO inhibits cytochrome c oxidase of the electron trans-
port chain via both competitive and noncompetitive sites
(38) and also attenuates respiration in complexes I and
III, which are known sites for ROS production through S-
nitrosylation (39,40). This protective role of NO inhibi-
tion of respiration to prevent excess ROS production
is apparent in our hepatocellular eNOS-deficient mice,
which present with a �50% increase in H2O2 emissions
compared with eNOSfl/fl mice on a CD. Despite increased
ROS production, hepatocellular eNOS deficiency resulted
in reduced mitochondrial respiration in vitro and in vivo.
Treating hepatocytes with an NO donor did not rescue
the reduced hepatocyte respiration in eNOShep�/� to the
level of eNOSfl/fl hepatocytes. Interestingly, NO donors
increased LC3 in eNOSfl/fl but not eNOShep�/� primary
hepatocytes. Previous studies have shown that adminis-
tering an NO donor can mitigate NASH progression via
reducing M1 macrophage polarization (41) and increasing
hepatic stellate cell apoptosis (42). In addition, others
have shown that the liver-specific NO donor PYRRO/NO
attenuates hepatic steatosis (17–19). In support of this
previous work, we demonstrate that in vivo administra-
tion of PYRRO/NO significantly increased hepatic mito-
chondrial palmitate oxidation and reduced histological
steatosis and inflammation in CD-fed eNOShep�/� mice.
These data collectively suggest that an intact liver envi-
ronment, including the vasculature, may be required for
the benefits of NO administration in improving hepatic
mitochondrial function. Interestingly, adenoviral overex-
pression of eNOS in primary hepatocytes increased mito-
chondrial respiration (Fig. 5), suggesting that eNOS is

likely playing a role in regulating mitochondrial function
beyond NO. Future studies are strongly warranted to
determine the mechanism behind the NO-independent
reduction of mitochondrial function with hepatocellular
eNOS deficiency and whether eNOS is required for an
NO-induced increase in mitophagy.

Similar to reduced hepatic mitochondrial respiration in
eNOShep�/� mice, a robust decrease in hepatic palmitate
oxidation was seen both in vivo and in vitro in eNOShep�/�

versus eNOSfl/fl mice and hepatocytes, respectively. Unlike
the whole-body eNOS KO models (13,43), decreased fatty
acid oxidation cannot be explained by reduced mitochon-
drial content in eNOShep�/� mice, indicating that eNOS
in the hepatocyte plays a fundamental role in hepatic
mitochondrial function, beyond regulation of content or
mass. While the major regulators of mitochondrial biogene-
sis and markers of mitochondrial content assessed in this
study were largely unaffected by hepatocyte eNOS deletion,
several measures of mitophagy and mitophagic flux were
impaired in eNOShep�/� mice. Both genetic and viral
ablation of hepatocellular eNOS impairs mitophagic capac-
ity, including a blunted WD-induced increase in BNIP3
and reduced mitochondrial BNIP3 in eNOShep�/� mice.
BNIP3 regulates both cell death and autophagy/mitophagy
(44), and BNIP3 null mice present with both exacerbated
NAFLD and reduced hepatic mitochondrial function (45).
Further, we have previously shown that in vitro siRNA-
induced knockdown of eNOS in primary hepatocytes atten-
uated the induction of BNIP3 in response to mitophagic
stimulation (13). In this study, we demonstrate a novel
role in vivo for hepatocyte eNOS in mitochondrial turn-
over, possibly mediated through BNIP3. Moreover, hepatic
BNIP3 was strongly positively correlated with eNOS in
human liver tissue across the spectrum of NAFLD,
highlighting the clinical relevance of the relationship
between these proteins. We posit that eNOS-deficient hep-
atocytes fail to remove poorly functioning mitochondria,
supported by the enlarged hepatic mitochondria seen by
electron microscopy, the elevated mitochondrial ROS, and
the marked reduction in hepatic mitochondrial function in
eNOShep�/� mice, which ultimately led to hepatic steatosis
and inflammation.

As hepatocyte eNOS deletion/knockdown via multiple
approaches increased NASH, increasing eNOS may attenu-
ate liver disease progression. The present studies show
that AAV-driven eNOS overexpression in hepatocytes
attenuated NASH and fibrosis versus AAV-GFP controls.
eNOS overexpression increased the NRF-2 pathway in
vitro and in vivo (nq01 and nfe212, respectively),

allow comparison between the genotypes. Three weeks of twice-daily injections of an NO donor increased; D: palmitate oxidation in male
eNOShep�/� mice (n5 3–5/group), and decreased (E) histological inflammation and steatosis. Data are presented as mean ± SD. #Signifi-
cantly different from eNOSfl/fl (P < 0.05). $Significantly different from control-treated cells or saline-injected animals (P < 0.05). ASMs,
acid-soluble metabolites; AU/correc., arbitrary units/correction; CD, control diet; Con, control non-treated cells; H&E, hemotoxylin and
eosin; OCR, oxygen consumption rate.
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Figure 8—Hepatic eNOS is reduced in human patients with elevated NAFLD activity scores and associated with hepatic mitochondrial
dysfunction and hepatic BNIP3. Liver samples were obtained from adults undergoing elective bariatric surgery, with participants clustered
into 3 groups based on histological NAS; no disease (NAS5 0, n5 7), moderate (NAS5 1–3, n5 45), and severe (NAS5 4-6, n5 38). A:
Representative liver H&E and trichrome staining for each of the 3 NAS groupings (scale bar represents 50 mm). B: Whole-liver total and
phosphorylated (ser1117) eNOS protein content ran on a continuous gel across each NAS cluster (n 5 7, 45, 38, respectively). Pearson's
correlation of eNOS protein content with (C) isolated hepatic mitochondrial fatty acid oxidation and (D) BNIP3 protein (n 5 90). Data are
presented as mean ± SD. *Significantly different from NAS 0 (P < 0.05). AU/correc., arbitrary units/correction; ASMs, acid-soluble metab-
olites; H&E, hemotoxylin and eosin; NAS, NAFLD activity score.
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suggesting the observed histological benefits may be medi-
ated through the antioxidant effects of NRF-2. This sup-
ports previous work from our group showing the link
between eNOS and NRF-2 activation (13). Collectively,
these data clearly demonstrate a beneficial role for hepato-
cyte-specific eNOS overexpression in curbing NASH pro-
gression, possibly via NRF-2 activation.

Both in vivo and in vitro manipulation of hepatocyte
eNOS demonstrate compelling mechanistic data for a
potential NASH therapeutic. Moreover, to our knowledge,
we demonstrate for the first time a marked reduction in
hepatic eNOS and phospho-eNOS in patients with wors-
ening NAS. Supporting our preclinical data, this reduced
hepatic eNOS expression was strongly correlated with
reduced mitochondrial fatty acid oxidation and reduced
mitophagy protein BNIP3 in these patients. The transla-
tional relevance of these data not only underscores the
importance and impact of our animal studies, but also
highlights the need for future exploration into hepatic
eNOS as a target for NASH treatment.

In summary, the current study reveals an important
molecular role for hepatocyte-specific eNOS as a key regu-
lator of NAFLD/NASH susceptibility and hepatic mito-
chondrial quality control with direct clinical correlation to
patients with NASH. The presented data support that
hepatocyte eNOS deficiency leads to an imbalance in
hepatic mitochondrial turnover, ultimately leading to
poorly functioning hepatic mitochondria and increased
ROS generation. Given that the mechanisms of NASH
progression are unresolved with no Food and Drug
Administration–approved therapeutics, targeting eNOS in
the hepatocyte may represent a potential tool for treat-
ment of NASH.
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