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SUMMARY

Inducible nitric oxide synthase (iNOS) plays a key role in the
pathogenesis of liver diseases. We demonstrated that
obesity promotes hepatic lysosomal iNOS localization and
subsequent overproduction of lysosomal nitric oxide. This
lysosomal nitric oxide bioactivates compromises hepatic
autophagy, contributing to hepatic insulin resistance in
obese mice.
BACKGROUND & AIMS: The lysosome is an acidic organelle
that is important for maintaining cellular and metabolic ho-
meostasis in hepatocytes. Lysosomal dysfunction and chronic
inflammation coexist, and both contribute to obesity-associated
hepatic insulin resistance. However, in the context of obesity,
the interplay between inflammatory signals and hepatic lyso-
somal function remains largely unknown. Inducible nitric oxide
synthase (iNOS) is a hallmark for inflammation, and is activated
in obesity. The aim of this study is to understand the molecular
link between iNOS-mediated lysosomal nitric oxide (NO)
production, hepatic lysosomal function, and autophagy in the
context of obesity-associated insulin resistance.

METHODS: The role of iNOS in hepatic autophagy, as related to
insulin and glucose homeostasis were studied in mice with diet-
induced obesity (DIO). The effects and mechanisms of iNOS-
mediated lysosomal NO production on lysosomal function and
hepatic autophagy were studied in primary hepatocytes as well
as in a mouse model of DIO.

RESULTS: We demonstrate that obesity promotes iNOS locali-
zation to the lysosome and decreases levels of lysosomal argi-
nine, resulting in an accumulation of NO in hepatic lysosomes.
This lysosomal NO production is attenuated by treatment with
a NO scavenger, while co-overexpression of mTOR and a lyso-
somal arginine transporter (SLC38A9) enhances lysosomal NO
production and suppresses autophagy. In addition, we show
that deletion of iNOS ameliorates lysosomal nitrosative stress in
the livers of DIO mice, promotes lysosomal biogenesis by acti-
vating transcription factor EB (TFEB), and enhances lysosomal
function and autophagy. Lastly, deletion of iNOS in mice with
DIO improves hepatic insulin sensitivity, which is diminished
by suppression of TFEB or autophagy related 7 (Atg7).
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CONCLUSIONS: Our studies suggest that lysosomal iNOS-
mediated NO signaling disrupts hepatic lysosomal function,
contributing to obesity-associated defective hepatic autophagy
and insulin resistance. (Cell Mol Gastroenterol Hepatol
2019;8:95–110; https://doi.org/10.1016/j.jcmgh.2019.03.005)
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Tthe disposal of intracellular and extracellular com-
ponents. Each hepatocyte contains approximately 250 ly-
sosomes,which act as recycling centers and regulate glycogen
metabolism, cholesterol trafficking, and viral defense.1

Recent studies show that the lysosome also serves as a plat-
form for the mammalian target of rapamycin 1 to sense
nutritionalflux,2,3 demonstrating a crucial lysosomal function
for maintaining metabolic homeostasis. Furthermore, the
lysosome processes and degrades autophagic cargoes,
maintaining organelle and protein quality control for the
liver.4,5 In the liver, dysfunction of lysosomes and autophagy
lead to metabolic abnormalities. For example, defective
autophagy contributes to obesity-associated hepatic insulin
resistance.6,7 Moreover, deletion of lysosome-associated
membrane protein type 2A alters hepatic carbohydrate and
lipid metabolism.8 In contrast, overexpression of the tran-
scription factor EB (TFEB), a master regulator of lysosomal
biogenesis that is tightly regulated by mammalian target of
rapamycin (mTOR), ameliorates steatosis and improves
glucose homeostasis in the liver of obese mice.9

It is well known that in the context of obesity, chronic
inflammation and lysosome dysfunction coexist in the
liver.10,11 Emerging evidence indicates that lysosomes play
important roles in inflammatory responses.12,13 However,
the physiological relevance of the interaction between in-
flammatory signaling and hepatic lysosome dysfunction in
obesity-associated liver pathologies remains largely un-
known. Recently, Zhao et al14 found that lysosome-mediated
toll-like receptor 4 degradation prevented nonalcoholic fatty
liver disease and nonalcoholic steatohepatitis in both mice
and monkeys. In addition, overexpression of TFEB in the
liver ameliorated ethanol-induced liver injury and inflam-
mation by increasing lysosomal biogenesis.15 Moreover, we
recently demonstrated that increased nitrosative stress in
hepatic lysosomes of obese mice and patients with high
steatosis.11 These findings highlight a key role between ly-
sosomes and inflammatory signaling in the pathophysiology
of obesity-mediated hepatic dysfunction.

Activation of inducible nitric oxide synthase (iNOS) is a
hallmark of inflammation and plays a key role in the path-
ogenesis of many liver diseases.16 Importantly, hepatic iNOS
is elevated in the livers of patients with chronic liver dis-
eases such as hepatitis C,17 alcoholic cirrhosis, and a1-anti-
trypsin disorder.18 Moreover, activation of iNOS contributes
to hepatic insulin resistance (IR) and diabetes in mice with
either diet-induced obesity (DIO) or genetically induced
obesity.19,20 At the cellular level, iNOS produces pathological
NO, which triggers downstream effects, such as aberrant S-
nitrosylation. These downstream effects can disrupt the
function of organelles such as the mitochondria21 and the
endoplasmic reticulum.20

Studies, including those from our laboratory, show that
aberrant NO bioactivities compromise lysosomal function in
neurodegenerative diseases,22 cardiovascular disease,23

nonalcoholic fatty liver disease,11 and kidney disease.24

However, the source of the NO that promotes lysosomal
nitrosative stress in the liver in the context of obesity is not
known. NO is abundant in the lysosomes of eosinophils and
neutrophils, and iNOS can translocate to the phagosomal
membrane of macrophages.25 However, it is currently un-
known if NO in hepatocytes can localize in lysosomes or if it
is generated by a local iNOS. Here, we provide the first ev-
idence that obesity induces hepatic lysosomal iNOS locali-
zation and subsequent overproduction of lysosomal NO,
which in turn impairs hepatic autophagy and contributes to
hepatic insulin resistance in obese mice.

Results
Obesity Promotes Lysosomal Localization of
iNOS and Lysosomal NO Production, Impairing
Hepatic Autophagy

We recently showed that obesity promotes lysosomal
protein S-nitrosylation in the livers of obese mice and in
patients with high steatosis.11 To address whether obesity
elevates NO levels specifically in lysosomes, we measured the
level of NO in the lysosomes of primary hepatocytes isolated
from wild-type (WT) and iNOS knockout (KO) mice on a
regular diet (RD) or high-fat diet (HFD) using a lysosome-
specific NO probe.26 Obesity significantly enhanced NO
levels in the lysosome (Figure 1A and B). This effect was
abolished by deletion of iNOS, suggesting that activation of
iNOS contributes to accumulation of NO in lysosomes. To test
whether altering lysosomal NO production directly influences
lysosomal function and hepatic autophagy, hepatocytes iso-
lated from lean or obese mice were treated ex vivo with the
proinflammatory cytokine tumor necrosis factor (TNF),27 in
the presence or absence of the chemical NO scavenger, 2-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO).
In primary hepatocytes from obese mice, lysosomal NO levels
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were significantly increased compared with control mice
while TNF treatment increased NO levels from both groups
as expected (Figure 1C). Cells exposed to PTIO alone or with
TNF decreased lysosomal NO production and improved
lysosomal function (Figure 1C and D). To determine whether
NO is directly involved in the iNOS-mediated blockage of
autophagic flux, primary hepatocytes from RFP-GFP-LC3
transgenic mice28 were pretreated with TNF to induce NO
production or a chemical NO donor (S-Nitroso-N-acetylpeni-
cillamine [SNAP]), and then exposed to Earle’s balanced salt
solution (EBSS) or oleic acid (OA) to induce autophagy.6 TNF-
and SNAP-inhibited autophagic vesicle formation and auto-
phagic flux (Figure 1E). To further establish the effect of
iNOS-mediated signaling on lysosomal function in vivo, we
assessed hexosaminidase subunit beta activities in the lyso-
somal fractions isolated from livers of lean and DIO mice. As
shown in Figure 1F, obesity decreased hepatic hexosamini-
dase subunit beta enzyme activities, which is restored by
iNOS deletion.

Membrane-associated NOS promotes subcellular NO
production.25,29 To determine whether obesity-associated
lysosomal nitrosative stress could be regulated by a local
iNOS, we first examined the potential lysosomal localization
of iNOS in hepatocytes. In primary hepatocytes from mice
fed an RD, there was a detectable intracellular iNOS pool
localized at lysosomes (iNOSL) (Figure 2A and B). Treatment
of mice with lipopolysaccharide (LPS) (a commonly used
agent to induce hepatic NO production in rodents)30
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resulted in increased expression of iNOSL which was
decreased after iNOS suppression (Figure 2A and B).
Moreover, mice with DIO had significantly enhanced levels
of both basal and LPS-induced iNOSL in primary hepatocytes
(Figure 2A and B). Similar results were observed in lyso-
somal fractions from livers of lean mice treated with LPS (a
well-known nitric oxide inducer; Figure 2C and D), and from
livers of ob/ob mice (Figure 2E). Notably, this elevated
iNOSL in the livers of obese mice was associated with acti-
vation of lysosomal mTOR (Figure 2E). To further define the
localization of endogenous iNOSL in the lysosome, we pu-
rified lysosomes from livers of lean mice treated with LPS.
These lysosomes were then subjected to trypsin digestion to
remove the outer lysosomal membrane proteins. Trypsin
treatment greatly diminished iNOSL expression (Figure 2F),
indicating that iNOSL is mainly localized at the outer mem-
brane of the lysosome.

Arginine is required for NOSs to catalyze NO production.
Lysosomes are enriched with arginine,31 which can be
transported by a lysosomal arginine transporter to provide
cellular fuel by activating mTOR.32 To address whether
iNOSL could utilize the potential local arginine as an NO
substrate, we performed a metabolome analysis to quantify
lysosomal arginine in livers of WT mice fed an RD or HFD.
Mice with DIO showed markedly reduced levels of arginine
in the lysosome compared with lean mice (Figure 2G).
These data indicate that local iNOS in the lysosome could
potentially utilize lysosomal arginine, to generate local NO.
SLC38A9 is a lysosome-specific arginine transporter.32

Although obesity and iNOS deletion did not significantly
alter hepatic SLC38A9 expression (Figure 2H), over-
expression of SLC38A9 increased lysosomal NO production
in primary hepatocytes pretreated with LPS (Figure 2I).
Coexpression of mTOR and SLC38A9 augmented this effect
by inducing lysosomal NO production in the absence of
inflammation (Figure 2I) and suppressed starvation-
induced autophagy in primary hepatocytes (Figure 2J).
We further determined this potential regulation in the
Figure 1. (See previous page). iNOS elevates lysosomal NO
Lyso-NINO and the reaction of Lyso-NINO with NO. Bottom: Rep
fromWT or iNOS-KO mice stained with 5.0-mM Lyso-NINO (15 m
with TNF (10 ng/mL, 16 hours). Scale bar: 10 mm. (B) Quantificat
are presented as mean ± SEM. * indicates statistical significa
significance between HFD groups, and & indicates statistical sig
type, as determined by analysis of variance (ANOVA) followed
weeks on HFD). (C) Lysosomal NO levels and (D) lysosomal acid
induced by EBSS (4 hours) and pretreatment with TNF (10 ng/m
minutes). * indicates statistical significance between RD and H
nificance between EBSS and TNF in the same cell type, and & in
before and after PTIO treatment in the same cell type, as determ
biological replicates; 12 weeks on HFD). (E) Representative conf
GFP-LC3 transgenic mice. Autophagy was induced by EBSS (4
mL, 16 hours) or SNAP (50 mM, 4 hours). The number of the red L
presented as mean ± SEM. * indicates statistical significance
between EBSS groups, and & indicates statistical significance
hoc test (P < .05; 10 fields/group; n ¼ 3, biological replicates).
lysosomal fractions from WT and iNOS KO mice fed an RD and
from lean and obese mice were used. Data are presented as mea
to lean condition in the same type of mice, # indicates statistica
followed by post hoc test (P < .05; each sample is the combine
setting of obesity. Although the overexpression of mTOR
and SLC38A9 increased lysosomal NO production in pri-
mary hepatocytes from obese mice, this did not reach a
statistical significance (Figure 2K). We reason that in the
liver of obese mice, the hepatic iNOS enzymatic activity has
reached a maximal level for utilizing endogenous lysosomal
arginine, suggesting a threshold effect. Taken together,
these data suggest that obesity and inflammation promote
the localization of iNOS to the lysosome, and that this ele-
vates lysosomal NO production, impairing the process of
lysosome autophagy.
iNOS Regulates Hepatic Lysosomal Nitrosative
Stress and Impairs Lysosomal Function in
Obese Mice

We previously showed that in the liver, obesity elevated
S-nitrosylated targets in the lysosome.11 To determine
whether the obesity-associated lysosomal nitrosative stress
is regulated by iNOS, the S-nitrosylation status of the lyso-
some was studied in situ in primary hepatocytes from WT
and iNOS-deficient mice.33 Deleting iNOS suppressed lyso-
somal nitrosative stress in the livers of obese mice
(Figure 3A). Importantly, in primary hepatocytes from obese
mice, deletion of iNOS restored cathepsin B (CTSB) activity
and lysosomal pH (Figure 3B and C). We further evaluated
the effect of iNOS on lysosome biogenesis by measuring the
transcriptional activity of TFEB, an autophagy/lysosomal
master regulator,9 in primary hepatocytes fromWT or iNOS-
KO mice fed an RD or HFD. In obese mice, TFEB activity
(Figure 3D) and its nuclear translocation (Figure 3E–G)
were suppressed, and this effect was ameliorated by iNOS
deletion. Together, these data indicate that activation of
iNOS contributes to hepatic lysosomal nitrosative stress in
obesity.

The lysosome is the major site for processing autophagic
cargoes.34 To determinewhether the iNOS-mediated lysosomal
nitrosative stress contributes to autophagic dysfunction, we
production in hepatocytes in obesity. (A) Top: Structure of
resentative confocal images (63�) of live primary hepatocytes
inutes). Cells were treated with EBSS (4 hours) and pretreated
ion of lysosomal NO production in primary hepatocytes. Data
nce compared with WT RD in EBSS, # indicates statistical
nificance between EBSS- and TNF-treatment in the same cell
by a post hoc test (P < .05; n ¼ 3, biological replicates; 12
ity in live primary hepatocytes from WT mice. Autophagy was
L, 16 hours) in the presence or absence of PTIO (100 nM, 30
FD groups in the same treatment, # indicates statistical sig-
dicates statistical significance between measurements taken
ined by ANOVA followed by a post hoc test (P < .05; n ¼ 3,
ocal images (63�) of primary hepatocytes isolated from RFP-
hours) or OA (200 mM, 16 hours), ± treatment with TNF (10 ng/
C3 puncta/field are noted at the top of the image. All data are
compared with medium, # indicates statistical significance
between OA groups determined by ANOVA followed by post
Scale bar: 10 mm. (F) Hexosaminidase subunit beta activity in
HFD (16 weeks on HFD). An equivalent amount of liver tissues
n ± SEM. * indicates statistically significant difference relative
l significance between HFD groups, by determined by ANOVA
d fraction from livers of 4 mice; n ¼ 12, biological replicates).



Figure 2. Obesity and inflammation promote lysosomal-localization of iNOS. (A) Representative confocal images (63�)
and (B) quantification of lysosomal iNOS in primary hepatocytes from WT mice fed an RD and HFD, and WT fed an HFD and
transduced with Ad-shiNOS. Lysotracker was added to cells for 15 minutes; LPS: 1 mg/mL, 6 hours. Scale bar: 10 mm. Data are
shown as mean ± SEM as determined by Person’s correlation coefficient. * indicates statistically significant difference relative
to -LPS in WT RD, and # indicates statistical significance between þLPS and –LPS groups in same type of mice, as deter-
mined by analysis of variance (ANOVA) followed by post hoc test (P < .05; n ¼ 3, biological replicates; 12 weeks on HFD). (C)
Western blots of organelle fractions, CoxIV: mitochondrial (Mt) marker; PDI: endoplasmic reticulum (ER) marker; Akt: cytosol
marker; Lamp1: lysosomal marker; LC3: autophagy vesicle marker. (D) Lysosomal iNOS expression in livers of WT mice or WT
mice treated with LPS (1 mg/kg/mouse; each lane is the combined fraction from livers of 4 mice) and (E) in the livers of lean and
obese mice (ob/ob 10 weeks). The densitometry of Western blot analysis of panel E is shown on the bottom of the panel. *
indicates statistically significant difference relative to lean, as determined by Student’s t test (P < .05; each lane is the
combined fraction from livers of 3 mice; n ¼ 9, biological replicates). (F) Representative confocal images (63�) of lysosomes
isolated from WT mice treated with LPS (1 mg/kg/mouse). The lysosomes were treated with trypsin at 0, 2, and 20 mg/mL for
10 minutes at room temperature. Scale bar: 5 mm. (G) Lysosomal arginine profile in the livers of mice fed with an RD and HFD.
Data are normalized to liver weight and presented as mean ± SEM. * statistically significant difference relative to RD group, as
determined by Student’s t test (P < .05; each sample is the combined fraction from livers of 4 mice; n ¼ 12, biological rep-
licates; 16 weeks on HFD). (H) Levels of messenger RNAs encoding SLC38A9 in the primary hepatocytes from WT mice or
iNOS KO mice fed with an RD and HFD, as assessed by quantitative real-time reverse-transcriptase polymerase chain re-
action. Autophagy was induced by EBSS (4 hours). Data are presented as mean ± SEM. Statistically significant difference
relative to medium is determined by ANOVA followed by a post hoc test (n ¼ 3, biological replicates). (I) Lysosomal NO levels
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Figure 2. (continued).
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examined microtubule-associated protein 1A/1B-light chain 3
(LC3) conversion in livers from WT and iNOS-KO mice fed an
RD or an HFD. A HFD suppressed a fasting-induced conversion
of LC3 and the degradation of p62, but these effects were
(See previous page). and (J) autophagic vesicle numbers in liv
with indicated constructs for 48 hours, pretreated with LPS (1mg/
indicates statistical significance between control and treated c
statistical significance between cells of the same treatment grou
by ANOVA followed by a post hoc test (P < .05; n ¼ 3, biolo
images (63�) of primary hepatocytes transfected with SLC38A9
and anti-flag (red) are shown on the right panel of panel I. Sca
tocytes from WT mice fed with an RD and HFD. Cells were
autophagy was induced by EBSS (4 hours). * indicates statistical
the same type of cells, and # indicates statistical significance be
plasmid, as determined by ANOVA followed by a post hoc test
ameliorated in the absence of iNOS (Figure 4A). This iNOS-
mediated autophagic flux was likely independent of mTOR, as
phosphorylationof S6Kwasmaintained in the livers of iNOS-KO
mice fed an HFD (Figure 4A). We also evaluated if the hepatic
e primary hepatocytes from WT mice. Cells were transfected
mL, 6 hours) and autophagy was induced by EBSS (4 hours). *
ells that were transfected with the same plasmid; # indicates
p compared with cells transfected with pcDNA, as determined
gical replicates; 12 weeks on HFD). Representative confocal
-flag (48 hours) stained with 5.0 mM Lyso-NINO (15 m, green)
le bar: 10 mm. (K) Lysosomal NO levels in live primary hepa-
transfected with the indicated constructs for 48 hours and
significance between pcDNA control and mTORþSLC38A9 in
tween RD and HFD cells that were transfected with the same
(P < .05; n ¼ 6, biological replicates; 12 weeks on HFD).
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autophagic flux was modified by iNOS in vivo in the livers of
RFP-GFP-LC3 transgenic and RFP-GFP-LC3 iNOS-KO mice
(Figure 4B and C). In mice fed an HFD, the autophagic flux
induced by fasting was blocked, whereas this blockage was
relieved by iNOS deletion (Figure 4B and C). We next
determined whether iNOS alters autophagy in primary hepa-
tocytes transduced with adeno-RFP-GFP-LC3. Deletion of iNOS
significantly improved lysosome-mediated GFP degradation in
hepatocytes fromobesemice (Figure 4D). Moreover, treatment
with a lysosome inhibitor (chloroquine [CQ]) blocked



102 Qian et al Cellular and Molecular Gastroenterology and Hepatology Vol. 8, No. 1
autophagicflux inprimaryhepatocytes fromWTmice fedanRD
(Figure 4E and F). This effect was bluntedwhenWTmice were
fed an HFD, but iNOS deletion ameliorated the obesity-induced
blockageof autophagyflux (Figure 4E andF). Given the fact that
we observed iNOS deletion activates TFEB, which controls
autophagic gene expressions, we postulated that the regulation
of autophagy by iNOS might also occur at an early stage of
autophagic process. Indeed, electron microscopy analysis
showed that the number of autophagic vesicles was decreased
in mice fed an HFD comparedwith mice fed an RD (Figure 4G),
an effect that was enhanced in the absence of iNOS (Figure 4G).
Similar results were also observed by assessing the formation
of starvation-induced autophagic vacuoles using a CytoID assay
(Figure 4H).

iNOS Contributes to Obesity-Associated Hepatic
Insulin Resistance by Regulating Autophagy

Obesity elevates iNOS expression in the liver,20,35 skel-
etal muscle, and adipose tissue.36,37 To evaluate the physi-
ological relevance of iNOS-mediated lysosomal nitrosative
stress in the liver, insulin action was assessed in hepato-
cytes isolated from WT and iNOS-KO mice. Deletion of iNOS
ameliorated obesity-associated hepatic insulin resistance
(Figure 5A). We then examined the effect of iNOS on sys-
temic glucose homeostasis and insulin sensitivity using
adenovirus-mediated iNOS suppression in the liver. Sup-
pression of hepatic iNOS improved systemic glucose and
insulin homeostasis (Figure 5B and C), which was associated
with a significant decrease in hepatic steatosis (Figure 5D
and E) and gluconeogenesis (Figure 5E), as well as
increased expression of TFEB-target genes (Figure 5E). To
link the defect in iNOS-mediated lysosomal function and
autophagy with hepatic insulin resistance, we knocked
down TFEB using adenoviral mediated gene silencing and
examined insulin action in iNOS-KO primary hepatocytes.
Figure 3. (See previous page). iNOS induces hepatic lysoso
(40�) of S-nitrosylated proteins in primary hepatocytes from W
switch method. Autophagy was induced by EBSS (4 hours) an
no ascorbate as a negative control for biotin-switch assay. Sca
lysotracker are shown on the top of each image. Data are sho
coefficient. * indicates statistically significant difference relative
between HFD group determined by analysis of variance (ANOV
biological replicates; 12 weeks on HFD). (B) CTSB activity and (
iNOS-KO mice. * indicates statistical significance compared w
nificance within HFD groups in the same treatment, and & indic
groups in the same cell type, determined by ANOVA followed by
on HFD). (D) TFEB activity in primary hepatocytes from WT an
constructs for 48 hours, and treated with EBSS (4 hours) ± TN
luciferase. * indicates statistical significance compared with W
significance between HFD groups in the same treatment, and & i
same cell type determined by ANOVA followed by a post hoc tes
4XCLEAR construct is shown on the top of the panel. (E) Repre
WT mice and iNOS KO mice. Green: TFEB; blue: DAPI. –Ab: non
of TFEB with DAPI are shown at the top of each image. Data ar
* indicates statistically significant difference relative to WT RD
determined by ANOVA followed by a post hoc test (P < .05; 10
(F) Representative Western blot analysis of TFEB nuclear translo
livers of 6 mice. (G) Densitometry of Western blot analysis in pan
same type of mouse, # indicates statistical significance between
(P < .05; each lane is the combined fraction from livers of 3 m
Suppression of TFEB significantly mitigated the improved
hepatic insulin sensitivity in iNOS-KO cells (Figure 5F).
Similar results were observed in primary hepatocytes of
iNOS-KO mice transduced with adenoviral mediated gene
silencing of key autophagy regulator, autophagy related 7
(Atg7) (Figure 5G). Together, these data indicate that iNOS
desensitizes hepatic insulin signaling, in part, by modulating
autophagy.

Discussion
Autophagy malfunction is recognized as a major factor

leading to obesity-associated metabolic disorders, but the
physiological cause of this aberrant autophagy remains
unknown. Our results offer novel insight into the mecha-
nistic basis of hepatic autophagy dysfunction in obesity and
related insulin resistance. We found that obesity promotes
local lysosomal iNOS-mediated NO production in the hepa-
tocyte, leading to impaired lysosomal function and auto-
phagy in the liver, thus contributing to the development of
metabolic defects associated with obesity.

Under physiological conditions, NO promotes liver func-
tion and cell survival.38,39 In contrast, iNOS generates
excessive NO under HFD conditions, contributing to insulin
resistance in the liver,35 muscle,37 and adipose tissues.37

Accumulating evidence indicates that NO signaling affects
multiple stages of autophagy. For example, the initiation
of autophagy is inhibited by various triggers in different
cell types.23,40 We recently showed that hepatic autophagic
flux is blocked by lysosomal nitrosative stress in obesity.11

However, the source of excess NO required for protein
S-nitrosylation in the lysosome is unknown. Data from
this study answers this question by demonstrating that
obesity decreases arginine in the lysosome, activating
iNOSL (Figure 2), which in turn elevates the level of lyso-
somal NO (Figure 1A and B). This elevated lysosomal NO
mal nitrosative stress. (A) Representative confocal images
T and iNOS-KO mice (n ¼ 3) using a modified in situ biotin-
d cells were pretreated with TNF (10 ng/mL, 16 hours). –AS:
le bar: 10 mm. Quantification of the S-nitrosylated protein and
wn as mean ± SEM as determined by Person’s correlation
to EBSS in WT RD, and # indicates statistical significance

A) followed by post hoc test (P < .05; 10 fields/group; n ¼ 3,
C) lysosomal acidity in live primary hepatocytes from WT and
ith WT RD in the same treatment, # indicates statistical sig-
ates statistical significance between EBSS- and TNF-treated
a post hoc test (P < .05; n ¼ 3, biological replicates; 12 weeks
d iNOS-KO mice. Cells were transfected with the indicated
F (10 ng/mL, 16 hours). The data were normalized to Renilla
T RD medium from the same cell type, # indicates statistical
ndicates statistical significance between EBSS and TNF in the
t (P < .05; n ¼ 3, biological replicates; 12 weeks on HFD). The
sentative confocal images (63�) for TFEB staining in livers of
antibody controls. Scale bar: 10 mm. Quantified colocalization
e shown as Pearson’s correlation coefficient as mean ± SEM.
, and # indicates statistical significance between HFD group
fields/group; n ¼ 3, biological replicates; 16 weeks on HFD).
cation in panel E. Each sample is the combined fraction from
el F. * indicates statistical significance between HFD and RD in
HFD group, determined by ANOVA followed by post hoc test

ice; n ¼ 12, biological replicates).



Figure 4. iNOS suppresses hepatic autophagy. (A) Representative Western blots of LC3 conversion, p62 and S6K (T421/
S424) phosphorylation in livers from WT and iNOS-KO mice under fed or fasting (16 hours) conditions. Densitometry of
Western blot analysis in A is shown on the right of the panel. *indicates statistical significance between fasting and fed in the
same type of mice fed with same type of diet, determined by Student’s t test (P < .05; n ¼ 4, biological replicates; 16 weeks on
HFD). (B) Representative images (40�) of RFP-GFP-LC3 puncta in the livers of RFP-GFP-LC3 and RFP-GFP-LC3;iNOS KO
mice fed an RD or HFD (16 weeks on HFD, fasted for 16 hours). Quantified numbers of the GFP-LC3 puncta/field are shown on
the right of the panel. Data are shown as mean ± SEM. * indicates statistically significant difference relative to WT RD.
determined by analysis of variance (ANOVA) followed by post hoc test (P < .05; 10 fields/group; n ¼ 3, biological replicates).
Scale bar: 10mm. (C) LC3 expression in livers from RFP-GFP-LC3 and RFP-GFP-LC3;iNOS-KO mice fed an RD or HFD (16
weeks on HFD, fasted for 16 hours). (D) Representative confocal images (63�) of primary hepatocytes isolated from WT or
iNOS-KO mice (n ¼ 3) transduced with Ad-mRFP-GFP-LC3 (MOI¼2). Cells were treated with EBSS (4 hours). The number of
the red LC3 puncta/field is noted at the top of each image. All data are presented as mean ± SEM. * indicates statistical
significance compared with WT, # indicates statistical significance between HFD groups determined by ANOVA followed by
post hoc test (P < .05; 10 fields/group; n ¼ 3, biological replicates; 12 weeks on HFD). Scale bar: 10 mm. (E) Representative
Western blots of LC3 conversion (arrow indicates LC3-II) and p62 expression in primary hepatocytes from livers of WT and
iNOS-KO mice. EBSS (4 hours) was used to induce autophagy, and CQ (20 mM, 4 hours) was used to inhibit lysosomal
degradation. Each lane contains a mixture of protein lysates from 3 mice. (F) Densitometry of Western blot analysis in
E. * indicates statistical significance between EBSS and EBSS CQ groups in same type of mouse, determined by ANOVA
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Figure 4. (continued).
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leads to lysosomal nitrosative stress and impaired autophagy
flux.

The regulation of autophagy is clearly complex, involving
in many steps and regulators. We found that in addition to
modulating lysosomal nitrosative stress and autophagic flux,
iNOS regulates the activity of TFEB and several of its target
(See previous page). followed by post hoc test (P < .05; n ¼ 9
transmission electron microscopy images (5,000�) of livers from
vesicles. Scale bar: 0.5 mm. Numbers at the top of each graph r
All data are presented as mean ± SEM. * indicates statistical s
nificance between HFD group, determined by ANOVA followe
images/mouse; 16 weeks on HFD). (H) Autophagic vacuoles in
detected by the Cyto-ID kit. Data are presented as mean ± SEM
EBSS, # indicates statistical significance between HFD groups
compared with EBSS groups without CQ, determined by ANO
replicates; 12 weeks on HFD).
genes involved in autophagy (Figure 5F). Therefore, we do
not rule out the possibility that iNOS-mediated signaling
affects other steps in the autophagic process, including the
activation of autophagy. Moreover, although we found that
deletion of iNOS significantly decreased obesity-induced
lysosomal NO production (Figure 2) and activated TFEB
, biological replicates; 12 weeks on HFD). (G) Representative
fasting (16 hours) WT and iNOS-KO mice. Arrows: autophagic
epresent the average number of autophagic vesicles/7.5 mm2.
ignificance compared with WT RD; # indicates statistical sig-
d by post hoc test (P < .05 n ¼ 3, biological replicates; 12
live primary hepatocytes from mice described in panel E, as
. * indicates statistical significance compared with WT RD in

in the same treatment, and & indicates statistical significance
VA followed by a post hoc test (P < .05; n ¼ 3, biological



Figure 5. iNOS-mediated impairment of hepatic autophagy contributes to obesity-associated insulin resistance. (A)
Hepatic insulin action in primary hepatocytes from WT and iNOS-KO mice (10 weeks on HFD). Ins: insulin, 5 nM for 10 minutes;
p-IR: IRtyr1150/1151; p-AKT: Aktser473. Densitometry of Western blot analysis of panel A is shown on the right of the panel.
* indicates statistical significance between þIns and –Ins in the same type of mice, and # indicates statistical significance
between RD and HFD group in the same type of mice, determined by 2-way analysis of variance (ANOVA) with a post hoc test
(P < .05; n ¼ 3, biological replicates). (B) Glucose tolerance and (C) insulin tolerance tests in WT mice transduced with control
virus (Ad-lacZ) or Ad-shiNOS and fed an RD or HFD (n ¼ 8–10, biological replicates; 8 weeks on HFD). Data are presented as
mean ± SEM. * indicates statistical analysis of area under the curve between HFD groups, determined by 2-way ANOVA with a
post hoc test (P < .05). (D) Hepatic triglyceride levels in WT and iNOS-KO mice on an RD and HFD. Data are presented as
mean ± SEM. * indicates a statistically significant difference relative to WT RD group; # indicates a statistically significant
difference between HFD groups determined by ANOVA followed by post hoc test (P < .05; n ¼ 3–4, biological replicates; 12
weeks on HFD). (E) Levels of messenger RNAs encoding gluconeogenesis, lipogenesis proteins and autophagy regulators in
the livers of WT mice and WT mice transduced with Ad-shiNOS, as assessed by quantitative real-time RT-PCR. Data are
presented as mean ± SEM. * indicates statistical significance compared with LacZ RD group, # indicates statistical signifi-
cance between HFD groups determined by ANOVA followed by post hoc test (P < .05; n ¼ 4–6, biological replicates; 12 weeks
on HFD). (F, G) Hepatic insulin action in primary hepatocytes isolated from WT and iNOS-KO mice transduced with (F) Ad-
shTFEB, (G) Ad-shAtg7, or control virus (Ad-lacZ). Each lane contains a mixture of protein lysates from 3 mice. IN: insulin,
5 nM for 10 minutes.
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(Figure 3D–G), iNOS deletion did not affect mTOR activity in
the liver of mice fed an HFD (Figure 4A). This result in-
dicates that in the context of obesity, iNOS-mediated NO
production is downstream of mTOR signaling, and that the
iNOS-mediated suppression of TFEB is independent of
mTOR. In fact, TFEB phosphorylation could be regulated by
other kinases (eg, adenosine 50monophosphate-activated
protein kinase, Ca2þ/calmodulin-dependent protein kinase)
as well as by phosphatases.41 Thus, future studies are
required to determine the molecular mechanism of iNOS-
mediated suppression of TFEB in obesity.

Production of lysosomal NO was previously demonstrated
in granulocytes, where it contributes to pathogen killing and
inflammation.25,42 Here, we provide the first evidence that
obesity elevates NO in the lysosome (Figure 1A and B),
impairing lysosomal function and disrupting autophagy in
hepatocytes (Figures 3 and 4). It has been hypothesized that
compartmentalization of NO synthase with its target proteins
for S-nitrosylation could elevate NO concentrations locally.43

It has been shown that activated iNOS is associated with
lysosomal vesicles, increasing membrane association of the
molecule in immune cells.25,44 We now add to this phenom-
enon by demonstrating in hepatocytes a portion of cellular
iNOS is localized in the outer membrane of lysosomes
(Figure 2F). Moreover, a recent study showed that lysosomes
can process the turnover of iNOS.45 In our study, we
observed that after trypsin digestion, residual iNOS remained
in the lysosomal matrix in the presence of LPS treatment
(Figure 2F). Future studies are needed to determine whether
the iNOS that localized in the lysosomal matrix remains
enzymatically function.

Typically, iNOS is expressed predominantly in Kupffer
cells in the liver,46 but obesity elevates iNOS expression in
hepatocytes, contributing to hepatic insulin resistance and
inflammation.47 Furthermore, the role of iNOS in hepatic
insulin resistance in obesity is complicated. Although dele-
tion of iNOS protects from the obesity-associated hepatic
steatosis and insulin resistance early on, these beneficial
effects decrease over time (unpublished data), despite a
significant reduction in hepatic steatosis.48 Nevertheless,
our data showed that liver-specific iNOS suppression has a
protective role. Specifically, we showed that iNOS in-
activates TFEB, and that suppression of TFEB and Atg7 di-
minishes the improved hepatic insulin sensitivity by iNOS
deletion (Figure 5E and F). In addition to regulating the
lysosome-autophagy process, TFEB also serves as a key
player in lipid metabolism.9 In our study, although we
observed significant effects on expression of several tested
TFEB targets due to deletion of iNOS (Figure 5E), and he-
patic insulin insensitivity was clearly mediated by the ef-
fects of iNOS on TFEB and autophagy (Figure 5E and F), an
autophagy-independent metabolic action of the iNOS-TFEB
axis cannot be ruled out at this time.

In summary, our study demonstrates that obesity acti-
vates iNOSL in the liver, promoting excessive NO accumu-
lation in the lysosome, which drives lysosomal nitrosative
stress and blocks hepatic autophagy. Insights into the
mechanisms by which inflammatory signaling impairs
lysosomal function and drives the pathologies associated
with obesity should accelerate the development of novel
therapies for metabolic diseases.

Materials and Methods
Cell Culture

Primary hepatocytes were isolated from mice using the
collagenase type X (Wako, Japan; 039-17864) perfusion
method.20 Briefly, primary hepatocytes were isolated by
collagenase type X (Wako Pure Chemical Industries, ltd,
Japan; 039-17864) perfusion method. Cells were washed
with hepatocyte wash medium (Thermo Fisher Scientific,
Waltham, MA; 17704024), purified by Percoll (GE Health-
care, Chicago, IL; 17089101) density gradient separation,
and resuspended in William’s E medium (Thermo Fisher
Scientific; 12551032) with 5% fetal bovine serum, 10-nM
dexamethasone, and 20-nM insulin. Cells were then
seeded on collagen-coated plates at a final density of 3.5 �
104 cells/cm2. After 4 hours, attached cells were cultured
with fresh medium and transduced with the indicated ad-
enoviruses. Primary hepatocytes were treated for 4 hours
with EBSS (Sigma-Aldrich, St. Louis, MO; E3024), containing
200-mM OA (16 hours; Sigma-Aldrich; O1008), 10-ng/mL
TNF (16 hours; PeproTech), 1-mg/mL LPS (6 hours; Sigma-
Aldrich; L2630), 50-mM SNAP (4 hours; Sigma-Aldrich,
N3398), 100-nM PTIO (30 minutes; Sigma-Aldrich;
P5084), and 20-mM CQ (Sigma-Aldrich, C6628). Insulin
signaling in primary hepatocytes was stimulated with a 10-
minutes exposure to 5-nM insulin (Sigma-Aldrich; I5500).

Mouse Models
Animal care and experimental procedures were per-

formed with approval from the University of Iowa’s Institu-
tional Animal Care and Use Committee. C57BL/6J mice (The
Jackson Laboratory, Bar Harbor, ME; 000664), iNOS-KO mice
(The Jackson Laboratory; 002609), RFP-GFP-LC3 mice (pro-
vided by Dr Joseph A. Hill at the University of Texas, South-
western Medical Center), and littermate WT lean controls
were kept on a 12-hour light cycle, and were fed an RD
(2920X Teklad global diet, Madison, WI). Mice used for the
DIO model were placed on a 60% kcal HFD (Research Diets,
New Brunswick, NJ; D12492) immediately after weaning at 3
weeks of age. Adenovirus-shiNOS was delivered into mice via
retro-orbital injection at a titer of 1 � 1011 ifu/mouse.20 For
LPS treatment in mice, 1 dose of LPS (1 mg/kg/mouse/day)
was administered daily for 3 days.

Intracellular NO Measurements
For lysosomal NO imaging, live primary hepatocytes

were stained with 5.0 mM of a lysosome-specific fluorescent
probe, Lyso-NINO, for 5 minutes at 37�C.26 The fluorescence
intensity was measured by a microplate reader (Ex ¼ 440
nm, Em ¼ 530 nm) at 37�C, and images were taken with a
Zeiss 700 confocal microscope (Oberkochen, Germany).

Immunoblotting
Primary antibodies for immunoblotting were anti-LC3

(Novus, Centennial, CO; NB600), anti-p62 (Abnova, Walnut,
CA; H00008878-M03 for primary hepatocytes; and MBL,
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Woburn, MA; PM066 for liver tissue), anti-pAKT(S473) (Cell
Signaling Technology, Danvers, MA; 9271), anti-pIR (Milli-
pore Sigma, Burlington, MA; 407707), anti-AKT (Santa Cruz
Biotechnology, Dallas, TX; sc-8312), anti-IR (Santa Cruz
Biotechnology; sc-711), anti-Atg7 (Abgent, San Diego, CA;
AP1813a), anti-iNOS (Santa Cruz Biotechnology; sc-8310),
anti-TFEB (Bethyl, Montgomery County, TX; A303-673A),
anti-Lamp1 (Cell Signaling Technology, Danvers, MA; 3243),
anti-pmTOR (S2448) (Cell Signaling Technology; 2971), anti-
pS6K (T421/S424) (Cell Signaling Technology; 9204), anti-
S6K (Cell Signaling Technology; 9202), anti-Lamin A/C (Cell
Signaling Technology; 4777), anti-flag (Sigma-Aldrich;
F9291), anti-actin (Abcam, Cambridge, UK, ab8227), or anti-
b-tubulin (Santa Cruz Biotechnology; sc-9104) used at a
1:1000 dilution, and secondary antibodies were conjugated
with horseradish peroxidase goat–anti-mouse–IgG (Santa
Cruz Biotechnology; sc-2005), horseradish peroxidase
mouse-anti-rabbit-IgG (Santa Cruz Biotechnology; sc-2357),
or horseradish peroxidase goat-anti-guinea pig-IgG (Santa
Cruz Biotechnology; sc-2438). The images were detected by
ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA).
Densitometry analyses of Western blot images were per-
formed by using the Image Lab (Bio-Rad).
Immunohistology, Immunocytochemistry, and
Electron Microscopy

Frozen liver sections were fixed with 4% para-
formaldehyde and stained with an anti-TFEB antibody
(Bethyl; A303-673A) and an Alexa-488–conjugated sec-
ondary antibody (Invitrogen, Waltham, MA; A11008). For
iNOS staining in the lysosomal fractions, purified lysosomes
were treated with trypsin for 10 minutes at room temper-
ature and stained with an anti-iNOS antibody (BD Bio-
sciences, San Jose, CA, USA; 610329) and an anti-Lamp1
antibody (Cell Signaling Technology, 3243). Images were
taken using a Zeiss 700 confocal microscope, and images
were quantified using ImarisColoc (Bitplane, Concord, MA).
For electron microscopy analysis, liver sections were fixed
with 2.5% formaldehyde/glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4; Emsdiasum, Hatfield, PA) and 1%
OsO4 (Electron Microscopy Science, Hatfield, PA; 15949),
followed by dehydration and staining with uranyl acetate/
lead citrate. Images were taken using a JEOL JEM 1230
electron microscope (Peabody, MA).
Biotin-Switch Assay
S-nitrosylated proteins were detected in situ as

described previously.11 The images were observed using a
Zeiss 700 confocal microscope and quantified using an
ImarisColoc (Bitplane).
Quantitative Real-Time Reverse-Transcriptase
Polymerase Chain Reaction

Total RNA was isolated using the Trizol reagent (Invi-
trogen; 15596026) and reverse transcribed into cDNA using
an iScript complementary DNA synthesis kit (Bio-Rad,
1708891). Quantitative real-time reverse-transcriptase
polymerase chain reaction analysis was performed using
SYBR Green (Bio-Rad; 1725121). The primers used were
Atg4b: forward 50- TGGGTGTTATTGGAGGGAAG-30, reverse
50- CAGAAAAACCCCACAGCAAT-30; Atg5: forward 50-AGATG
GACAGCTGCACACAC-30, reverse 50-GCTGGGGGACAATGCTA
ATA-30; Atg7: forward 50-TGCCTATGATGATCTGTGTC-30,
reverse 50-CACCAACTGTTATCTTTGTCC-30; FASN: forward
50-AGAGATCCCGAGACGCTTCTA-30, reverse 50-GCCTGGTA
GGCATTCTGTAGT-30; G6Pase: forward 50-CGACTCGCTAT
CTCCAAGTGA-30, reverse-50-ACAAAGTTGCTCTGAAAACAAA
TCA-30; iNOS: forward 50-GTTCTCAGCCCAACAATACAAGA-
30, reverse 50-GTGGACGGGTCGATGTCAC-3; PEPCK: forward
50-CTGCATAACGGTCTGGACTTC-30, reverse 50-CAGCAACTG
CCCGTACTCC-30; PPARa: forward 50- AGAGCCCCATCTGT
CCTCTC-30 reverse 50- ACTGGTAGTCTGCAAAACCAAA-30;
PPARr: forward 50- TATGGAGTGACATAGAGTGTGCT-30

reverse 50- CCACTTCAATCCACCCAGAAAG-30; SLC38A9:
forward 50-CTCTCTGAGGTGGAACATGAAGT-30, reverse 50-
GCATGGTCACTAACCCTCTGAAT-30; ULK1: forward 50-AAC
ATCGTGGCGCTGTATGA-30, reverse 50-TGCGCATAGTGTGC
AGGTAG-30; and 18S: forward 50-AGTCCCTGCCCTTTGTAC
ACA-30, reverse 50- CGATCCGAGGGCCTCACTA-30.

Adenovirus Transduction and Luciferase Assay
Adenovirus-mRFP-GFP-LC3, adenovirus-shTFEB, and

adenovirus-shAtg7 were transduced into primary hepato-
cytes at a titer of 10 MOI11 for 48 hours. mTOR (73384)
and SLC38A9 (71869) constructs32 were purchased from
Addgene, Watertown, MA and transfected into primary he-
patocytes by polyethylenimine (Polysciences INC, Warring-
ton, PA; 23966). Primary hepatocytes were transfected with
the 4X-CLEAR luciferase reporter49 using polyethylenimine.
Firefly luciferase and Renilla luciferase activities were
measured by Dual-Glo Luciferase Assay (Promega, Madison,
WI, USA; E2920) at 48 hours post-transfection.

CytoID Analysis
Primary hepatocytes were stained with CytoID following

the manufacturer’s protocol (ENZO Lifesciences, Farmingdale,
NY; ENZ-51031).11 Briefly, Cyto-ID Green Detection Reagent
was added to primary hepatocytes and incubated at 37�C for
30 minutes. The level of autophagy was expressed as fluores-
cent intensity, and normalized by nuclear intensity. The nuclei
were stained by DAPI (Thermo Fisher Scientific; D1306).

CTSB Activity Assays and Measurement of
Lysosomal pH

Lysosomal function was measured in live primary he-
patocytes. The CTSB assay was performed using a CTSB
Detection Kit (Magic Red Cathepsin-B assay kit, Immuno-
Chemistry Technologies; Bloomington, MN, U.S.A. 938) and
lysosomal pH was measured using LysoSensr Green DND-
189 (Thermo Fisher Scientific; L7535).11

Subcellular Fractionation
Lysosomal fractions were prepared as previously

described.50 Equivalent amounts of liver tissue from lean
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and obese mice were extracted and separated by density
gradient centrifugation on a multistep Nycodenz (Sigma-
Aldrich; D2158) gradient. Briefly, the endoplasmic reticu-
lum was prepared as a pellet by centrifugation of the su-
pernatant at 100,000 g. Autophagic vacuoles were collected
from the 15%–20% and 20%–24% interfaces, lysosomes
from the 24%–26% interface and mitochondria from 26%
to 50% interface. Fractions were further washed in 0.25-M
sucrose (Sigma-Aldrich; S0389) and collected by centrifu-
gation. The nuclear fractions were prepared as previously
described.20

Lysosomal Arginine Profile
Lysosomal fractions from liver samples were lyophilized

and lysosomal metabolites were extracted using a meth-
anol/acetonitrile/water (4.5:4.5:1). Cleared extracts were
dried and reconstituted in acetonitrile/water (1:1). A total
of 10 mL of sample was subjected to hydrophilic interaction
chromatography with a Phenomenex Luna column at a flow
rate of 300 mL/min as previously described.51 Tandem mass
spectrometry was performed using a Q Exactive Hybrid
Quadrpole-Orbitrap mass spectrometer (Thermo Fisher
Scientific) in positive mode at the FOEDRC Metabolic Phe-
notyping Core (University of Iowa, Iowa City, IA). Targeted
identification of arginine was accomplished using parallel
reaction monitoring of parent ion (175.1189 m/z) and
daughter ions (116.0708 m/z and 70.0659 m/z) following
fragmentation using a collision energy of 30.

Glucose Tolerance Tests, Insulin Tolerance
Tests, Hepatic Triglyceride Content, and Insulin
Infusions

Glucose tolerance tests were performed by intraperito-
neal glucose injection (1 g/kg, 50% dextrose; Hospra Inc,
Nashville, TN; 0409-6648-02). Insulin tolerance tests were
performed by intraperitoneal insulin injection (0.75 IU/kg
Humulin; Lilly USA; 002-8215-01), and insulin infusion
studies were performed in mice with portal vein insulin
infusion (0.75 IU/kg Humulin; Lilly USA, LLC, 002-8215-
01).20

Statistical Analysis
Results are expressed as mean ± the SEM; n represents

the number of individual mice (biological replicates), or
individual experiments as indicated in the figure legends.
Statistical analysis was performed by Student’s t test, or
one-way analysis of variance followed by Tukey’s post hoc
test, or 2-way analysis of variance followed by Bonferroni’s
post hoc test, using GraphPad Prism (GraphPad Software
Prism 8, San Diego, CA) as indicated in the figure legends.
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