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The opioid system is widely known to modulate the brain reward system and thus affect the behavior of humans and other
animals, including feeding. We hypothesized that the hypothalamic opioid system might also control energy metabolism in
peripheral tissues. Mice lacking the kappa opioid receptor (kOR) and adenoviral vectors overexpressing or silencing kOR were
stereotaxically delivered in the lateral hypothalamic area (LHA) of rats. Vagal denervation was performed to assess its effect on
liver metabolism. Endoplasmic reticulum (ER) stress was inhibited by pharmacological (tauroursodeoxycholic acid) and genetic
(overexpression of the chaperone glucose-regulated protein 78 kDa) approaches. The peripheral effects on lipid metabolism
were assessed by histological techniques and western blot. We show that in the LHA xOR directly controls hepatic lipid
metabolism through the parasympathetic nervous system, independent of changes in food intake and body weight. KOR coloc-
alizes with melanin concentrating hormone receptor 1 (MCH-R1) in the LHA, and genetic disruption of kOR reduced mela-
nin concentrating hormone-induced liver steatosis. The functional relevance of these findings was given by the fact that
silencing of kOR in the LHA attenuated both methionine choline—deficient, diet-induced and choline-deficient, high-fat diet—
induced ER stress, inflammation, steatohepatitis, and fibrosis, whereas overexpression of KOR in this area promoted liver stea-
tosis. Overexpression of glucose-regulated protein 78 kDa in the liver abolished hypothalamic kOR-induced steatosis by
reducing hepatic ER stress. Conclusions: This study reveals a novel hypothalamic—parasympathetic circuit modulating hepatic
function through inflammation and ER stress independent of changes in food intake or body weight; these findings might
have implications for the clinical use of opioid receptor antagonists. (HEPATOLOGY 2016;64:1086-1104)

natomical studies have shown that the sympa- Within the hypothalamus, the paraventricular, arcuate,

thetic and parasympathetic connections to the and suprachiasmatic nuclei as well as the lateral hypo-

liver originate from different brain regions thalamic area (LHA) project and modulate liver
within the hypothalamus and the brainstem.’™  metabolism.*>

Abbreviations: AAV, adeno-associated virus; ALT, alanine transaminase; AST, aspartate aminotransferase; CD-HFD, choline-deficient HFD;
CHOP, CCAAT/enhancer binding protein homologous protein; DMV, dorsomedial vagus; ER, endoplasmic reticulum; GEFP, green fluorescent protein;
GRP78, glucose-regulated protein 78 kDa; HFD, high-fat diet; ICV, intracerebroventricular; IL6, interleukin-6; [NK, c-Jun N~terminal kinase; KO,
knockout; KOR, kappa opioid receptor; LHA, lateral hypothalamic area; LPL, lipoprotein lipase; MCD, methionine/choline-deficient; MCH, melanin
concentrating hormone; MCH-R, MCH receptor; NASH, nonalcoholic steatohepatitis; pelF2a, phosphorylated eukaryotic initiation factor 2 alpha;
PIREIq, phosphorylated inositol-requiring protein-1 alpha; pPERK, phosphorylated protein kinase R—like ER kinase; shRINA, short hairpin RINA;
TG, triglyceride; TINFu, tumor necrosis factor alpha; TUDCA, tauroursodeoxycholic acid; UPR, unfolded protein response; WT, wild type; XBP1S, X-
box binding protein 1 isoform .
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Extensive research has suggested that the central opi-
oid system is involved in the regulation of energy homeo-
stasis. Agonists and antagonists of the three main classes
of opioid receptors (mu, kappa, and delta) increase and
decrease food consumption, respectively, when injected
into various brain areas.® Studies in mice specifically
lacking each of the opioid receptors have demonstrated
their resistance to diet-induced obesity’™ and, impor-
tantly, suggested that opioid receptors may regulate ener-
gy metabolism in peripheral tissues. For instance, mice
lacking mu opioid receptor showed increased expression
of key mitochondrial enzymes involved in fatty acid oxi-
dation within skeletal muscle.”> Mice lacking delta opi-
oid receptor showed activation in brown adipose tissue
thermogenesis.® Finally, mice lacking kappa opioid
receptor (KOR) had reduced hepatic triglyceride (TG)
levels and increased lipid oxidation in fat and liver.”)

Evidence has demonstrated an anatomical interaction
between melanin concentrating hormone (MCH), a
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neuropeptide specifically located in the LHA, and the
opioid system."® Functional data have supported these
findings and shown that blockade of the kappa opioid
receptor (KOR) blunted the orexigenic action of
MCH.™ In addition to its role in feeding and energy
homeostasis, "> MCH-deficient mice chronically
exposed to a high-fat diet (HFD) are protected from
hepatosteatosis, "> and central pharmacological block-
ade of the MCH receptor (MCH-R) alleviated steato-
hepatitis independently from obesity.*® Consistently,
MCH stimulates lipid absorption and deposition in the
liver through the parasympathetic nervous system, inde-
pendent of its orexigenic actions.

The colocalization of MCH and xOR in the LHA,
the important metabolic actions of the kKOR system,
and the recent approval of the combination of bupro-
pion and naltrexone (an opioid receptor antagonist) by
the Food and Drug Administration for the treatment
of obesity'® led us to investigate the potential role of

Additional Supporting Information may be found at onlinelibrary.<viley.com/doi/10.1002/hep.28716/suppinfo.
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kOR as a mediator of hepatic lipid metabolism. Here,
we show that genetic down-regulation of kOR in the
LHA attenuates both diet-induced and MCH-
induced liver disease. Consistently, overexpression of
xkOR in the LHA is sufficient to induce liver steatosis.
Notably, these effects were feeding-independent and
mediated by the parasympathetic nervous system. At
the hepatic level, hypothalamic kOR stimulates endo-
plasmic reticulum (ER) stress, with pharmacological or

genetic inhibition of hepatic ER stress blunting the
effects of the MCH-xOR pathway in the liver.

Materials and Methods

All the experimental procedures involved in this
study were reviewed and approved by the Ethics Com-
mittee of the University of Santiago de Compostela, in
accordance with the European Union’s normative for
the use of experimental animals. Male Sprague-
Dawley rats (8-10 weeks old, 250-300 g), male
C57BL/6 mice (8 weeks old), and x-OR mutant mice
were used (see the Supporting Information).

CHRONIC
INTRACEREBROVENTRICULAR
MCH AND PF04455242 INFUSION

Chronic intracerebroventricular (ICV) MCH infu-

sion in both rats and mice and infusion of the kKOR
antagonist PF04455242 in rats were conducted as
described!” (see the Supporting Information).

ADENOVIRAL TAIL VEIN
INJECTION IN MICE

Either dominant positive glucose-regulated protein
78 kDa (GRP78) adenovirus or green fluorescent pro-
tein (GFP) control was administered in the tail vein of

C57BL/6 mice as described™ (see the Supporting

Information).

STEREOTAXIC MICROINJECTION
OF ADENOVIRAL AND
LENTIVIRAL EXPRESSION
VECTORS

Rats and mice were placed in a stereotaxic frame,
and lentiviral and adenoviral vectors (short hairpin

RNA [shRNA] MCH-R, shRNA xOR, adenoviral
kOR) were injected (see the Supporting Information).
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SURGICAL VAGOTOMY IN RATS

The surgical procedure was performed as
described!”?? (see the Supporting Information).

IMMUNOHISTOCHEMISTRY AND
VISUALIZATION OF GFP

Brains were processed and immunohistochemistry
assays performed to visualize dorsomedial vagus
(DMV) nucleus protein levels of ¢-FOS (Santa Cruz
Biotechnology, Santa Cruz, CA). Cellular counting
was performed in the brain using Image-] software
with four rats and five pictures per rat. Livers were
processed and immunohistochemistry assays per-
formed to visualize protein levels of GRP78 (Cell Sig-
naling, Danvers, MA) and GFP (Abcam, Cambridge,
UK). Immunohistochemistry was conducted as
described.®”

DETECTION OF xORs IN
MCH1-EXPRESSING CELLS BY
IMMUNOHISTOCHEMICAL
DOUBLE LABELING

Sections of the lateral hypothalamus of transgenic
mice Mchrl-cre/tdTomato were received from Elefthe-
ria Maratos-Flier (Division of Endocrinology, Beth
Israel Deaconess Medical Center, Harvard Medical
School, Boston, MA). Double immunohistochemistry
was processed as described in the Supporting
Information.

TISSUE TG CONTENT IN LIVER

TG liver content was assessed using a colorimetric
assay (see the Supporting Information).

WESTERN BLOT ANALYSIS

Western blot was performed as described®'2® (see
the Supporting Information).

QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

Real-time polymerase chain reaction (Taq-Man;
Applied Biosystems) was performed as described ¥
using specific sets of primers and probes (Supporting

Table S1).
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LEVELS OF SERUM
METABOLITES

Serum activities of alanine transaminase (ALT) and
aspartate transaminase (AST) were measured using the

ALT and AST Reagent Kit (Biosystems Reagents)
with a Benchmark Plus Microplate Spectrophotometer.

STATISTICS

Results are given as mean = standard error of the
mean. Statistical analysis was performed as follows.
For normal distributions, parametric tests were used;
for two population comparisons, an unpaired # test was
performed and for multiple comparison test, a one-way
analysis of variance (ANOVA) followed by Tukey posz
hoc test was performed. For nonparametric distribu-
tions, Mann-Whitney test was used for two compari-
son test and Kruskal-Wallis followed by Dunn test for
multiple comparison population. P < 0.05 was consid-
ered statistically significant. Data analysis was per-
tormed using GraphPad Prism Software Version 5.0a
(GraphPad, San Diego, CA).

Results

MCH-INDUCED LIPID
DEPOSITION IS MEDIATED BY
HEPATIC ER STRESS

Central infusion of MCH increased food intake in ad
libitum—fed rats, and a second control group of ICV
MCH-infused animals was pair-fed to match the intake
of saline-infused controls (Supporting Fig. S1). Weight
gain and the amount of TGs in the liver of ICV MCH
ad libitum and MCH pair-fed rats were significantly
higher than those of controls independently of food
intake (Supporting Fig. S1), as shown.””) Because it is
known that central MCH administration modulates liv-
er metabolism by increasing lipid accumulation and

HEPATOLOGY, October 2016

lipid uptake"” and that unfolded protein response
(UPR) is activated in several murine models of nonalco-
holic fatty liver disease and nonalcoholic steatohepatitis
(NASH),?>?® e assessed the protein levels of UPR
sensors in the liver of 1 week ICV MCH-infused rats
(10 pg/day). We found that phosphorylated inositol-
requiring protein-1 alpha (pIRElwx), phosphorylated
eukaryotic initiation factor 2 alpha (pelF2u), and the
apoptotic marker caspase 3 were significantly elevated
after chronic central infusion of MCH (Supporting Fig.
S1B) independent of feeding as rats treated with ICV
MCH and restricted to the same amount of food (pair-
fed) as the vehicle showed similar results to the MCH-
treated group fed ad libitum.

In order to determine the relevance of UPR metabo-
lism as a mediator of the hepatic actions of central
MCH, we inhibited ER stress using pharmacological
and virogenetic tools. In a first approach, tauroursodeox-
ycholic acid (TUDCA), a chemical chaperone known to
inhibit ER stress,?”*® was peripherally administered in
combination with ICV MCH infused for 1 week (10
pg/day). The daily dose of TUDCA (250 mg/kg, intra-
peritoneally) was selected because it did not affect either
body weight or food intake (Supporting Fig. S2A,B).
Central MCH infusion increased food intake and weight
gain in rats cotreated with TUDCA (data not shown),
but ICV MCH stimulation failed to increase T'G con-
tent and oil red O staining in the liver when TUDCA
was also coadministered (Supporting Fig. S2C,D). Con-
sistently, the increased protein levels of lipoprotein lipase
(LPL), phosphorylated c-Jun N-terminal kinase 1
(pJNK1), ER stress, and apoptotic markers in the liver of
MCH-treated rats were also blocked after TUDCA
administration (Supporting Fig. S2E).

In a second approach, we tested the relevance of
UPR on the hepatic actions of central MCH in mice
fed a chow diet in order to determine if this mechanism
is maintained in different species. For this, we targeted
GRP78, a chaperone that facilitates the proper protein
folding acting upstream of the UPR.®’*” Thus, an

FIG. 1. GRP78 overexpression in the liver protects against central MCH-induced lipid accumulation and ER stress in liver of mice
fed a chow diet. Immunostaining of liver fixed section against GFP (left panels) or GRP78 (right panels) on fixed liver sections from
mice after tail vein administration of adenoviral vectors that overexpressed either GFP or GRP78, respectively (A). Effect of a 7-day
ICV MCH infusion (2.5 pg/day) combined with hepatic overexpression of GFP or GRP78 on food intake (B), body weight (C), and
liver TG content (D). Representative photomicrographs of oil red O and hematoxylin and eosin staining of liver sections (E). Effect
of a 7-day ICV MCH infusion (2.5 pg/day) combined with hepatic overexpression of GFP or GRP78 on liver protein levels of LPL,
pINK, JNK, pIRE1e, IRE1e, phosphorylated protein kinase R-like ER kinase (pPERK), pelF2a, eIF20, XBP1S, CHOP, caspase 3,
and cleaved caspase 3 (F). Protein f-actin levels were used to normalize protein levels. Dividing lines indicate splicings within the
same gel. Separated photos indicate that gels were run independently. Values are mean = standard error of the mean of seven or eight
animals per group. *P < 0.05, *P < 0.01, **P < 0.001 versus controls. Abbreviations: Ad, adenovirus; H&E, hematoxylin and eosin.
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adenovirus encoding GRP78 wild-type (GRP78 WT)
together with GFP or control adenovirus expressing
GFP alone™” was injected in the tail vein of mice
together with ICV MCH for 1 week (2.5 pg/day) as
described.'” Infection efficiency in the liver was cor-
roborated by immunohistochemistry of either GFP or
GRP78 over prefixed liver slides and by western blot
(Fig. 1A). Whereas overexpression of GRP78 in the liv-
er did not modify the effects of MCH on food intake or
body weight gain (Fig. 1B,C), it abolished the MCH-
induced liver steatosis (Fig. 1D,E). At the protein level,
overexpression of GRP78 also blocked the increased
hepatic expression of LPL, pJNK1, ER stress, and apo-
ptotic markers of ICV MCH-treated rats (Fig. 1F).

GENETIC INHIBITION OF MCH-R
IN THE LHA ATTENUATES
METHIONINE/CHOLINE-DEFI-
CIENT DIET-INDUCED
STEATOHEPATITIS THROUGH
THE VAGUS NERVE

Genetic activation of MCH-Rs or infusion of
MCH specifically in the LHA, but not in other hypo-
thalamic areas such as the arcuate or the ventromedial
nuclei, modulates hepatic lipid metabolism.'” There-
fore, we next investigated if inhibition of MCH-R in
this brain area would be sufficient to improve the
hepatic condition in rats fed a methionine/choline-
deficient (MCD) diet, which causes steatohepatitis.
We stereotaxically delivered a lentiviral virus encoding
a shRNA against MCH-R in the LHA in rats fed an
MCD diet. Infection efficiency in the LHA was
assessed by expression of GFP and decreased levels of
MCH-R in the LHA (Fig. 2A). Although inhibition
of MCH-R in the LHA did not affect food intake or
body weight (Fig. 2B), it attenuated MCD diet—
induced hepatic lipid content (Fig. 2C). In agreement
with these results indicating reduced hepatic damage,

circulating levels of AST and ALT were diminished

HEPATOLOGY, October 2016

when MCH-R was down-regulated in the LHA of
rats fed the MCD diet (Fig. 2D). The lipid depots in
the oil red O staining sections as well as the size of the
lipid droplets on hematoxylin—eosin staining sections
showed a strong macrovesicular steatosis in liver sec-
tions of MCD-fed rats; however, MCD-fed rats treated
with the shRNA MCH-R in the LHA showed a
marked reduction of the macrovesicular lipid size (Fig.
2E). Consistent with that, trichrome Masson staining
(to determine liver fibrosis) showed increased collagen
deposition around the central vein of the portal areas in
the liver of MCD diet—fed rats (Fig. 2E, lower panel,
black arrows) but not in rats treated with shRNA
MCH-R in the LHA also fed the MCD diet (Fig. 2E).
At the biochemical level, down-regulation of MCH-R
in the LHA inhibited the hepatic protein levels of LPL,
pJNK1, ER stress, and apoptotic markers (Fig. 2F).

We next hypothesized that the effect of MCH-R on
hepatic lipid metabolism involved vagal innervation. In
order to test this, we used rats undergoing vagotomy,
with sections of both the dorsal and ventral branches
of the vagus nerve dissected, fed the MCD diet 3
weeks after the stereotaxic injection of lentiviral vectors
inhibiting MCH-R in the LHA. The effectiveness of
vagotomy was corroborated by assessing the expected
morphological changes from stomach enlargement due
to increased content related to reduced peristalsis (Sup-
porting Fig. S3). Our findings demonstrate that vagot-
omy blocked the hepatic effects of shRNA MCH-R
injected into the LHA, as shown by the lack of action
on hepatic TG levels (Fig. 2C), serum AST and ALT
(Fig. 2D), oil red O staining, fibrosis (Fig. 2E), and
protein levels in the liver (Fig. 2F).

GENETIC INHIBITION OF MCH-R
IN THE LHA ATTENUATES
CHOLINE-DEFICIENT HFD-
INDUCED LIVER INJURY

Because MCD is known to cause multiple hepatic
effects such as oxidative stress®V impaired hepatic

FIG. 2. Genetic down-regulation of MCH-R in the LHA ameliorates MCD diet-induced NASH and ER stress through the vagus
nerve. Representative photomicrographs of brain section showing the injection of a lentivirus that encodes GFP precisely placed in the
LHA (X1.25 magnification) and MCH-R protein levels in the LHA 3 weeks after lentiviral injection encoding either GFP or
shRNA MCH-R (A). Food intake and body weight (B); TG liver content (C); serum levels of AST and ALT (D); representative
photomicrograph of liver sections with oil red O, hematoxylin and eosin, and Masson’s trichrome staining (E); and liver protein levels
of LPL, pJNK, JNK, pIRE1x, IRE1e, pPERK, pelF20, elF20, XBP1S, CHOP, caspase 3, and cleaved caspase 3 (F) in rats fed the
MCD diet infected with a lentivirus encoding GFP or shRNA MCH-R in the LHA in combination with either sham (controls) or
vagotomy. Protein f-actin levels were used to normalize protein levels. Dividing lines indicate splicings within the same gel. Separated
photos indicate that gels were run independently. Values are mean * standard error of the mean of seven or eight animals per group.
*P<0.05, *P<0.01, ™ P<0.001 versus controls. Abbreviations: H&E, hematoxylin and eosin; 3v, third ventricle; VGX, vagotomy.
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action of adiponectin,®?

and reduced very low-density lipoprotein secretion,
and a defect in c-Met,** we wanted to use another
model that induces liver damage in a manner more
consistent with dietary observations in humans. There-
fore, we next genetically inhibited MCH-R in the
LHA of rats fed a diet combining choline deficiency
with an HFD (CD-HFD).

The inhibition of MCH-R in the LHA of rats fed
the CD-HFD did not affect food intake or body
weight (Fig. 3A) but decreased circulating levels of
ALT (Fig. 3B). Consistently, the staining of collagen
was also diminished when MCH-R was down-
regulated in the LHA of rats fed the CD-HFD, with-
out differences in oil red O staining or the amount of
hepatic TGs (Fig. 3C; Supporting Fig. S4). The
down-regulation of MCH-R in the LHA significantly
inhibited the hepatic protein levels of pJNK1/JNK1,
X-box binding protein 1 isoform S (XBP1S), and
cleaved caspase 3 and the expression of genes involved

in inflammation such as tumor necrosis factor alpha
(TNFu), interleukin-6 (IL6), and CD36 (Fig. 3D).

increased fatty acid uptake
(33)

MCH-R1 COLOCALIZES WITH
xOR IN THE LHA, AND MCH
INDUCES PRODYNORPHIN
EXPRESSION

An anatomical and functional association between
MCH and the x opioid system has been demonstrat-
ed.(11:3%39) However, it is unknown if kOR modulates
the peripheral actions of MCH or whether hypotha-
lamic kOR is able to control peripheral metabolism.
Using the reporter protein tdTomato, MCH-R1-
CRE expressing cells were identified in the lateral
hypothalamus of transgenic mice, with MCH-R1
expression not found in astrocytes (Supporting Fig.
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S4B); and we tested whether they express kKOR or not
by immunohistochemical double labeling (Fig. 3E).
Confocal microscopic analysis of the sections revealed
that the majority of MCH-R1 expressing cells (Fig.
3E, panel left) are positive for this opioid receptor sub-
type (Fig. 3E, panels middle and right). Because pro-
dynorphin is the natural ligand of KOR, we assessed if
its expression was modulated by MCH. Chronic cen-
tral infusion of MCH significantly increased prodynor-
phin in the LHA (Fig. 3F). In the LHA of rats fed the
MCD we found significantly higher levels of both
MCH and prodynorphin (Fig. 3F). When inhibiting
MCH-R by injecting shRNA lentivirus into the LHA
of rats fed the MCD diet, prodynorphin protein levels
significantly decreased (Fig. 3F).

GLOBAL «OR KNOCKOUT MICE
ARE RESISTANT TO MCH-
INDUCED LIPID DEPOSITION
AND ER STRESS IN LIVER

Because the results described above indicate that
MCH stimulates prodynorphin and down-regulation of
MCH-R inhibits prodynorphin in the LHA, we next
assessed if central MCH was able to modulate hepatic
lipid metabolism when the kOR system is disrupted. To
test this hypothesis, we centrally injected MCH for 1
week in WT and xOR-deficient mice (2.5 pg/day).
MCH stimulated food intake and body weight gain in
both WT and xOR knockout (KO) mice (Fig. 4A).
However, whereas the TG content in the liver was sig-
nificantly increased in WT mice treated with ICV
MCH, there were no changes in the liver TG content of
kOR-KO mice (Fig. 4B). Of note, we previously
described that KOR-KO mice fed an HFD had lower
TG content in the liver when compared to their litter-
mates,”) but in the current study we used KOR-KO

FIG. 3. Genetic down-regulation of MCH-R in the LHA ameliorates CD-HFD-induced liver damage and ER stress, MCHR1 co-
localizes with kOR, and MCH regulates prodynorphyn levels in the LHA. Food intake and body weight (A); serum levels of AST
and ALT (B); collagen-positive staining and representative photomicrograph of liver sections with sirius red, oil red O, and hematoxy-
lin and eosin staining (C); liver protein levels of LPL, pJNK1, JNK1, pIRE1c, IREle, pPERK, pelF20, elF20, XBP1S, CHOP, cas-
pase 3, and cleaved caspase 3 and hepatic gene expression of TNFu, IL6, CD36 and CD68 (D) in rats fed a CD-HFD infected with
a lentivirus encoding GFP or shRNA MCH-R in the LHA. Single (left and middle panels) and dual-channel (right panel) photomi-
crographs of a representative brain section showing immunostaining for tdTomato (red) and kOR (blue) in the LHA of mice exhibit-
ing tdTomato in MCHR1-CRE expressing cells. The majority of tdTomato-positive cells are also immunoreactive for kKOR
(delineated by yellow dotted line). White dotted line shows a kOR-positive cell negative for tdTomato. To demonstrate a double-
labeled cell, the enframed area in the right panel is further magnified. Scale bar =10 pm (E). Prodynorphyn protein levels in the
LHA of rats infused with ICV MCH during 1 week, MCH and prodynorphyn protein levels in the LHA of rats fed the MCD diet,
and prodynorphyn protein levels in the LHA of rats fed a MCD diet with inhibition of MCH-R in the LHA (F). Protein f-actin
levels were used to normalize protein levels. Dividing lines indicate splicings within the same gel. Separated photos indicate that gels
were run independently. Values are mean = standard error of the mean of 7-10 animals per group. *P < 0.05, **P < 0.001 versus con-
trols. Abbreviation: H&E, hematoxylin and eosin.
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mice fed a chow diet and did not detect differences in
hepatic TG content. Accordingly, protein levels of key
enzymes modulating the metabolism of fatty acids and
ER stress were significantly increased in WT mice
treated with ICV MCH but remained unchanged in the
liver of KOR-KO mice infused with MCH (Fig. 4C).
To turther explore if kKOR-KO mice were also resis-
tant to diet-induced liver damage, we next challenged
WT and kOR-KO mice to a CD-HFD for 2 weeks.
In agreement with a previous report, KOR-KO mice
fed the CD-HFD gained less weight than WT mice!”
(Fig. 4D). In addition, kOR-KO mice had decreased
circulating levels of AST (Fig. 4D). The staining of
collagen in liver sections was also diminished in KOR-
KO mice fed the CD-HFD, with no differences in oil
red O staining or in the amount of hepatic TGs (Fig.
4E; Supporting Fig. S5). kKOR-KO mice fed the CD-
HFD showed a significant reduction in the hepatic
protein levels of LPL, XBP1s, CCAAT/enhancer
binding protein homologous protein (CHOP), and
caspase 3 and in the expression of proinflammatory

genes such as TNFo, CD36, and CD68 (Fig. 4F).

GENETIC DOWN-REGULATION
OF xOR IN THE LHA PROTECTS
AGAINST MCH-INDUCED LIPID
STORAGE AND ER STRESS IN LIVER

An adeno-asociated virus (AAV) encoding an
shRNA against kKOR was stereotaxically delivered in
the LHA of rats. The efficiency of the stereotaxic
injections in the LHA was corroborated by GFP and
kOR protein levels in this hypothalamic area (Fig.
5A). Three weeks after the injection with the AAV,
osmotic pumps and ICV cannulae were implanted to
infuse MCH for 1 week. Food intake and body weight
change were increased in the MCH-infused rats and
in those with kKOR down-regulation (Fig. 5B). The
DMV nucleus, located in the hindbrain, is a critical
place controlling parasympathetic vagal efferent fibers

HEPATOLOGY, October 2016

to the gastrointestinal tract®” (Supporting Fig. S6A).
ICV MCH increased C-FOS immunoreactivity in the
DMV nucleus of control rats; however, ICV MCH
failed to increase C-FOS when the kOR was down-
regulated in the LHA (Fig. 5C). At the peripheral lev-
el, the increase of liver TG levels induced by central
MCH was blocked when xOR was silenced in the
LHA (Fig. 5D,E). At the protein level, down-
regulation of kOR in the LHA protects against
MCHe-induced lipid uptake and ER stress in the liver
(Fig. 5F). Importantly, down-regulation of kOR in
the LHA did not blunt the effects of central MCH on
white adipose tissue (Supporting Fig. S6B).

CENTRAL PHARMACOLOGICAL
ANTAGONISM AND GENETIC
INHIBITION OF xOR IN THE LHA
AMELIORATE MCD DIET-
INDUCED NASH

After demonstration that the down-regulation of
kOR in the LHA protects against MCH-induced liver
steatosis, we next sought to investigate its effect in
mice fed the MCD diet. First, we performed a dose—
response assay of a specific xOR antagonist,
PF04455242,°% and found that a single ICV injection
of this compound at a dose of 3.4 nmol was able to
decrease body weight without changing food intake in
rats fed a chow diet (Supporting Fig. S7). Thus, we
centrally infused PF04455242 (3.4 nmol/day) for 1
week in rats fed the MCD diet. The chronic treatment
did not modify food intake or body weight (Fig. 6A)
but decreased circulating levels of AST (Fig. 6B) and
reduced hepatic levels of TG (Fig. 6C). Given that
central pharmacological blockade of KOR was suffi-
cient to ameliorate MCD-induced liver steatosis, we
next aimed to knock down xOR specifically in the
LHA. After 3 weeks of the AAV shRNA-xOR deliv-
ery in the LHA, rats were fed the MCD diet for 3

FIG. 4. kOR-KO mice are resistant to MCH-induced and CD-HFD-induced liver damage. Effect of a 7-day ICV MCH infusion
(2.5 pg/day) in either WT or kOR-KO mice fed a chow diet on food intake and body weight (A); TG liver content and oil red O
and hematoxylin and eosin liver section staining represented in the microphotographs (B); and liver protein levels of LPL, pJNK,
INK, pIRE1a, IREl0, pPERK, pelF2q, elF20, XBP1S, CHOP, caspase 3, and cleaved caspase 3 (C). Effect of CD-HFD (2 weeks)
in WT and kOR-KO mice on food intake and body weight, serum levels of AST, and ALT (D); collagen-positive staining and rep-
resentative photomicrograph of liver sections with sirius red, oil red O, and hematoxylin and eosin staining (E); liver protein levels of
LPL, pJNK1, JNK1, pIRE1le, IREla, pPERK, pelF2a, elF2x, XBP1S, CHOP, caspase 3, and cleaved caspase 3 and hepatic gene
expression of TNFu, IL6, CD36, and CD68 (F). Protein f-actin levels were used to normalize protein levels. Dividing lines indicate
splicings within the same gel. Separated photos indicate that gels were run independently. Values are mean * standard error of the
mean of 7-10 animals per group. *P<0.05, *P<0.01, **P<0.001 versus controls. Abbreviations: H&E, hematoxylin and eosin;

SAL, saline.
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weeks. The efficiency of the stereotaxic injections in
the LHA was corroborated by GFP (Fig. 6D). The
inhibition of kOR in the LHA did not modify food
intake or body weight (Fig. 6D) but significantly
reduced TG liver content and reduced collagen deposi-
tion around the central vein liver lobules (Fig. 6E) as
well as messenger RNA levels of the main inflammato-
ry markers (IL6, CD36, CD68) in the liver of rats fed
the MCD diet (Fig. 6F). Consistent with these find-
ings, protein levels of LPL, pJNK1, and ER stress
markers were also decreased in the liver of rats sub-
jected to kKOR down-regulation in the LHA (Fig. 6F).

GENETIC INHIBITION OF xOR IN
THE LHA AMELIORATES
CD-HFD-INDUCED LIVER INJURY

Using a similar approach to that described in Fig. 3,
we inhibited kOR in the LHA of rats fed the CD-
HFD. No changes were detected in either food intake
or body weight (Fig. 7A), but circulating levels of
ALT were decreased (Fig. 7B). Consistently, the stain-
ing of collagen was also diminished when xKOR was
down-regulated in the LHA of rats fed the CD-HFD,
without differences in oil red O staining or the amount
of TG in the liver (Fig. 7C; Supporting Fig. S8). At
the biochemical level, down-regulation of kOR in the
LHA significantly inhibited the hepatic protein levels
of LPL, pJNK1/JNK1, pIRE1«/IREla, XBP1-S,
CHOP, and cleaved caspase 3 (Fig. 7D) as well as the
expression of genes involved in inflammation such as

TNFu, IL6, and CD36 (Fig. 7E).

GENETIC OVEREXPRESSION OF
xOR IN THE LHA TRIGGERS
LIVER ADIPOSITY THROUGH
STIMULATION OF ER STRESS

We next assessed if the overexpression of KOR in
this hypothalamic area was able to induce lipid

HEPATOLOGY, October 2016

accumulation in the liver. The efficiency of the stereo-
taxic injections in the LHA was corroborated by GFP
and increased kOR protein levels in the LHA (Fig.
8A). Our results show that administration of an ade-
noviral vector overexpressing KOR into the LHA did
not change food intake or body weight (Fig. 8B) but
increased hepatic TG content (Fig. 8C) in rats fed the
chow diet. The overexpression of kOR in the LHA
also increased protein levels of LPL, pJNK1, and ER
stress markers (Fig. 8D).

Finally, in order to investigate the relevance of ER
stress as a mediator of the hepatic actions of hypotha-
lamic kOR, we overexpressed kOR in the LHA of mice
where the chaperone GRP78 was also overexpressed in
the liver, and no differences between food intake or body
weight were detected (Supporting Fig. S9). The efficien-
cy of the stereotaxic injections in the LHA was corrobo-
rated by GFP (Fig. 8E). The overexpression of kOR in
the LHA augmented the hepatic lipid content, whereas
the overexpression of GRP78 in the liver blunted the
effects of hypothalamic kOR (Fig. 8E). Overall, these
results indicate that hypothalamic kKOR mediates both
diet-induced and MCH-induced liver damage through
inflammation and ER stress (Fig. 8F).

Discussion

In this study we report for first time that hypotha-
lamic kOR directly controls hepatic lipid metabolism,
independent of weight and feeding changes. Specifi-
cally, we show that genetic down-regulation of kOR in
the LHA ameliorates diet-induced and MCH-induced
liver steatosis, whereas its overexpression induces
hepatic lipid accumulation. This occurs through effects
on hepatic inflammation and ER stress as genetic over-
expression of GRP78 blunts hypothalamic xOR-
induced hepatic lipid storage (Fig. 8F). Interestingly,
those actions were independent of feeding behavior.

The opioid system is mainly recognized as a key
player in neural reward processes leading to addictive

FIG. 5. Inhibition of kOR in the LHA protects against MCH-induced liver steatosis in rats fed a chow diet. Representative photo-
micrograph of brain section showing the injection of an AAV that encodes GFP precisely placed in the LHA (X1.25 magnification)
and kOR protein levels in the LHA 3 weeks after the AAV injection that encodes either GFP or shRNA «OR (A). Food intake and
body weight (B); ¢-FOS immunoreactive cells in the DMV nucleus (C); liver TG content (D); oil red O and hematoxylin and eosin
staining liver sections (E); and liver protein levels of LPL, pJNK, JNK, pIRElc, IREla, pPERK, pelF2q, elF20, XBP1S, CHOP,
caspase 3, and cleaved caspase 3 (F) of rats after a 7-day ICV MCH infusion (10 pg/day) in combination with AAV-GFP or AAV-
shRNA xOR in the LHA. Protein f-actin levels were used to normalize protein levels. Dividing lines indicate splicings within the
same gel. Separated photos indicate that gels were run independently. Values are mean * standard error of the mean of seven or eight
animals per group. *P < 0.05, *P < 0.01, **P < 0.001 versus controls. Abbreviations: CC, central canal; H&E, hematoxylin and eosin;
IR, immunoreactive; 10N, vagus nerve; SAL, saline; 3v, third ventricle.
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Abbreviation: H&E, hematoxylin and eosin.

behavior.®”” Numerous studies have established that
both systemic and brain administration of kKOR antag-
onists reduces food intake and body weight in rodent
models, whereas xOR agonists cause opposite
effects.) However, the potential role of kOR in the
control of liver metabolism is largely unknown. kOR-
deficient mice were protected against the developrnent
of diet-induced obesity and liver steatosis,”’ but given
the lower adiposity found in kKOR null mice fed an
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HFD, this effect has been proposed as secondary.
xOR and dynorphin (its endogenous ligand) are widely
expressed throughout the central nervous system,
including the hypothalamus, where both ;)reprodynor—
phin and KOR are located in the LHA.®? Our present
findings demonstrate that the down-regulation of kKOR
in the LHA was sufficient to protect liver damage
induced by the two different dietary interventions, the
MCD diet and the CD-HFD. Importantly, these effects
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are independent of changes in body weight and feeding.
The protection against MCD diet-induced and CD-
HFD-induced liver damage was correlated with reduced
inflammation and ER stress. In this sense, it is impor-
tant to highlight that the effect of KOR knockdown in
the LHA was not exactly the same in rats fed the MCD
diet or the CD-HFD. Whereas the inhibition of
MCH-R and kOR decreased the amount of T'Gs in the
liver of rats fed the MCD diet, it failed to show differ-
ences in hepatic TGs after knockdown of MCH-R and
xkOR in the LHA of rats fed the CD-HFD. This differ-
ence is likely due to the direct input of lipids from the
HEFD to the liver and the different molecular mecha-
nisms by which each type of diet causes liver injury. In
any case, the integrative nature of the data is given by the
fact that inhibition of KOR in the LHA is able to protect
from liver damage using different mice models.

Consistent with loss-of-function experiments, the
overexpression of KOR in the LHA (in both rats and
mice) increased hepatic lipid storage along with stimu-
lation of lipid uptake and ER stress. To determine the
physiological relevance of hepatic ER stress as a modu-
lator of the central actions of kKOR, we performed a
selective disruption of hepatic ER stress by genetically
overexpressing GRP78, the most abundant ER-
resident chaperone that can prevent accumulation of
unfolded/missfolded proteins within the ER.(1?2%3%
We found that overexpression of kOR in the LHA
was unable to alter liver metabolism in rats concurrent-
ly overexpressing GPR78. Thus, these results demon-
strate that ER stress is essential for the hepatic actions
of hypothalamic kOR.

Pharmacologic or genetic manipulation of MCH
causes important alterations in feeding behavior, body
weight, glucose metabolism, and lipid deposition in
the liver."#*1740) Our previous findings indicated
that activation of the MCH system in the LHA stimu-
lates TG synthesis and uptake through JNK1.17

HEPATOLOGY, October 2016

Herein, we report that brain MCH controls liver
metabolism through hepatic ER stress. Numerous
studies have highlighted the relevance of ER stress in
the development of hepatic steatosis.***'™** ER stress
is a consequence of the accumulation of unfolded pro-
teins on the ER lumen produced by biological, physio-
logical, or pathological stimuli.*>*® ER stress causes
JNK1 activation through IRE12,%%* and, as men-
tioned above, MCH induced LPL expression in a
JNK1-dependent manner.™” Therefore, the results
indicating that pharmacological or genetic blockade of
ER stress blunts the hepatic action of MCH are in
concordance with our previous molecular findings.
Consistent with studies indicating that pharmaco-
logical blockade of MCH-R“” or absence of
MCH®*® ameliorates hepatic steatosis, the down-
regulation of MCH-R in the LHA also reduced
MCD diet-induced and CD-HFD-induced liver
damage. Also in agreement with our previous report
indicating that the MCH system regulates liver metab-
olism by its action within the LHA and through the
vagus nerve,"”) we found here that LHA MCH-R
requires an intact vagus nerve to improve MCD diet—
induced steatohepatitis and fibrosis. Although the
LHA is the hypothalamic area responsible for the
hepatic actions of MCH, the neuronal pathways occur-
ring within this area remain completely unknown. It
has been shown that MCH interacts with the opioid
system to modulate food intake."” Among the three
different opioid receptors, kKOR exhibits significant
colocalization with MCH and with MCH-R"%3® in
the LHA. Indeed, in our study we confirmed that
MCHRT1 and xOR colocalize in the LHA, suggesting
a direct interaction between these two systems. Fur-
thermore the expression of prodynorphin in the LHA
was stimulated by MCH and reduced after silencing
MCH-R1 in the LHA, indicating that MCH is
upstream of the prodynorphin/kOR system. We next

FIG. 8. x¥OR overexpression in the LHA induces liver steatosis, and attenuation of hepatic ER stress blunts its effect. Representative
photomicrograph of brain section showing the injection of adenoviral vector encoding GFP precisely placed in the LHA (X1.25 mag-
nification) and kOR protein levels in the LHA of rats 1 week after injection of an adenoviral vector overexpressing kOR in the LHA
of rats fed a chow diet (A). Effect of a 7-day adenoviral overexpression of KOR in the LHA on food intake and body weight (B), liver
TG content and oil red O and hematoxylin and eosin staining liver sections (C), and liver protein content of LPL, pJNK, JNK,
pIRE1a, IREla, pPERK, pelF2a, elF20, XBP1S, CHOP, caspase 3, and cleaved caspase 3 (D). Representative photomicrograph of
brain section showing the injection of adenoviral vector encoding GFP precisely placed in the LHA (X1.25 magnification), hepatic
TG content, and representative photomicrographs of oil red O and hematoxylin and eosin staining of liver sections (X40 magnifica-
tion) (E) in mice after tail vein administration of adenoviral vectors that overexpressed either GFP or GRP78 in the liver combined
with overexpression of kKOR in the LHA. Working model of the hypothalamic role of kOR in the control of liver metabolism (F).
Protein f-actin levels were used to normalize protein levels. Dividing lines indicate splicings within the same gel. Values are mean *
standard error of the mean of seven or eight animals per group. *P < 0.05, **P < 0.01, **P < 0.001 versus controls. Abbreviations: Ad,
adenovirus; H&E, hematoxylin and eosin; 10N, vagus nerve; 3v, third ventricle.
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explored the functionality of this interaction and found
that chronic infusion of MCH in the lateral ventricle
tailed to promote lipid deposition in the liver of KOR-
deficient mice, as well as in animals in which kOR was
genetically down-regulated in the LHA. Accordingly,
we also found that stimulation of MCH-induced ER
stress in the liver was blunted after disruption of the
kOR. The mechanism by which kOR blunts the effect
of MCH at the central level involves the inability of
MCH to activate the vagus nerve. This is demonstrat-
ed by the fact that inhibition of kKOR in the LHA
dampened MCH-induced C-FOS levels in the DMV,
a brainstem area that is related to the parasympathetic
vagal functions in the gastrointestinal tract.®”) The
knowledge regarding the connection between parasym-
pathetic signaling and ER stress is extremely limited,
and the results seem to be dependent on the type and
status of the cell as well as the type of muscarinic
receptors. % The interaction between the parasym-
pathetic system and ER stress in the liver will require
further investigation. Overall, these results demon-
strate that MCH modulates the prodynorphin/kOR
system in the LHA to control hepatic lipid metabo-
lism. These data indicate that the interaction between
MCH and the prodynorphin/kOR system occurs at a
preautonomic level and controls the parasympathetic
branch of the autonomic nervous system.

In summary, this study reveals a novel hypothalamic
circuit, where KOR specifically located within the
LHA directly controls hepatic lipid storage and medi-
ates both diet-induced and MCH-induced liver dam-
age independent of changes in food intake and body
weight. To exert its actions, this neuronal circuit mod-
ulates hepatic inflammation and ER stress through the
vagal parasympathetic nervous system. Overall, these
findings suggest that in addition to its potential to treat
obesity™® the opioid system might be a new pharma-
ceutical target to treat liver steatosis (Fig. 8F).

Acknowledgment: We thank Dr. Eleftheria Maratos-
Flier from Harvard University for kindly providing
mice exhibiting tdTomato in MCHR1-CRE express-

ing cells.
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