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Abstract

Objective—Non-alcoholic steatohepatitis (NASH) is the outcome of interactions between
overnutrition, energy metabolism, and adipose function. Obeticholic acid (OCA) improves
steatosis in patients, but for unknown reason does not resolve NASH pathology. We therefore
investigated OCA effects in W¢mice which develop obesity with atherogenic dietary feeding, and
appetite-dysregulated, A/ms1 mutant foz/foz mice fed the same diet which develop metabolic
obesity and diabetes.

Methods—OCA (1mg/kg) was administered orally to female foz/foz mice and Wt littermates
from weaning until 28 weeks. We studied adipose indices, glucose tolerance and fatty liver
pathology. Experiments were repeated with OCA 10mg/kg.

Results—OCA reduced body weight and hepatic lipids and improved glucose disposal only in
Wt mice. OCA limited Wtadipose expansion, altered morphometry in favour of small adipocytes,
enhanced expression of genes indicating adipose browning, and reduced crown-like structure
(CLS) number in visceral adipose. foz/foz mice showed more CLSs in all compartments; OCA
failed to alter adipose morphometry, browning, inflammation, or improve NASH severity, even at
10mg/kg.
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Conclusion—OCA improves adipose indices, glucose tolerance and steatosis in milder
metabolic phenotype, but fails to improve these factors in morbidly obese diabetic mice. These
results help explain OCA’s limited efficacy to reverse human NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) describes a range of liver pathology in the
absence of excessive alcohol intake (1, 2). In the face of overnutrition and physical
inactivity, liver is exposed constantly to high circulating levels of fatty acids (FAs) and
glucose. Uptake of these molecules, combined with insulin-driven lipogenesis, causes
NAFLD by a process that starts with simple steatosis (3, 4). In some fatty livers, hepatocyte
injury and liver inflammation also occur, causing non-alcoholic steatohepatitis (NASH)
associated with liver fibrosis; 10-25% of NAFLD cases progress to NASH (5-7). Factors
that transform simple steatosis to NASH are strongly associated with insulin resistance,
adipose dysfunction and metabolic syndrome. This has led to the proposal that NASH results
from insulin-driven dysregulation of hepatic lipid metabolism with accumulation of free
cholesterol (FC) causing lipotoxicity (6-8).

Constant energy surplus produces adipose stress with recruitment of pro-inflammatory
macrophages leading to adipose dysfunction (9). Adipose dysfunction and corresponding
metabolic obesity are major risk factors for hepatic lipotoxicity in NASH (2, 6-8, 10-13).
Protecting liver from excessive lipid partitioning has therefore been a target for NASH
treatment, but the only unambiguously successful strategy to date is weight reduction via
caloric restriction and exercise, or bariatric surgery (5, 14-16).

Obeticholic acid (OCA [6-ethyl-chenodeoxycholic acid]) is a semi-synthetic bile acid
analogue with binding affinity to the farnesoid X receptor (FXR) (15, 17), a nuclear receptor
which, by regulating the expression of other transcription factors, reduces lipogenesis,
suppresses de novo cholesterol biosynthesis, and increases p-oxidation of long chain FAs
(18, 19). In differentiated adipocytes, FXR activation causes lipid droplet enlargement
through an increase in the expression of adipogenic genes. Such regulation of adipogenic
genes is impaired in £x7/~ mice (20). FXR activation normalizes hyperglycemia in rabbits
with metabolic syndrome and Zucker (7a/fa) leptin-deficient obese rats (21, 22). In addition
to exerting positive (beneficial) effects on lipid synthesis, adipogenesis and insulin
sensitivity (22—24), FXR activation might alter macrophage phenotype in favour of less pro-
inflammatory cells and reduced adipose inflammation, by improving adipogenesis and
adipose function. For example, FXR stimulation may promote “browning” of adipocytes,
which enhances p-oxidation of long chain fatty acids. These properties indicate a possible
role of OCA to treat metabolic disorders, including NAFLD and its complication of NASH.

In NAFLD, OCA attenuates body weight gain and improves fatty liver pathology in humans
and mice (22, 25), but the therapeutic effects of OCA in NASH are at best modest; despite
improvement in steatosis, there is not reversal of NASH pathology. We therefore addressed
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the effects of OCA treatment on body weight, glycemic control, adipose mass,
morphometry, browning and inflammatory recruitment in two different dietary murine
obesity models. The first resembles those used by others, a dietary model generated by
feeding wildtype (W2 mice an atherogenic diet. The second model, atherogenic diet-fed
foz/foz mice, closely resembles human NASH by exhibiting severe insulin resistance with
diabetes, high blood pressure and dyslipidemia. These mice have profoundly disordered
appetite regulation attributable to loss of primary cilia on hypothalamic neurons at weaning
(9, 26-28). Because hepatocytes do not express primary cilia, it is clear that A/msI mutation
affects metabolic liver disease indirectly via overnutrition (26, 27). Our detailed studies in
these two models provide insights into the tissue sites of action of OCA and the reason for
its limited efficacy for human NASH.

Animal Models and Experimental Design

From weaning, female NOD.B10 foz/foz mice and Wt littermates (10/group) were fed
atherogenic diet (23% fat, 45% carbohydrate, 0.19% cholesterol; SF03-020 Specialty Feeds,
Glen Forrest, Australia) ad-/ibitum for 24 weeks. OCA was incorporated into the diet by
dissolving in 50% ethyl alcohol (EtOH), diluting in distilled water and adding to diet, before
pressing into 25g cupcakes (final EtOH concentration <0.05%). Drug doses required were
estimated from average food intake and adjusted to 1mg/kg daily. Because initial
experiments showed only modest efficacy, we studied an additional cohort of mice by
gavaging with OCA 10mg/kg daily (or vehicle methylcellulose 1% control) from 16 to 24
weeks of atherogenic dietary feeding. Experimental procedures were approved by ANU
Animal Ethics Committee.

Intraperitoneal Glucose Tolerance Test (IpGTT) and Tissue Collection

At 27 weeks of age, mice were fasted for 4 hours and subjected to intraperitoneal glucose
injection (2g/kg lean body mass); blood glucose was measured at 0-15-30-60-120-180
minutes by glucometer (Accu-Chek Advantage, Roche Diagnostics, Mannheim, Germany).
One week later, mice were fasted 4 hours, weighed, anaesthetised (100mg/kg ketamine,
16mg/kg xylazine) and following tissues were harvested: blood, liver, visceral (periovarian
and mesenteric) and subcutaneous (lumbar) white adipose tissues (WATS).

Hepatic Lipid Content and Liver Histology

Hepatic neutral lipids were assessed by oil red-O (ORO) staining of frozen samples (29).
Liver lipidomic analyses were performed by gas chromatography for triglyceride, FC, and
cholesteryl ester (CE), and high-performance liquid chromatography for total FAs (30).
Hematoxylin & eosin (H&E)-stained liver sections were scored for macro-steatosis, necro-
inflammation, ballooning and NAS (overall NAFLD activity score) by a blinded expert liver
pathologist (MMY), who also made a global assessment as to whether livers showed
“definite” or “borderline” NASH or “not NASH NAFLD”, according to the system devised
for human NASH (31).
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Adipose Morphometry and Crown-Like Structures (CLSs)

Morphometry was performed on H&E-stained adipose sections (Leica Application Suite;
Leica, Wetzlar, Germany) on at least 10 fields/sample. CLSs were counted in 10 fields of
H&E-stained adipose sections for each mouse; results were normalized to 100 adipocytes.

Quantification of mMRNA and Protein

Adipose stromal vascular fractions (SVFs) were isolated from each adipose compartment

(32). Liver, whole adipose, and adipose SVF mRNA were isolated and quantified, as
described (9). For isolation of cytosolic and nuclear protein fractions, NE-PER extraction kit
(Thermo-Fisher, Waltham, MA) was used and proteins quantified, as described (9).

Statistical Analyses

Results

Data are presented as mean £ SEM. Techniques were performed on 8-10 mice per condition.
Significance of data was assessed by using one- or two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc analysis (GraphPad Prism, La Jolla, CA; SPSS-IBM,
New York, NY). Group differences were considered significant when £<0.05.

OCA Reduced Body Weight Gain and Improved Glucose Tolerance in Wt but not foz/foz

Mice

Average dietary intake over the study time-course was ~25g/week in Wtand ~40g/week in
foz/foz mice. OCA had no effect on food intake in either line (data not shown). After 28
weeks, atherogenic diet-fed Wrmice weighed ~44g (Fig. 1A,B); OCA reduced body weight
by 25% (Fig. 1B). As expected (9), similarly-fed foz/foz mice were heavier (~63g vs. ~44g
Wit P£<0.05); OCA failed to protect these mice from developing severe obesity (Fig. 1A,B).
OCA also failed to alter fasting blood glucose (FBG) and serum insulin levels in either line
(Fig. 1C,D). 60 minutes after intra-peritoneal glucose injection, blood glucose levels reached
~28mmol/L in untreated W¢mice; OCA limited values to ~15mmol/L (Fig. 1E), with
corresponding reduction of area under the blood glucose disappearance curve (2.3 vs. 3.8
arbitrary units, /<0.05; Fig. 1F). In foz/foz mice, blood glucose remained high (~20mmol/L)
at 3 hours indicating of profound impairment of glucose tolerance, and OCA had no effect at
all.

OCA Reduced Hepatic Lipid Partitioning in Atherogenic Diet-Fed Wt but not foz/foz Mice

OCA reduced liver mass in Wtmice (1.3g vs. 1.8g, £<0.05; Fig. 2A). Conversely, OCA
failed to prevent or reverse profound hepatomegaly in foz/foz mice (Fig. 2A). By ORO
incorporation, hepatic neutral lipids were higher in foz/foz mice than W, OCA reduced this
fraction in Wtbut not foz/foz mice (Fig. 2B), a difference that was reflected by lipidomic
analyses of hepatic triglyceride (Fig. 2C), total FA (Fig. 2D), and CE fractions (Fig. 2E). As
reported (33), hepatic FC levels increased in foz/foz mice compared to W (/<0.05); OCA
failed to influence hepatic FC content (Fig. 2E). There were no differences in total saturated
and monounsaturated FA fractions between groups (Supplementary Fig. 1A,B), but OCA
increased the proportion of hepatic polyunsaturated FAs in W¢mice (/A<0.05; Supplementary
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Fig. 1C). OCA reduced palmitic, palmitoleic and oleic acid levels in W¢mouse livers
(P<0.05; Supplementary Fig. 1D), but there were no such changes in foz/foz mice.

Although the increase in hepatic neutral lipids in atherogenic diet-fed W¢mice increased
liver mass, it was insufficient to cause large droplet (macro-vesicular) steatosis (Table 1).
Instead, small droplet (micro-vesicular) steatosis was evident in H&E-stained liver sections
(Fig. 2F). Lowering of hepatic neutral lipids by OCA in these mice appeared to reduce
micro-vesicular steatosis but not macro-versicular steatosis, which remained minimal (Table
1; Fig. 2F). However, OCA abolished the minor increases in hepatic inflammation and
ballooning scores in Wt mice (Table 1). Conversely, atherogenic diet-fed foz/foz mice
exhibited pronounced steatosis, conspicuous inflammation and many ballooned hepatocytes,
resulting average NAS of 6; this was associated with “definite NASH” in all foz/foz mice
(Table 1); OCA failed to decrease NAS or reverse NASH in these mice. In addition to liver
histology, we investigated the effects of OCA on liver fibrosis. OCA decreased hepatic
MRNA expression of alpha-smooth muscle actin (a-Sma), collagen 1-alpha 1 (Co/I-a 1) and
TIMP metallopeptidase inhibitor 1 ( 77mpI) in Wtbut not foz/foz mice (P<0.05;
Supplementary Fig. 2).

OCA Failed to Activate Hepatic FXR

While OCA increased FXR protein levels in the cellular cytosolic fractions of whole liver of
both genotypes (P<0.05), this did not promote FXR translocation into the nucleus, required
for its activation (Fig. 3A); OCA-treated foz/foz mouse liver did show a trend for increase in
nuclear FXR levels, but this trend did not reach significance (Fig. 3A). Sterol regulatory
element-binding protein 1 (SREBP1), a target molecule of FXR that regulates cellular
lipogenesis (34), has been proposed as a pathway by which FXR exerts hypolipidemic
effects. There were no differences in SREBP1 (68kDa) levels with foz/foz genotype or OCA
treatment in liver cytosolic fractions (Fig. 3B), while nuclear SREBP1 protein and mRNA
levels showed only minor decrease in OCA-treated foz/foz mice (Fig. 3B,E). We also
investigated mRNA expression of genes directly or indirectly regulated by FXR. OCA
reduced hepatic transcripts for small heterodimer partner (SAp) and liver X receptor-alpha
(Lxr-a), but not cholesterol 7a-hydroxylase (Cyp7al) in Wtbut not foz/foz mice (Fig. 3C).
OCA treatment lowered PPAR-y co-activator 1-alpha (Pgcl-a) transcript levels, an
important factor for mitochondrial biogenesis, in W¢mouse livers compared to untreated
(Fig. 3D), but not in foz/foz mice (Fig. 3D). Hepatic mRNA expression of intracellular lipid
storage and oxidation mediators, ATP-binding cassette subfamily A member 1 (Abcal),
acyl-coenzyme A dehydrogenase, long chain (Acadl), peroxisomal acyl-coenzyme A
oxidase 1 (AcoxI), and cytochromes P450 4A10 (Cyp4al0) and 4Al4 (Cyp4ald) was less
in atherogenic diet-fed foz/foz mice compared to W counterparts, and OCA failed to alter
these levels in either genotype (Fig. 3E).

OCA Reduced Adiposity, Improved Adipose Morphometry and Browning in Wt but not

foz/foz Mice

In atherogenic diet-fed W¢mice, OCA reduced WAT mass in all compartments (~<0.05; Fig.
4A). The foz foz genotype was associated with less periovarian and relatively increased
lumbar WAT mass compared to W, OCA did not alter WAT mass in these mice (Fig. 4A). In
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periovarian WAT, adipocyte average volume was similar between foz/fozand Wt mice (Fig.
4B), and OCA failed to alter this. Lumbar adipocyte volume tended to be higher in foz/foz
mice; OCA reduced this only in W¢mice (Fig. 4B), with a similar trend for mesenteric WAT
(not significant, Fig. 4B). In W¢mice, OCA substantially increased the proportion of small-
to-medium (250-5000 pm?2) adipocytes in lumbar (87% vs. 66%, A<0.05; Fig. 4D) and
mesenteric (90% vs. 78%, £<0.05; Fig. 4E) WATSs, with similar trend (not significant) in
periovarian WAT (Fig. 4C). foz/foz mice exhibited a higher proportion of large adipocytes in
all adipose compartments with no effect of OCA (>15%; Supplementary Fig. 3).

Adipose browning improves overall adipose health and bodily energy expenditure by
increasing the number of mitochondria-rich, beige adipocytes (35). OCA strikingly
increased expression of uncoupling protein 1 (Ucpl) and Cideain Wt mouse periovarian
(visceral) WAT (/<0.05; Fig. 5A,B). OCA failed to alter PR-domain containing 16 (Pradm16)
transcript expression in periovarian or lumbar WATS in either line of mice (Fig. 5C). OCA
increased Pgcl-a expression in both adipose compartments in Wt (£<0.05; Fig. 5D), but not
foz/foz mice. Glut4 transcripts were abundant in W¢mouse periovarian WAT vs. foz/foz
(Fig. 5E); OCA increased G/ut4 mRNA levels only in W¢mice (£<0.05; Fig. 5E). Finally,
the adaptive thermogenesis factor type 2 iodothyronine deiodinase (Dio2) mMRNA expression
was increased by OCA in Wtbut not foz/foz mouse periovarian WAT (Fig. 5F).

OCA Reduced Adipose Inflammation and Improved Macrophage Polarization in Wt but not

foz/foz Mice

A feature of metabolic obesity is contiguous aggregates of pro-inflammatory macrophages
around small injured adipocytes, known as “crown-like structures” (Fig. 6A; 160x
magnification). CLSs were more abundant in adipose compartments of atherogenic diet-fed
foz/foz mice than Wt OCA reduced CLS number in periovarian and mesenteric WATSs of Wt
but not in foz/foz mice (P<0.05; Fig. 6A). To establish whether OCA induced phenotypic
differences in WAT macrophages, we studied relevant transcripts in adipose SVFs. At all
sites, OCA reduced Ccr2 (MCP1 receptor) mRNA expression in Webut not foz/foz mice
(Fig. 6B). Cdlicand Cd68 mRNA levels were higher in all adipose SVFs of foz/foz mice
compared to Wi (Fig. 6C,D); OCA suppressed both transcripts only in periovarian WAT of
Wt (P<0.05) with no effect in foz/foz mice. CD163, arginase 1 (AG1), and antigen resistin-
like molecule-alpha (FIZZ1) are markers of anti-inflammatory macrophages; OCA increased
the Cd163. Cdb8ratio in visceral adipose of W¢mice but not foz/foz (Fig. 6E). OCA
strikingly increased AgZ:Cd68in periovarian and lumbar depots of W¢but not foz/foz mice
(P<0.05; Fig. 6F), and the ratio of Fizz1/ Cad68only in Wt periovarian WAT (Fig. 6G).

A 10-fold Increase in OCA Dosage Failed to Impact Metabolic and Hepatic Indices in
Atherogenic Diet-Fed foz/foz Mice with NASH

The dose used in these experiments was 4-times the human dose (FLINT study). We
therefore conducted additional experiments administering 10mg/kg OCA by daily gavage to
ensure unambiguously complete intake. High-dose OCA decreased body weight in W¢
(~36.5g vs. ~42.5g, A<0.05), but failed to change it in foz/foz mice (Fig. 7A). It also failed
to improve FBG, serum insulin or HOMA-IR score in either line (Fig. 7B-D), did not reduce
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liver weight (Fig. 7E) or improve liver histopathology (Fig. 7Fi-v), similar to those
observations with the 1mg/kg in food regimen.

Discussion

The key novel finding of this study is that beneficial metabolic effects of OCA are almost
entirely confined to diet-induced obesity (atherogenic diet-fed W¢mice). Even in supra-
pharmacological dose, OCA had limited (if any) therapeutic effect in atherogenic diet-fed
foz/foz mice, which exhibit morbid obesity, diabetes and metabolic syndrome, the context
for NASH development in humans. We attribute this difference to the strong drive to eat with
associated physical inactivity in foz/foz mice and human patients (9), leading to extreme
energy surplus. Others found that FXR agonist, GW4064, delays weight gain in W¢mice fed
high-fat-diet despite similar food intake between treated and untreated animals (36), as
observed for OCA in the present study. Thus, the effects of FXR activation on body weight
likely results from stimulation of an energy utilisation, as demonstrated by improved glucose
handling during IpGTT in OCA-treated W¢mice. By contrast, all foz/foz mice were diabetic
by the time of study, and OCA failed to improve glucose clearance from the circulation after
intraperitoneal injection. In addition, we obtained evidence of browning of periovarian WAT
by OCA in Wtbut not foz/foz mice. The resultant OCA-induced increase in energy
expenditure is likely a factor contributing to the selective enhancement of glucose handling,
weight loss and improved liver histology in W¢mice.

A strength of the present study is that we measured three different adipose compartments:
mesenteric and periovarian (visceral), and lumbar (subcutaneous), allowing us to probe any
structural and functional differences that reflect varying contributions of WAT depots to
metabolic balance and to OCA responsiveness. It also allowed us to establish whether OCA
has different effects on different adipose tissues. Healthy adipose contains a significant
proportion of small-to-medium adipocytes (250-5000pm?2). OCA increased the percentage of
these sized cells in W¢mouse WATS. In foz/foz mice, however, OCA failed to alter
adipocyte volume anywhere. An interesting paradox is that average adipocyte volume was
similar in periovarian WAT between foz/fozand Wt mice; this was because degenerating
adipocytes in the center of CLSs were also small and abundant in the foz/foz compartment,
and this effect decreased the adipocyte average volume.

Improved adipose morphometry is associated with less inflammatory recruitment, with
minimal formation of macrophage CLSs. Such aggregates were abundant in WATSs of foz/foz
mice, especially visceral, while higher levels of Ca68and CdZ1c mRNA also reflected this
increased adipose inflammation. OCA failed to influence adipose inflammatory recruitment
in foz/foz mice, whereas it decreased the number of CLSs in W¢mice, and also increased the
proportion of Cd163, Agland Fizz1 expressing, anti-inflammatory macrophages. This
effect was different between visceral (periovarian and mesenteric) and subcutaneous
(lumbar) WATs of W¢mice. For example, OCA increased expression of all of these genes in
periovarian WAT of Wi¢mice (Fig. 6E-G), but only Cd163in mesenteric WAT (Fig. 6E).
These observations support the concept that the phenotype of infiltrated macrophages differs
between WATS, and these respond differently to OCA. It remains unclear whether the
reduction in adipose inflammatory recruitment produced by OCA treatment in WZmice is a
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direct effect of FXR activation on adipogenic factors in adipocytes, or whether intestinal
FXR could exert beneficial effects on adipose inflammation via such mediator as fibroblast
growth factor 15 (FGF15) (37-39). Nevertheless, transcript analyses showed that OCA
stimulates browning of adipocytes in visceral adipose of W¢mice. A future direction will be
the investigation of direct FXR activation in mature adipocytes.

In the FLINT study (phase 2), OCA conferred a small but significant effect on hepatic
steatosis and liver inflammation, yet failed to reverse the full pattern of NASH pathology
(25). In the present study, OCA decreased hepatic lipid partitioning and the liver mass in Wt
mice, but failed to alter the massive hepatomegaly or severe liver histopathology found in
similarly-fed foz/foz mice. While OCA increased liver cytosolic FXR levels of both
genotypes, FXR failed to migrate into hepatic nuclei where it is required to activate FXR-
responsive genes. As a result, there were no changes in SREBPL1 or several other key FXR
target transcripts mediating FA and triglyceride turnover. While hepatic FXR could have
been activated at an earlier stage during the study, we favour the explanation that failure to
observe direct effects of FXR activation in the liver indicates other factors account for the
effect of OCA on hepatic steatosis in W¢mice. Among such “indirect factors”, the changes
in adipose morphometry, browning (with attendant increased energy expenditure) and
inflammation discussed earlier are likely to be critically important.

The failure to observe any beneficial effect of OCA (1mg/kg) on NASH in obese diabetic
mice was not due to inadequate dosing. The detailed experiments reported here used a dose
4-fold the human equivalent, but we also studied another cohort of mice gavaged with
10mg/kg OCA per day for 8 weeks. This supra-pharmacological dose of OCA (40-fold the
human dose) had identical effects as 1mg/kg in W¥mice, with similar complete lack of
effect on body weight gain, glucose tolerance and severity of liver histology (i.e. NASH) in
atherogenic diet-fed foz/foz mice. Thus, the failure to find a therapeutic effect of OCA on
NASH in our metabolic syndrome model, which replicates the results of published human
clinical trial (25), is not due to an inadequate dose.

In summary, these experiments demonstrate that OCA confers protective effects against
hepatic lipid partitioning in obese W mice (a dietary model) in which the metabolic
phenotype is confined to glucose intolerance. These beneficial effects appear to be
consequences of either or both improved adipose function with browning, suppression of
adipose inflammation and glycemic control. On the other hand, the profound drive to eat in
foz/foz mice, combined with atherogenic dietary intake, overwhelms any useful
physiological effects of OCA, even in very high doses, on adipose function, glucose disposal
and hepatic lipid metabolism. We did not study the mechanism for this refractoriness to FXR
stimulation here, but note that analogous inhibition of peroxisome proliferator-activated
receptor-alpha (PPAR-a) and adiponectin receptor signalling have been documented in
NASH (40). Thus, while pharmacological FXR activation with OCA has potential for
treatment of obesity-related insulin resistance and hepatic steatosis, it has limited effects on
the liver in metabolic obesity with diabetes and adipose inflammation, and as a consequence
is unable to reverse NASH, as shown here in foz/foz mice. The present findings help explain
why data from the FLINT study indicate that the OCA approach to NASH therapy may be
limited: OCA improved components of NAS, but failed to cause resolution of NASH. The
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insight from the present study in diabetic mice with NASH is that OCA treatment may not
be sufficient to overcome advanced metabolic derangements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

a-Sma
Abcal
Acad|
Acox1
Agl
Almsl
Ccr2
CE
CLS

Coll-al

Cyp4al0 and 14
Cyp7al

Dio2

EtOH

FA

FC

Fizz1

FGF15

FXR

H&E

alpha-smooth muscle actin

ATP-binding cassette subfamily A member 1
acyl-coenzyme A dehydrogenase, long chain
peroxisomal acyl-coenzyme A oxidase 1
arginase 1

murine equivalent of Alstrém gene

C-C motif chemokine receptor 2

cholesteryl ester

crown-like structure

collagen 1-alpha 1

cytochrome P450 4A10 and 4A14
cholesterol 7a-hydroxylase

type 2 iodothyronine deiodinase

ethyl alcohol

fatty acid

free cholesterol

antigen resistin-like molecule-alpha
fibroblast growth factor 15

farnesoid X receptor

hematoxylin & eosin
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IpGTT intraperitoneal Glucose Tolerance Test
Lxr-a liver X receptor

Mu monounsaturated

NAFLD non-alcoholic fatty liver disease

NAS NAFLD activity score

NASH non-alcoholic steatohepatitis

OCA obeticholic acid

ORO oil red-O

Pgcl-a PPAR-y co-activator 1-alpha

PPAR-a peroxisome proliferator-activated receptor-alpha
Prdm16 PR-domain containing 16

Pu polyunsaturated

Sa saturated

Shp small heterodimer partner

SREBP1 sterol regulatory element-binding protein 1
SVF stromal vascular fraction

Timpl TIMP metallopeptidase inhibitor 1

Ucpl uncoupling protein 1

WAT white adipose tissue

Wt wildtype
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What isalready known about this subject?

- Severity of fatty liver disease and development of NASH are associated with
glucose intolerance and adipose tissue dysfunction

- The semi-synthetic bile acid analogue obeticholic acid (OCA) is a potent
farnesoid X receptor agonist

- OCA attenuated body weight gain and improved NAFLD activity score
(NAS) in ~45% of patience in the FLINT study, but despite improvement in
some elements of liver histopathology, it failed to reverse NASH or improve
liver fibrosis

What doesthis study add?

- OCA improves adipose function by improving adipose morphology and
reducing adipose inflammation in mice with a milder metabolic phenotype
produced by atherogenic diet

- Likely resulting from these changes, OCA confers important hepato- and
metabo-protective effects in these mice

- In diabetic obese mice with established NASH, OCA, even when
administered in supra-pharmacological doses, failed to impact the severer
metabolic phenotype and, as in humans, failed to reverse NASH pathology
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Figure 1. OCA slowed body weight gain and improved glucose tolerancein Wt but not foz/foz

mice

(A) Body weight gain, (B) body weight at 28 weeks, (C) fasting blood glucose (FBG), (D)
serum insulin, (E) intra-peritoneal glucose tolerance (IpGTT), and (F) area under the glucose
curve (AUC) in atherogenic diet-fed foz/foz mice vs. Wk, with or without OCA treatment.

Data are mean £ SEM (n=9-10/gp). * P<0.05 vs. genotype-matched control (treatment
effect), 8£<0.05 vs. treatment-matched control (genotype effect).
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Figure 2. OCA reduced liver weight and hepatic lipid partitioning in Wt but not foz/foz mice

(A) Liver weight, (B) neutral lipids (as oil red-O [ORQ] incorporation), (C) triglyceride, (D)
total fatty acids, and (E) free cholesterol and cholesteryl esters in atherogenic diet-fed
foz/foz mice vs. Wiewith or without OCA treatment. (F) Representative liver sections
showing atherogenic diet (Ath)-fed W¢mice developed mild steatosis, but foz/foz mice
developed NASH and OCA had no beneficial effect (Table 1). Data are mean + SEM
(n=9-10/gp). * P<0.05 vs. genotype-matched control (treatment effect), 8/<0.05 vs.
treatment-matched control (genotype effect).
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Figure 3. OCA failed to activate hepatic FXR

Whole liver lysate cytosolic and nuclear protein expression levels for (A) farnesoid X
receptor (FXR) and (B) sterol regulatory element-binding protein 1 (SREBP1) in
atherogenic diet-fed foz/foz mice vs. Wi with or without OCA treatment. In addition, we
compared mRNA expression levels of (C) small heterodimer partner (S/p), liver X receptor-
alpha (Lxr-a), and cholesterol 7a-hydroxylase (Cyp7al), as well as (D) PPAR-vy co-
activator 1-alpha (PgcI-a) and (E) ATP-binding cassette subfamily A member 1 (Abcal),
Srebpl, acyl-coenzyme A dehydrogenase, long chain (Acad)), peroxisomal acyl-coenzyme
A oxidase 1 (AcoxI), and cytochromes P450 4A10 (Cyp4al0) and 4A14 (Cyp4ald), for
which their expression may be regulated by OCA, and that are relevant to the intracellular
lipid metabolism in liver. Data are mean + SEM (n=9-10/gp). * A<0.05 vs. genotype-matched
control (treatment effect), 8/<0.05 vs. treatment-matched control (genotype effect).
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Figure 4. OCA reduced tissue weight and improved morphometry in multiple adipose
compartmentsin Wt but not foz/foz mice

Changes in adipose compartments in terms of (A) mass and (B) adipocyte mean volume,
including detailed size distribution of (C) periovarian (Pov), (D) lumbar, and (E) mesenteric
(Mes) adipocytes in atherogenic diet-fed foz/foz mice vs. Wi, with or without OCA
treatment. Data are mean £ SEM (n=9-10/gp). * A<0.05 vs. genotype-matched control
(treatment effect), 8£<0.05 vs. treatment-matched control (genotype effect).
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Figure5. OCA increased transcript expression of adipose browning factorsin visceral WAT of

Wt but not foz/foz mice

Changes in mRNA expression levels of (A) uncoupling protein 1 (Ucpl), (B) Cidea, (C) PR-
domain containing 16 (Prdm16), (D) PPAR-y co-activator 1-alpha (Pgcl-a), (E) Glut4, and
(F) type 2 iodothyronine deiodinase (Dio2) in periovarian (visceral) and lumbar
(subcutaneous) adipose compartments in atherogenic diet-fed foz/foz mice vs. Wt, with or
without OCA treatment. Data are mean + SEM (n=9-10/gp). * £<0.05 vs. genotype-matched
control (treatment effect), 8/<0.05 vs. treatment-matched control (genotype effect).
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Figure 6. The amount of macrophage crown-like structures (CL Ss) and pro-inflammatory gene
transcriptswerelessin OCA-treated Wt mouse adipose compartmentsthan untreated in Wt but

not foz/foz mice

(A) Number of adipose CLSs, and mRNA expression of (B) C-C motif chemokine receptor

2 (Ccr2), and (C) Cd11cin stromal vascular fractions (SVFs) of atherogenic diet-fed foz/foz
mice vs. Wtadipose compartments, with or without OCA treatment. The ratio of
alternatively-activated, anti-inflammatory macrophage markers were increased in OCA-
treated W¢mouse adipose compartments vs. untreated; OCA failed to alter adipose
macrophage polarization in foz/foz mice. (D) Cd68 mRNA expression, and the ratio of (E)
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Cd163, (F) arginase 1 (Ag1), and (G) antigen resistin-like molecule a (FizzZ) mRNA to
Cadb68expression in SVFs of atherogenic diet-fed foz/foz mice vs. Wtadipose compartments,
with or without OCA treatment. Data are mean + SEM (n=9-10/gp). */#<0.05 vs. genotype-
matched control (treatment effect), 8£<0.05 vs. treatment-matched control (genotype effect).
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Figure 7. Supra-pharmacological dose of OCA (10mg/kg) failed to improve metabolic and
hepatic indicesin foz/foz mice with NASH

(A) Body weight gain, (B) fasting blood glucose (FBG), (C) serum insulin, (D) HOMA-IR,
(E) liver weight, (F) liver histology by blinded expert pathologist (MMY) (I, representative
pictures; ii, macro-steatosis; iii, inflammation; iv, ballooning; and v, overall NAFLD activity
[NAS] score) in atherogenic diet-fed foz/foz mice vs. Wk, with or without OCA treatment.
Data are mean £ SEM (n=8/gp). * A<0.05 vs. genotype-matched control (treatment effect),
8p<0.05 vs. treatment-matched control (genotype effect).
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