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Abstract

Background/Objectives: Acyl-coenzyme A:cholesterol acyltransferases (ACATS)
catalyze the formation of cholesteryl ester (CE) from free cholesterol to regulate
intracellular cholesterol homeostasis. Despite the well-documented role of ACATS in
hypercholesterolemia and their emerging role in cancer and Alzheimer’s disease, the role
of ACATSs in adipose lipid metabolism and obesity is poorly understood. Herein, we
investigated the therapeutic potential of pharmacological inhibition of ACATS in obesity.
Methods: We administrated avasimibe, an ACAT inhibitor, or vehicle to high-fat diet-
induced obese (DIO) mice via intraperitoneal injection and evaluated adiposity, food
intake, energy expenditure, and glucose homeostasis. Moreover, we examined the effect
of avasimibe on the expressions of the genes in adipogenesis, lipogenesis, inflammation
and adipose pathology in adipose tissue by real-time PCR. We also performed a pair
feeding study to determine the mechanism for body weight lowering effect of avasimibe.
Results: Avasimibe treatment markedly decreased body weight, body fat content and
food intake with increased energy expenditure in DIO mice. Avasimibe treatment
significantly lowered blood levels of glucose and insulin, and improved glucose tolerance
in obese mice. The beneficial effects of avasimibe were associated with lower levels of
adipocyte-specific genes in adipose tissue and the suppression of food intake. Using a
par-feeding study, we further demonstrated that avasimibe-promoted weight loss is

attributed mainly to the reduction of food intake.
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Conclusions: These results indicate that avasimibe ameliorates obesity and its-related

insulin resistance in DIO mice through, at least in part, suppression of food intake.

Keywords: acyl-coenzyme A: cholesterol acyltransferase, cholesterol ester, avasimibe,

obesity, insulin resistance, food intake

Abbreviations:

ACATS, Acyl-coenzyme A:cholesterol acyltransferases; CE, cholesterol ester; DIO,
diet-induced obese; TG, triglyceride; LD, lipid droplet; FC, free cholesterol; epiWAT,
epididymal white adipose tissue; VLDL, very low-density lipoprotein; AVA, avasimibe;
CTRL, control; ALT, alanine transaminase; IPGTT, Intraperitoneal glucose tolerance test;
HOMA-IR, homeostatic model assessment of insulin resistance; HF, high fat; RER,

respiratory exchange ratio.
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1. Introduction

Obesity is drawing increasing attention due to its high global prevalence, increased
metabolic health risks and heavy economic burden. Obesity is characterized by an excess
of adipose tissue due to the massive accumulation of triglyceride (TG). Adipose tissue is
also a major cholesterol storage organ. In obese humans, 33-50% of body cholesterol is
found in adipose tissue, whereas it is about 25% in lean humans [1]. The majority of the
adipocyte cholesterol is distribited in lipid droplets (LDs) in the forms of free cholesterol
(FC) and cholesterol ester (CE) [2]. Indeed, cholesterol content in adipose tissue is
generally proportional to the level of TG [1, 3]. Cholesterol uptake and intracellular
cholesterol redistribution are closely associated with adipogenesis [4] and adipocyte
expansion [5]. Moreover, suppressing cholesterol efflux in adipocytes leads to an increased
intracellular cholesterol level with reduced LD size and TG content in adipocytes in obese
mice [6], implicating a potential role of cholesterol in the development of adipose tissue
and LDs. However, the key regulators of cholesterol homeostasis in adipocytes and related
underlying mechanisms are poorly understood.

Cholesterol homeostasis is coordinately regulated by the uptake, synthesis, efflux and
esterification of cholesterol [7]. Among these regulators, endoplasmic reticulum resident
acyl-coenzyme A: cholesterol acyltransferases (ACATs, also known as sterol O-
acyltransferases) catalyze the esterification of FC and long-chain fatty acid, mainly oleic

and palmitic acids, to CE in the presence of ATP and coenzyme A [8]. ACAT has two
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isoforms, ACAT1 [9], which is ubiquitously expressed in various tissues in mammals [10],
and ACAT2 [11], which is mostly expressed in the intestine and liver [12]. Tissue
distributions of ACAT1 and ACAT2 are similar across humans, mice, and monkeys, except
in the liver, where humans express both ACAT1 and ACAT2 while mice and monkeys
express mainly ACAT2 [10, 13, 14]. Since ACATSs are the key enzymes for the control of
CE synthesis and the availability of FC in cells, ACATs have been identified to be
therapeutic targets for atherosclerosis [12], Alzheimer's disease [15] and several types of
cancer [16-18].

Avasimibe (CI-1011) is a synthetic ACAT inhibitor [19] and has been developed for the
treatment of atherosclerosis [20, 21]. Unlike other ACAT inhibitors, avasimibe displayed
a human safety record with a minimal effect on adrenal toxicity [22]. Oral administration
of avasimibe at a dosage range of 0.1-30 mg/kg/day is demonstrated to reduce the plasma
total TG, very low-density lipoprotein (VLDL)-CE and VLDL-TG levels by 31%-48% in
high-cholesterol or normal chow-fed animals [23-25]. In human clinic trials, oral
administration of avasimibe at a dosage range of 50-500 mg/day lowered plasma TG and
VLDL-cholesterol levels by 16-30% in patients with combined hyperlipidemia [26]
without clinically meaningful changes in steroid hormone levels [27]. Compared with oral
administration, non-oral administration appears to improve avasimibe blood bioavailability
in non-hepatic tissues with no effect on cytotoxicity, body weight or adrenal gland [28].

Indeed, non-oral administration avasimibe helped us reveal a new role of ACAT in various
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diseases, including prostate cancer [29], pancreatic ductal adenocarcinoma [30],
hepatocellular carcinoma [31], chronic myelogenous leukemia [32], melanoma cancer
immunotherapy [16], and Alzheimer’s disease [33, 34].

Previously, we and others reported a positive correlation between ACAT1 mRNA
expression and adipogenesis in vitro as well as adiposity in vivo [35, 36]. We further
showed that avasimibe suppressed LD formation and expansion during adipogenesis in
3T3-L1 cells [35]. Accordingly, we hypothesize that avasimibe attenuates the development
of obesity.

To test this hypothesis, we investigated the role of non-orally administrated avasimibe
in obesity using DIO mice. We found that avasimibe treatment promoted weight loss,
particularly fat loss, with improved insulin sensitivity. The underlying mechanism involved
suppressing food intake and reducing lipogenesis in adipose tissue. These results support

the potential of using avasimibe to trigger weight loss via suppressing energy intake.

2. Materials and methods

2.1.Materials and reagents

Free glycerol reagent (cat. no. F6428), glycerol standard solution (cat. no. G7793) and TG
reagent (cat. no. T2449) were purchased from Sigma-Aldrich (St Louis, MO). TRIzol®
reagent, SuperScriptll and Lipofectamine 2000 were from Invitrogen (Carlsbad, CA).

Avasimibe (> 98% of purity) was from 2A Pharmachem (Lisle, IL), AdooQ bioscience
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(Irvine, CA) or MedChemExpress (Shanghai, China). Protein assay kit and iTaq™
Universal SYBR® Green Supermix (cat. no. 172-5121) were from Bio-Rad Laboratories
(Hercules, CA). Insulin ELISA kit (cat. no. 80-INSMSU-E01) was from Alpco Diagnostics
(Salem, NH). Free fatty acid assay kit (cat. no. 700310) was brought from Cayman
Chemical (Ann Arbor, MI). Cholesterol assay kit (cat. no. K603-100) was from BioVision

(Milpitas, CA).

2.2.Animal husbandry and administration of avasimibe

Six to eight-week-old male C57BL/6J mice (The Jackson Laboratory, Bar harbor, ME)
were fed with high-fat (HF) diet (60% of calories from fat, 0.035% cholesterol) (cat. no.
TD.06414, Harlan Laboratories, Madison, WI, or cat. no. D12492i, Changzhou Shuyishuer
Biotech, China) for 15 - 20 weeks to develop diet-induced obesity. These diet-induced
obese (DIO) mice were then randomly assigned to control (CTRL) and avasimibe (AVA)
groups. Avasimibe was dissolved in a vehicle solution (avasimibe first dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 90mg/ml, then diluted with 2-
hydroxypropyl-p-cyclodextrin and Tween-80 in PBS, making the final concentration of
avasimibe at 2.7mg/ml, DMSO at 3% (v/v), tween-80 at 2% (v/v) and 2-hydroxypropyl-p-
cyclodextrin at 3.2mg/ml. We injected avasimibe solution or vehicle at 7.7ul /g body
weight, corresponding to 20 mg/kg body weight, to the mice in the AVA and CTRL groups

intraperitoneally (i.p.) daily for indicated days. The mice were kept on a 12/12 h light/dark
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cycle at 22 - 25°C, with HF diet and water ad libitum. Food and body weight were
determined every other day or daily. Experimental procedures were approved by the
Purdue University Institutional Animal Care and Use Committee (protocol no.
1112000347) and Hong Kong Polytechnic University Animal Subjects Ethics Sub-

committee.

2.3.Pair-feeding study

DIO C57BL/6J mice (male, 29-37 weeks of age) were randomly assigned to CTRL, AVA
and pair-feeding (Pair) groups. Mice from the AVA group received a 20 mg/kg body
weight dosage of avasimibe through daily i.p. injection, while mice from the CTRL and
PAIR groups received vehicle solution. The food intake of these mice was measured twice
daily, at the beginning of the light and dark cycles. Thus, the food consumption during the
light cycle was calculated by (food amount in the cage at 7 am — food amount in the cage
at 7 pm). Food consumption during the dark cycle was calculated by (food amount in the
cage at 7 pm — food amount in the cage at 7 am the next day). The restricted-food
administration of Pair group was staggered one day later than the treatment of CTRL and
AVA groups. All the Pair mice were given the same amount of food consumed by the AVA
mice on the previous day. The mice in the CTRL and AVA groups were allowed to access

the HF diet ad libitum. All the mice used in this study were allowed to access water ad
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libitum. Body weight was monitored every day. Experimental procedures were approved

by the Purdue University Institutional Animal Care and Use Committee.

2.4.Metabolic chamber measurement

An indirect Calorimeter (Oxymax, Columbus Instruments, model: Open Circuit Indirect
Calorimeter) was employed to measure oxygen (O2) consumption and carbon dioxide (COz)
production. Mice were housed individually with a 12/12 h light/dark cycle at 26°C for
indicated days with ad libitum access to diet and water (mice in Pair group were given a
defined amount of food as described above) for four days. The metabolic chamber detected
VO, and VCO:; every 22 minutes. Data of two dark cycles (7 pm-7 am) and two light cycles
(7 am-7 pm), i.e. data collected from the 21 hr to 69" hr in the metabolic chambers, were
used to calculate the respiratory exchange ratio [37] and energy expenditure by [3.815 X

VO (L/h) + 1.232 x VCO2 (L/h)]/lean mass (kg).

2.5.Fecal calorie measurement and Dual-energy X-ray absorptiometry (DEXA) analysis

Fecal samples were collected from the individual cage for further analysis as described
previously [38, 39]. At the end of the study, mice were euthanized with CO>, and scanned
for body composition by a PIXImus densitometer (Lunar; GE-Healthcare, Madison, WI)

as described previously [40].
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2.6.Blood collection, hormone and metabolite measurements from mouse serum

For 6 hr fasting blood glucose level determination, we fasted mice during the light cycle,
i.e. we removed food at 9:30 am and measured blood glucose level at 3:30 pm. At the end
of the study, blood samples were collected from overnight fasted mice through cardio-
puncture. After clotting at room temperature for ~15min, blood samples were centrifuged
at 2,000g for 10 min to get the supernatants. Serum levels of insulin and leptin were
determined by the corresponding ELISA kits, and the serum levels of alanine transaminase
(ALT), cholesterol, glycerol and free fatty acids were determined by appropriate Kits as
described in materials and reagents. All assays were performed according to the

manufacturer's instructions.

2.7.Intraperitoneal glucose tolerance test (IPGTT) and homeostatic model assessment of
insulin resistance (HOMA-IR)

IPGTT was performed following the standard protocol. After fasting mice for 12 h, blood
was taken from their tails to measure the basal glucose level. Glucose concentration was
determined using a glucometer (Bayer Healthcare LLC, Mishawka, IN). Mice were
injected intraperitoneally with 50 % glucose solution at 1.5 g/kg body weight. After
injection, blood was drawn from the tail vein at 0, 15, 30, 45, 60, and 120 min for the
determination of blood glucose concentration. Serum insulin and glucose level from the

overnight fasted mice were determined as described above, and HOMA-IR was calculated
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based on the following equation: HOMA-IR = fasting plasma insulin (mU/L) x fasting

plasma glucose (mg/dl)/405 [41, 42].

2.8.Quantitative real-time PCR

The total RNA was isolated from adipose tissue using TriZol reagent (Invitrogen, Carlsbad,
CA, USA) and subsequently, isolated RNA was reverse transcribed to cDNA by the
SuperScript II kit (Invitrogen) according to the manufacturer’s protocol. mRNA level of
each gene was quantified by real-time PCR using iTaq™ Universal SYBR® Green
Supermix (Applied Biosystems, Carlsbad, CA) containing 100 ng/ml PCR primers by
StepOne Real-Time PCR System (Applied Biosystems, Carlsbad, CA). Table S1 shows
the sequence of primer sets used in this study. The mRNA levels were normalized to
ribosomal protein L27 (RPL27) (an 18S ribosomal protein) or -actin and calculated with
the comparative CT method. Data were normalized to RPL27 or B-actin as indicated and

analyzed by A A Ct method.

2.9.Statistical Analysis

Data are presented as means + SEM. Statistical analysis was performed using Student's
two-tailed t-test to compare between groups. One-way ANOVA with Bonferroni post hoc
test was performed to analyze the data in Fig. 5 D and H with SAS 9.2 (SAS® Inst. Inc.,

Cary, NC). A P-value of less than 0.05 was considered statistically significant.
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3. Results
3.1.Non-oral administration of avasimibe reduces body weight via suppressing food intake
in high-fat diet-induced obese mice

Among several animal models of obesity [43], we chose the DIO mouse model since it
mimics obesity development in humans better than other models. We fed six- to eight-
week-old male mice (C57BL/6J) with HF diet (60 % calorie from fat) ad libitum for fifteen
to twenty weeks to develop obesity. These DIO mice (49.96 £ 1.21 g) were randomly
assigned into two groups to receive vehicle (CTRL) or i.p. injection of avasimibe (AVA,
20 mg/kg body weight) daily for thirteen days. The dosage of avasimibe was determined
based on previous studies [22, 29]. At the end of the study, we sacrificed mice after
overnight fasting and collected various samples for further analyses. We assessed the
cytotoxicity by measuring serum ALT activity and found that avasimibe administration
showed little effect on the serum ALT level (33.79 + 18.35 IU/L vs. 29.56 + 9.74 IU/L)
(Fig. 1A). Administration of avasimibe significantly reduced the body weight of DIO mice
compared to the mice in the CTRL group (49.91 + 1.09 g vs. 38.47 £ 1.06 g) at the end of
the study (Fig. 1B), corresponding to 22.2 + 1.8 % weight loss relative to their initial
weights (Fig. 1C). Consistent with these results, obese mice receiving low dose avasimibe
(10 mg/kg body weight via i.p. administration) resulted in approximately 24 % decrease in
body weight(Fig. S1A). Mice in the AVA group displayed a 38% less fat mass than the

CTRL group with a 42 % body fat content as compared to 49 % in the CTRL group (Fig.
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1D). Interestingly, mice in the AVA group showed a 3.38g less lean mass than mice in the
CTRL group with a 57 % lean body content as compared to 51 % in the CTRL group (Fig.
1D). While there was a significant decrease in inguinal, epididymal and retroperitoneal fat
pad weight (Fig. 1E) in the AVA mice, no significant differences in liver and heart weight
(Fig. 1F), and bone density (Fig. S2) were observed between the two groups. Evidently,
kidney weight was lower in mice in the AVA group than those in the CTRL group (0.37 +
0.01 g vs. 0.42 + 0.01 g). Thus, the weight loss induced avasimibe treatment was mainly
attributed to the loss of fat mass in DIO mice.

We next sought to determine whether the avasimibe-reduced fat mass was attributed
to the reduction of energy intake or energy expenditure. We, thus, quantified the effects of
avasimibe on food intake and metabolic activity of DIO mice. While mice in the CTRL
group consumed 2.49 £ 0.11 g food/day/mouse, mice in the AVA groups showed reduced
food intake at 1.24 + 0.15 g/day/mouse, resulting in a 50 % decrease in food intake (Fig.
2A). We observed that this reduction in food intake was steady throughout the 13-day
experimental period. Consistent with this result, obese mice receiving low dose avasimibe
(10 mg/kg body weight via i.p. administration) resulted in 63.6 % decrease in food intake
(Fig. S1B). On the other hand, administration of avasimibe (20 mg/kg body weight) to lean
mice fed with HF diet for 30 days resulted in a 15% decrease in daily food intake and a 14%

decrease in body weight (Fig. S3).
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Next, we examined the effect of avasimibe administration on the energy expenditure
in these mice using a metabolic chamber. Compared with the mice in the CTRL group,
mice in the AVA group had higher energy expenditure both in dark and light cycles (Fig.
2B and D), indicating a potential role of avasimibe in increasing basal metabolism.
Moreover, avasimibe-treated mice had a lower respiratory exchange ratio (RER) than
vehicle-treated mice both in dark and light cycles (Figs. 2C and E), indicating a shift in
substrate utilization towards enhanced lipid oxidation in the avasimibe-treated mice.
Collectively, our results indicate that an acute i.p. administration of avasimibe ameliorates
obesity in DIO mice through reducing body fat mass, food intake, and increasing lipid

usage in energy balance.

3.2.Non-oral administration of avasimibe ameliorates systemic glucose homeostasis in
DIO mice
Since obesity enhances the risks of insulin resistance and glucose intolerance, we next
examined whether avasimibe could improve glucose homeostasis in DIO mice. Even after
three days of avasimibe treatment, mice in the AVA group had a lower blood glucose level
after fasting for 6 h (157.5 + 10.6 mg/dL) compared with the mice in the CTRL group
(194.7 £ 12.9 mg/dL) (Fig. 3A) even though mice in the two groups showed no significant
differences in body weight. After 11 days of avasimibe treatment, we performed an IPGTT.

Avasimibe-treated mice exhibited a faster clearance rate of circulating glucose than those
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in the CTRL group (Fig. 3B), as indicated by a 49.3% reduction of the area under the curve
(Fig. 3C). Mice in the AVA group also showed a marked decrease in serum insulin level
(0.31 £ 0.05 ng/ml) and HOMA-IR index (1.77 = 0.34) after overnight fasting, compared
with those of mice in the CTRL group (2.44 + 0.31ng/mL and 26.67 + 4.57) (Figs. 3D and
E). Moreover, avasimibe treatment resulted in a decrease in serum FC (0.35 = 0.07 mM)
(Fig. 3F), CE (1.03 £ 0.26 mM) (Fig. 3G) and TG (0.60 £ 0.07 mM (Fig. 3H) compared
with those in the CTRL group (FC: 1.41 £ 0.42 mM; CE: 7.52 £ 0.96 mM; TG: 1.41 £ 0.13
mM). However, avasimibe treatment showed no effect on the serum glycerol and free fatty
acids levels (Figs. 31 and J). These results indicate that i.p. administration of avasimibe

improves glucose homeostasis and serum lipid profiles in DIO mice.

3.3.Non-oral administration of avasimibe lowers the expression of adipocyte-specific
genes in white adipose tissue of DIO mice
We previously reported that avasimibe suppressed de novo lipogenesis in adipocytes in
vitro by down-regulating the expression of the genes involved in lipid synthesis [35]. Here,
we tested whether avasimibe administration could exhibit a similar effect in vivo. We found
that epididymal white adipose tissue (epiWAT) from the mice in the AVA group showed
a marked reduction of the mRNA levels of adipogenic genes such as PPAR and SREBP1c,
and their downstream genes such as FAS and SCD1 compared with those in the CTRL

group (Fig. 4A). Avasimibe-treated mice exhibited substantially decreased mRNA levels
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of the genes involved in TG synthesis, such as MGAT1 and DGAT2. However, there is no
difference in the mRNA levels of genes involved in cholesterol homeostasis in epiWAT,
including SREBP1, SREBP2, and LDLR (Fig. 4A). Consistent with the avasimibe-induced
decrease in adipose tissue weight shown in Fig. 1E, avasimibe-treated DIO mice also
displayed a reduction of Leptin and Adiponectin mRNA levels in epiWAT (Fig. 4B), as
well as serum leptin level (Fig. 4C). Obesity is associated with adipose tissue pathology,
including macrophage infiltration, low-grade inflammation, macrophage switch from
alternatively activated M2 to pro-inflammatory M1 type, and fibrosis [44-47]. We next
investigated the effect of avasimibe administration on the mRNA levels of inflammatory
cytokines (MCP1, IL-6, TNFa, CCL5, and CCL7), pan-macrophage marker genes (CD68
and F4/80), M2 macrophage marker genes (MGL2 and ARG1), and fibrosis (TGFb1 and
MMP?2) in adipose tissue isolated from the CTRL and AVA groups. Mice in both groups
showed similar mMRNA levels of inflammatory genes, such as MCP1, IL-6, TNFa, CCL5,
and CCL7 (Fig. 4D and E). As shown in Fig. 4E, a 13-day avasimibe administration exerted
no effect on the mRNA levels of CD68, F4/80, MGL2, CCL5, CCL7, TGFb1, and MMP2,
Interestingly, avasimibe administration resulted in a marked increase (an 8.7-fold) in ARG1
level in adipose tissue.

We also found that avasimibe treatment resulted in increased hepatic TG level and a
decrease in SCD1 expression in the liver. However, avasimibe treatment showed no effect

on the hepatic total cholesterol level and the mRNA levels of the genes in de novo
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lipogenesis (SREBP1c and FAS) and cholesterol synthesis and metabolism (SREBP2,
HMGCR, HMGCS2 and NR1H3/LXRea) in the liver (Fig. S4). Collectively, i.p.
administration of avasimibe inhibited mRNA levels of genes involved in de novo
lipogenesis and adiposity with little effect on improving adipose pathology in epiWAT of

DIO mice.

3.4.Avasimibe-induced body weight loss in DIO mice is largely attributed to the
suppression of food intake
The difference in food intake between the two groups prompted us to hypothesize that
avasimibe-induced weight loss in DIO mice was resulted from suppression of obesity-
associated food intake. To test this, we first examined the effect of i.p. administration of
avasimibe on the expression of the genes involved in appetite control and inflammation in
the hypothalamus. We found that the hypothalamus isolated from the mice in the AVA
group exhibited a marked reduction of the mRNA levels of orexigenic genes (NPY and
AGRP) and CART with no effect on other anorexigenic genes (POMC and MCA4R)
compared with those in the CTRL group (Fig. 5A). Moreover, avasimibe treatment
markedly suppressed mRNA levels of TNF« and IL14 in the hypothalamus (Fig. 5A). To
further investigate the anti-obesity mechanism of avasimibe, we conducted a pair-feeding
experiment, in which DIO mice were randomly assigned to one of the following three

groups: vehicle-treated (CTRL), avasimibe-treated (AVA) and pair-fed (Pair) groups. Pair-
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fed mice were fed the same amount of HF diet as the mice in the AVA group had consumed
in the previous day. Mice in both the CTRL and AV A groups were given HF diet ad libitum.
As shown in Fig. 5, DIO mice from both the AVA and Pair groups had similar reductions
in body weight during an 8-day experiment compared with those in the CTRL group (Figs.
5B and C), indicating the weight loss in the avasimibe-treated mice was, at least in part,
resulted from reduced food intake mostly in the dark cycle (Fig. 5D). Interestingly,
avasimibe-treated mice showed a 2.6 % decrease in RER values than the mice in the PAIR
group in the dark cycle (0.76 + 0.003 vs. 0.78 £ 0.003) (Fig. 5E). Moreover, in the light
cycle avasimibe-treated mice had higher energy expenditure than those in the Pair group
(Fig. 5F). Next, we examined the effect of avasimibe treatment on the amount of energy in
the food that was lost in the excreta examined by fecal excretion and fecal energy density.
Both the AVA and Pair groups showed significantly lower daily fecal excretion compared
with the CTRL group (Fig. 5G). Evidently, the feces excreted from avasimibe-treated mice
contained a slightly higher level of energy density than those in the CTRL or Pair groups
(Fig. 5H, 4.60 £ 0.06 vs. 4.34 + 0.05 or 4.35 + 0.06 kcal/g). These results indicate that the
body weight loss induced by avasimibe treatment was largely attributed to avasimibe-

suppressed food intake.

4. Discussion
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Although the role of ACAT in cholesterol metabolism and atherosclerosis is well
documented, its role in adiposity and the development of obesity remains elusive.
Previously, we reported that ACAT is required for lipogenesis in adipocytes in vitro and
highlighted the important role of ACAT in integrating cholesterol metabolism and TG
synthesis in adipocytes [35]. This notion was further supported by a recent study in which
ACAT overexpression resulted in increased free cholesterol on the LD surface with
impeding adipocyte function [36]. These led us to hypothesize that ACAT serves as a
therapeutic target for the treatment of adiposity and its related metabolic disorders. Herein,
we showed for the first time that non-oral i.p. administration of avasimibe decreased body
weight and fat mass with improved insulin sensitivity and serum lipid profile and
suppressed adipocyte lipogenesis in epididymal fat in DIO mice. However, avasimibe
administration exerted little effect on improving adipose pathology and lipid metabolism
in the liver in DIO mice. Intriguingly, we observed a marked suppression of food intake in
avasimibe-treated DIO mice with an increase in energy expenditure, basal metabolism, and
a shift in fuel preference towards lipids, indicating a potential function of avasimibe in
lowering obesity-related hyperphagia. In support of this view, our pair-feeding study
further revealed that avasimibe’s anti-obesity effect was predominantly attributed to
suppressed food intake. Moreover, avasimibe administration presented a higher basal
metabolic rate than the pair-feeding regime. Based on these results, we speculate an anti-

obesity potential of avasimibe. It should be noted that avasimibe’s ability to lower body
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weight and food intake appears to be maximized when it is administrated to obese animals
since i.p., injection of avasimibe (20mg/kg body weight) to lean mice for 30 days did not
show a dramatic decrease in food intake or weight loss (Fig. S3). In support, i.p.
administration of avasimibe into cancer-bearing non-obese mice for 25-day [48] and 4-
week [49] resulted in no cytotoxicity with no changes in body weight and food intake.
Evidently, our finding of avsimibe’s anti-obesity effect is likely to depend on the drug
administration route since such a result was shown when avasimibe was administrated
intraperitoneally in DIO mice but not by oral administration (data not shown). Similarly,
orally administrated avasimibe showed no effects on the body weight or food intake in
human atherosclerotic lesions [21] and various animal models of diseases such as
atherosclerosis [50] and hypercholesterolemia [51]. Comparing to oral administration, non-
orally administrated avasimibe was shown to improve blood bioavailability and its
concentration in non-hepatic tissues [28]. In support, non-oral administration of avasimibe
has been shown to successfully target ACAT-regulated cholesterol metabolism in various
tissues for the treatment of Alzheimer’s disease, chemo-immunotherapy, lung cancer,
prostate cancer, pancreatic cancer, and hepatocellular carcinoma [16, 28-30, 33, 48, 52].
It should be noted that ACAT1 or ACAT2 knockout mice exhibited little or no change
in body weight and food intake when fed with a standard or high cholesterol diet [20].
However, in agreement with our findings, Xu et al. demonstrated that diet-induced obesity

and insulin resistance were significantly attenuated in ACAT1 knockout mice when
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challenged with a HF diet [53]. Moreover, HF diet-altered food intake-regulating signaling
and inflammation in the hypothalamus were reported to be alleviated in ACAT1 knockout
mice, which in turn contributed to the protecting the mice from HF diet-induced insulin
resistance and cognitive impairment in the hippocampus. Collectively, these results and
our present study underscore the important role of ACAT-regulated brain cholesterol
metabolism in HF diet-induced obesity.

Besides its structural role in the plasma membrane and myelin production [54], brain
cholesterol metabolism plays a critical role in the function of the central nervous system
(CNS), and the systemic energy metabolism as reduced de novo cholesterol synthesis
and/or accumulation of CE in the brain is associated with, in part, Alzheimer’s disease [55],
Huntington’s disease, Parkinson’s disease [56], diabetes and its related food intake [57],
Niemann-Pick disease type C and Smith-Lemli-Opitz syndrome [58]. Additionally, plasma
membrane cholesterol in the hypothalamus is reported to be required for constitutive
endocytosis of melanocortin-4 receptor (MC4R), a central regulator of food intake, and its
responsiveness to MC4R agonist melanocyte-stimulating hormone (MSH) for proper
control of appetite [59]. Moreover, HF diet feeding is associated with reduced cholesterol
synthesis [57], elevated levels of ACATL1 [60] in the hypothalamus, and an increase in CE
in the aged brain [61]. These studies imply a beneficial role of maintaining a brain
unesterified cholesterol pool for the promotion of CNS functions and energy metabolism.

In support, ACAT1 ablation [62] and non-oral administration of ACAT inhibitors, such as
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avasimibe [33], CP-113,818 [63], and K-604 [64], have been reported to elevate the levels
of unesterified cholesterol and 24-hydroxycholestgerol with suppression of CE level,
ACAT activity and/or amyloid- Bexpression in the brains of mouse models of Alzheimer’s
disease. These studies further imply a therapeutic potential of some of the ACAT inhibitors
for the diseases related to ACAT-dysregulated brain cholesterol metabolism and energy
balance through penetrating the blood-brain barrier. In support of this notion, our i.p.
injection of avasimibe to DIO mice decreased the levels of the genes involved in appetite
control and inflammation in the hypothalamus (Fig. 5A).

Our study has some limitations that may lead to future avenues of research. While our
study aimed to elucidate the therapeutic potential of avasimibe in obesity, future study
should focus on elucidating the mechanism underlying the inhibitory effect of avasimibe
on food intake and obesity using DIO and/or tissue-specific ACAT1 knockout mice. As
global ACAT1 knockout protected mice from HF diet-induced hypothalamic inflammation,
insulin resistance and neuropeptide dysregulation [53], evaluation of the direct role of
avasimibe and brain-specific deficiency of ACATL1 in central regulation of obesity-related
metabolic and eating disorders warrants future studies. Although out study employed
prolonged HF diet-induced obesity model, other genetic models of obesity could be used
to recapitulate the anti-obesity function of avasimibe and ACAT inhibitors. Our study
largely relies on fixed avasimibe doses (i.e., 10 mg/kg and 20 mg/kg) to test its anti-obesity

effect. This should be followed by investigation of dose-dependent effect of avasimibe and
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ACAT inhibitors on obesity to determine the lowest effective dose of ACAT inhibitors for
lowering body weight and food intake in obese animals. Herein, we demonstrated a non-
cytotoxic effect of non-orally administrated avasimibe in obese mice by measuring ALT
activity. However, this does not rule out the possibility of avasimibe-related locomotor and
behavioral dysfunction. Indeed, our preliminary assessment of the effect of avasimibe on
locomotor activity in obese mice showed that avasimibe-treatment resulted in lower total
distance, total distance in side, total distance in arena, and cumulative duration in center
with slight increase in cumulative duration in side and no change in rearing duration (Fig.
S5). These results bring the possibility of a potential effect of avasimibe-regulated food
intake and energy balance on the changes in locomotor activity and behavior, which
underscores the need to understand the mechanisms by which avasimibe influences
locomotor behavior.

In conclusion, we demonstrate that avasimibe, a clinically safe and efficacious ACAT
inhibitor, can potentially treat obesity and insulin resistance through suppression of food
intake. Our findings indicate that avasimibe could be an efficient therapy in the

pharmacological treatment of obesity with hyperphagia.
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Figure 1. Non-oral administration of avasimibe decreased body weight and fat weight
in DIO mice.

HF diet-fed 21-26-week-old obese mice (male) were daily treated with vehicle (CTRL) or
avasimibe (AVA) (20mg/kg body weight) intraperitoneally (i.p) for 13 days. At the end of
the study, the mice were sacrificed after overnight fasting for tissue collection and
measurements as follows: (A) serum alanine transaminase level was determined with
associated kits. (B) Body weight (n = 9) was measured every other day during the 13 days
of treatments. (C) The percentage decrease in body weight was calculated relative to the
initial body weight. Changes in fat and lean mass were assessed with Dual-energy X-ray
absorptiometry. Individual fat pad weight (E) and organ weight (F) of these DIO mice were
measured after euthanization. (D). n = 9. Ing: inguinal, Epi: epididymal, Retro:
retroperitoneal. All data presented were mean = S.E.M. p values were calculated using

Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure 2. Non-oral administration of avasimibe suppressed food intake and
increased energy expenditure.

Daily food intake (A) was measured during the second week of treatment (average of day
6 to day 12) (n =9). After 13 days of i.p. injection of avasimibe (20mg/kg body weight) or
vehicle solution, mice (n = 5) were put into the metabolic chamber for detecting VO and

VCO; every 22 minutes for 4 days. Average of two dark cycles and two light cycles (21h—
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69h) were used to calculate energy expenditure (EE) (B) and respiratory exchange ratio
(RER) (C). The details of the EE (D) and the RER (E) over time are shown. All data
presented were mean = S.E.M. p values were calculated using Student’s t-test. *, p < 0.05;

w3k 1) < 0.001.

Figure 3. Non-oral administration of avasimibe improved insulin sensitivity and
improved serum lipid profile.

After 3 days of avasimibe (20 mg/kg body weight) i.p. injection or vehicle treatment, the
D10 mice fasted for 6 h were used for tail blood glucose measurement by a glucometer (A)
(n =9). IPGTT was performed in DIO mice after 11 days of avasimibe (20 mg/kg body
weight) or vehicle treatment by an i.p. injection of glucose at 1.5 g/kg body weight for
measurements of blood glucose levels (B) and the area under the curve (AUC) (C) (n =9).
(D) After 13 days of avasimibe (20 mg/kg body weight) i.p. injection or vehicle treatment
followed by a 4-day of metabolic measurements, the DIO mice fasted overnight were
subjected to blood glucose and insulin analyses (n = 9). HOMA-IR (E) was calculated as
stated in Materials and Methods. The levels of serum FC (F), CE (G), TG (H), and
lipolysis-related free glycerol (1) and free fatty acids (J) were determined by corresponding
reagents (n = 9). All data presented were mean + S.E.M. p values were calculated using

Student’s t-test. *, p < 0.05; ***, p < 0.001.
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Figure 4. Non-oral administration of avasimibe modulated the leptin production
and mRNA levels of adipokine genes and de novo lipogenic genes in epiWAT.

After 13days of i.p. injection of avasimibe (20 mg/kg body weight) or vehicle treatment to
DIO mice followed by a 4-day of metabolic measurements, overnight fasted mice were
subjected to EpiWAT isolation and total RNA extraction to examine the mRNA levels of
genes involved in adipogenesis (PPARy and SREBP1c), fatty acid synthesis (ACC, FAS
and SCD1), TG synthesis (MGAT1 and DGAT?2) and cholesterol homeostasis (SREBP1a,
SREBP2 and LDLR) (A), adipokines (leptin and adiponectin) (B), inflammatory cytokines
(MCP1, IL-6, TNF ¢, CCL5 and CCL7), pan-macrophage marker genes (CD68 and F4/80),
M2 macrophage marker genes (MGL2 and ARGL1), and fibrosis (TGFbl and MMP2) (D
and E) by real-time PCR analysis (n = 4). Signals were normalized to RPL27 and S-actin.
(C) Serum leptin levels in these mice were determined by corresponding reagents (n = 9).
All data presented were mean £ S.E.M. p values were calculated using Student’s t-test. *,

p < 0.05; ** p <0.01; *** p<0.001.

Figure 5. The beneficial effect of non-oral administration of avasimibe in weight loss
was attributed mainly to the reduction of food intake.
D10 mice were fasted overnight after 13 days of i.p. injection of avasimibe (20 mg/kg body

weight) or vehicle treatment followed by a subsequent 4-day of metabolic measurements.
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(A) The hypothalamus tissues obtained from the mice in CTRL and AVA group (n=3-
5/group) were subjected to the analysis for the mRNA levels of genes in appetite control
(NPY, AGRP, POMC, CART and MC4R) and inflammation (MCP1, TNF« and 1L1/5) by
real-time PCR analysis. Signals were normalized to S-actin. HF diet-fed DIO male mice
(29-37 weeks old) treated with i.p. injection of avasimibe (AVA, 20 mg/kg body weight)
or vehicle (CTRL, Pair) for 8 days under ad libitum or pair-feeding regimen were subjected
to daily body weight (B), changes in body weight (C) and food intake (D) (n = 4). After
five days of avasimibe (20 mg/kg body weight) or vehicle treatment, mice were subjected
to respiratory exchange ratio (E) and energy expenditure (F) measurements (n = 4). Fecal
samples from these mice (n = 4) were used for daily fecal excretion (G) and fecal energy
density (H) measurements. All data presented were mean + S.E.M. p values were
calculated using Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. The data in
panels D - H were analyzed via One-way ANOVA with Bonferroni post hoc test. Different

letters indicated significant differences.
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Figure 4

Relative Gene Expression
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Figure 5

Injection Days
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with SAS 9.2 (SAS® Inst. Inc., Cary, NC). A P-value of less than 0.05 was considered
statistically significant.

8. Experimental animals

Six to eight-week-old male C57BL/6J mice (The Jackson Laboratory, Bar harbor, ME)
were fed with high-fat (HF) diet (60% of calories from fat) (cat. no. TD.06414, Harlan
Laboratories, Madison, WI) for 15 - 20 weeks to develop diet-induced obesity. These diet-
induced obese (DIO) mice were then randomly assigned to control (CTRL) and avasimibe
(AVA) groups. The mice were kept on a 12/12 h light/dark cycle at 22 - 25°C, with HF diet
and water ad libitum. Experimental procedures were approved by the Purdue University
Institutional Animal Care and Use Committee (protocol no. 1112000347).

9. Experimental procedures

Avasimibe was dissolved in vehicle solution (avasimibe first dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 90mg/ml, then diluted with 2-hydroxypropyl-B-cyclodextrin
and Tween-80 in PBS, making the final concentration of avasimibe at 2.7mg/ml, DMSO at
3% (viv), tween-80 at 2% (v/v) and 2-hydroxypropyl-B-cyclodextrin at 3.2mg/ml. We
injected avasimibe solution or vehicle at 7.7ul /g body weight, corresponding to 20 mg/kg
body weight, to the mice in the AVA and CTRL groups intraperitoneally (i.p.) daily for
indicated days. Food and body weight were determined every other day or daily.

DIO C57BL/6J mice (male, 29-37 weeks of age) were randomly assigned to CTRL, AVA
and pair-feeding (Pair) groups. Mice from the AVA group received a 20 mg/kg body weight
dosage of avasimibe through daily i.p. injection, while mice from the CTRL and PAIR
groups received vehicle solution. Food intake of these mice was measured twice daily, at
the beginning of the light and dark cycles. Thus, the food consumption during the light
cycle was calculated by (food amount in the cage at 7 am — food amount in the cage at 7
pm). Food consumption during the dark cycle was calculated by (food amount in the cage
at 7 pm — food amount in the cage at 7 am the next day). The restricted-food administration
of Pair group was staggered one day later than the treatment of CTRL and AVA groups.
All the Pair mice were given the same amount of food consumed by the AVA mice on the
previous day. The mice in the CTRL and AVA groups were allowed to access the HF diet
ad libitum. All the mice used in this study were allowed to access water ad libitum. Body
weight was monitored every day. At the end of the treatments, mice were subjected to the
physiological, biochemical and molecular assays described in the Material and Method
section.

10. Results
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