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Abstract

Objective—ACAT2 is a major cholesterol esterification enzyme specifically expressed in
hepatocytes and may control the amount of hepatic free (unesterified) cholesterol available for
secretion into bile or into HDL. This study aims to further elucidate physiologic roles of ACAT2 in
human hepatic cholesterol metabolism.

Methods and Results—Liver biopsies from 40 normolipidemic, non-obese gallstone patients
including some gallstone-free patients (female/male, 18/22) were collected and analyzed for
microsomal ACAT2 activity, protein and mRNA expression. Plasma HDL-cholesterol (HDL-C) was
significantly higher in females than in males, while triglycerides were significantly lower. ACAT2
activity in females was significantly lower than observed in males, regardless of the presence of
gallstone disease. Moreover, the activity of ACAT2 correlated negatively with plasma levels of HDL-
C (r=-0.57, P<0.05) and with Apo Al (r=—0.49, P<0.05).

Conclusion—This is the first description of a gender-related difference in hepatic ACAT2 activity
in normolipidemic non-obese Chinese patients suggesting a possible role for ACAT2 in the regulation
of cholesterol metabolism in humans. The negative correlation between ACAT2 activity and HDL-
C or Apo Al may reflect this regulation. Since ACAT2 activity generally has been found to be pro-
atherogenic in animal models, the observed sex-related difference may contribute to female
protection from complications of coronary heart disease (CHD).
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Introduction

Methods
Subjects

Deposit of cholesteryl esters in the arterial wall is critical for the formation of atherosclerosis.
Intracellular free cholesterol is converted into cholesteryl ester by acyl-Coenzyme A:
cholesterol acyltransferase (ACAT), also known as steroyl O-acyltransferase (SOAT). Two
different ACAT enzymes have been identified in vertebrates: ACAT1 and ACAT2 1. Whereas
ACAT1 is located in most tissues of the body, the expression of the ACAT2 protein is limited
to only two cell types, enterocytes in the small intestine and hepatocytes . Immunofluorescence
analysis of human liver has shown that ACAT2 is expressed in the endoplasmic reticulum of
the hepatocytes, whereas ACAT1 was only detected within Kupffer cells 2. In newly secreted
ApoB-containing lipoproteins, ACAT2 determines the amount of cholesteryl esters 3, of which
the most commonly generated products are cholesteryl oleate and cholesteryl palmitate. The
function of ACAT2 has been studied in mice 3~° and in non-human primate models 8.
Acat2 deficiency in mice can prevent atherosclerosis mainly due to decreased VLDL and LDL-
cholesteryl oleate formation which leads to a shift in lipoprotein particle cholesteryl ester
composition % 10, Further, ACAT?2 antisense oligonucleotide knockdown mice have shown a
reduced hepatic cholesterol content, normal to low biliary cholesterol secretion, but fecal
neutral sterol excretion equivalent to that seen in wild type mice!l. The data suggest that
ACAT?2 depletion causes an upregulation of the putative pathway for hepatic secretion of
cholesterol with direct trafficking to the intestine, as has also been suggested by others’2.
However, the applicability of these data to humans and the role of ACAT2 in human liver in
this aspect of cholesterol metabolism have yet to be studied. Many of the known aspects of
regulation of hepatic ACAT2 were presented in a recent report on Swedish gallstone patients
2 hut, in humans, indications of hepatic cholesterol physiology relative to ACAT2 are much
more difficult to derive.

In order to further elucidate the physiologic role of ACAT2 in human cholesterol metabolism,
the microsomal activity and expression of ACAT2 was evaluated in the liver tissue of gallstone
and gallstone-free patients. Some of the patient material originated from a cohort previously
enrolled in a study evaluating the genesis of gallstone disease in Chinese patients 3. We applied
this strategy because this study did not show any correlations between ACAT?2 activity and
underlying gallstone disease 13. A clear gender-related difference was discovered in hepatic
ACAT? activity and furthermore, when graphed across genders, a significant inverse
correlation existed between ACAT2 activity and HDL-cholesterol (HDL-C) as well as between
ACAT2 activity and Apo Al levels in plasma.

Eighteen females and 22 males with or without cholesterol gallstones were either selected from
a cohort previously investigated for putative molecular defects underlying gallstone
formation®2 or were donors of liver transplantation (n=9). None of the patients or the liver
donors had any medical history of disorders affecting the hepatic, gastrointestinal, renal and
endocrine functions. Ongoing lipid lowering treatments or hormone replacement therapies
represented criteria for exclusion. The patients were all normolipidemic non-obese Chinese.
Informed consent was obtained from each participant and the study protocol was approved by
the Ethical Committees at Ruijin Hospital, Shanghai Jiaotong University School of Medicine
and the Karolinska University Hospital at Huddinge. Except for the transplantation liver
donors, patients were fasted overnight prior to surgery, which was performed between 9 and
10 AM. During surgery, a wedge biopsy of about 0.5g was taken from the liver and immediately
snap-frozen in liquid nitrogen. All samples were stored at —80°C.
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Analysis of plasma lipids—Plasma total and HDL-cholesterol, triglycerides, Apo Al, and
Apo B were analyzed on automated bioanalyzers (Roche Hitachi Modular P800, Japan)
according to standard procedures. LDL-cholesterol (LDL-C) in plasma was calculated
according to the Friedewald’s equation. The conversion factor for cholesterol from mmol/L to
mg/dL is 38.67 and for triglycerides is 88.57.

Analysis of hepatic cholesterol—Crude liver homogenates were prepared as described
previously 14, In brief, to 20 ul of homogenized liver suspension, ;H-cholesterol and
chloroform-methanol (2:1, v/v) were added. The chloroform phase was collected and then
evaporated. The residue was either hydrolyzed with 0.5M KOH, extracted with hexane, and
converted into trimethylsilyl ether derivatives, or directly converted into trimethysilyl ether
derivatives before analysis by gas-liquid chromatography-mass spectrometry®. Esterified
cholesterol was calculated by difference. Protein content of the homogenate was determined
by the Lowry method 16,

Assay of microsomal ACAT1 and ACAT?2 activity—Total ACAT enzymatic activity
was determined in hepatic microsomes as previously reported 17, except that the pre-incubation
step with cholesterol-saturated solution of B-hydroxypropyl cyclodextrin was prolonged to 30
minutes before the addition of 14C-oleoyl Co-A. In order to separately identify ACAT1 and
ACAT2 activities, pyripyropene A, a specific ACAT2 inhibitor!8, was added to the pre-
incubation and reaction mixture at a concentration of 5 uM as described previously 2.

Relative RNA expression level measurements—Hepatic total RNA was extracted with
Trizol (In vitrogen, Carlsbad, USA). One microgram of total RNA was transcribed into cDNA
using the Omniscript kit (Qiagen Inc, Valencia, USA). Real-time quantitative PCR assay was
carried out with cDNA samples in triplicate using SYBR Green | (MedProbe, Oslo, Norway),
using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City,
USA). The primers, bridging exon-exon boundaries, were designed with Primer Express 2.0
(Applied Biosystem; primer sequences are available on request). The data are expressed in
arbitrary units that were normalized to the signal obtained when the same cDNA was analyzed
for cyclophilin A mRNA.

Western Blot analysis—Western blot analysis of ACAT2 was performed as described 2:
8 using antibodies directed against the N-terminal sequence of monkey ACAT2 2: 8, Prior to
loading onto gels, the microsomal protein samples were suspended in Laemli buffer and
incubated at 37°C for 30 minutes with dithiothreitol (final concentration of 200mmol/L).
Detection was accomplished by chemiluminescence and quantified using a Fuji BAS 1800
analyzer (Fuji Photo Film Co.) with the Image Gauge software (Science Lab, 98, version 3.12,
Fuji Photo Film Co.), and standardized for the intensity of the reference sample (R) loaded on
each blot.

Stastistics—Data are presented as means + SEM. The significance of differences between
groups was tested by 2-Way ANOVA (factor 1 = sex; factor 2 = gallstone disease) followed,
when appropriate, by post-hoc analysis according to LSD-test (Statistica software, Stat Soft,
Tulsa, OK). Variables were correlated by linear Least Squares Regression. In order to meet
the criteria of homoscedasticity between variables, ACAT2 activity was log-transformed, prior
regression analysis. Statistical significance was set at P < 0.05.
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Plasma lipid analysis

All the male and female patients were matched by age and BMI [age: 44.942.1 years (range:
30-50) v.s. 39.4+2.7 years (range 23-61); BMI: 22.24+0.81 v.s. 23.7 £ 0.61 in females and
males respectively]. No significant differences were seen in total cholesterol or in LDL-C,
while HDL-C was significantly higher in females (Table 1, P < 0.01). Conversely, the plasma
triglycerides were significantly lower in females (Table IP < 0.05).

Lower hepatic microsomal ACAT2 activity in females

In the total material (n=40), the liver microsomal activity of ACAT2 was 72% lower in females
than in males (7.24 + 1.22 pmol/min/mg protein in females vs. 25.52 £ 5.75 pmol/min/mg
protein in males, P < 0.01, Figure 1A). The sex-related difference could still be distinguished
when the data on the liver microsomal activity of ACAT?2 was stratified by gallstone disease
(Figure 1A, gray inset). Due to shortage of liver material Western blot analysis was only
possible in 37 patients. The gender-related pattern was only preserved for the ACAT2 protein
content in gallstone patients, as the protein expression of ACAT2 in liver microsomes was
lower in females (Figure 1B). No significant differences in mRNA expression of ACAT2 were
observed between females and males, regardless of the presence of gallstone disease (Figure
1D).

A negative correlation exists between the activity of ACAT2 and plasma HDL and Apo Al

levels

As ACAT2 catalyzes the formation of cholesteryl esters available for secretion into nascent
VLDL, lower activity may lead to an increase in the flux of free cholesterol into HDL
cholesterol secretion via hepatic ABCA1, although our data in mice do not typically support
this. Interestingly, when plotted across genders, a significant negative correlation was observed
between the liver ACAT?2 activity and plasma HDL-C (r = —0.57, P < 0.05, Figure 2A), and a
similar negative correlation was discovered between the liver ACAT2 activity and the plasma
levels of Apo Al (r =—0.49, P < 0.05, Figure 2B). However, no correlation was detected
between the hepatic ACAT2 mRNA and the plasma levels of HDL-C or Apo Al. Neither was
any correlation observed between the plasma levels of triglycerides and HDL-C.

The gender-related difference in HDL-C is not related to differences in hepatic cholesterol,
or expression of SRBI, ABCAL, or Apo Al

In liver homogenates, free cholesterol and cholesteryl ester concentrations were similar in
female and male participants (Supplementary figure 1).

No gender-related differences were observed for the protein and mRNA expression of
scavenger receptor B type | (SRBI), the mMRNA expression of ATP binding cassette (ABC)
Al or the mRNA expression of Apo Al (Supplementary figure 2), with one exception: Apo
Al mRNA levels were significantly higher in female gallstone-free patients (Supplementary
figure 2). Neither did the expression levels of these genes show any correlations with plasma
levels of HDL-C, or the microsomal activity of ACAT2.

MRNA expression of other genes involving hepatic cholesterol metabolism

The mRNA levels for eight other genes regulating hepatic cholesterol and lipoprotein
metabolism (e.g. cholesterol synthesis, secretion and uptake) were also measured
(Supplementary figure 2). None of these genes significantly differed between the sexes except
for the LDL receptor. In female patients with gallstone disease, the LDL receptor mRNA levels
were lower by approximately 70% compared to the levels in males.
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Discussion

This study carried out on age and weight matched Chinese patients with and without gallstones
showed for the first time: an important sex-related difference in hepatic ACAT2 activity, and
an interesting negative correlation between the hepatic activity of ACAT2 and the plasma levels
of HDL-C and Apo Al. However, no significant differences were observed for HDL-C or
ACAT?2 activity in the liver when patients with and without gallstones were compared,
confirming our previous results!3.

Hepatic ACAT?2 plays a key role in the synthesis and composition of Apo B-containing
lipoproteins, as documented in ACAT2 deficient mice, where the hepatic CE secretion into
Apo B-containing lipoproteins is reduced 3 9. In several mouse models, ACAT2 has been
shown to be “pro-atherogenic” and its depletion by targeted disruption leads to a significant
reduction of atherosclerotic lesions 1+ 19, This reduction occurs despite elevations in plasma
Apo B 9, and the composition of these lipoprotein particles contain more triglycerides than
ACAT2-derived cholesteryl esters. In humans, several publications describe that higher
proportions of cholesteryl linoleate - the enzymatic product of LCAT - in plasma cholesteryl
esters are associated with a reduced incidence of complications from coronary heart disease
(CHD) (for review see referencel). In the Atherosclerosis Risk in Communities (ARIC) study,
Ma et al.20 found that the average carotid intima-media thickness was positively associated
with the proportion of ACAT2-derived CE in plasma (cholesteryl palmitate and cholesteryl
oleate), and the association was significant for both men and women. This association was
independent of age, cigarette smoking, LDL-C, HDL-C, body mass index, diabetes, and
hypertension. The ULSAM studies of Warensjo, et al 21 provide even stronger evidence for
the importance of ACAT2 derived cholesteryl esters in CHD because, in over 2000 men with
461 cases of death from cardiovascular disease, a statistically significant positive association
was found between the cholesteryl oleate and cholesteryl palmitate content of plasma
lipoproteins and cardiovascular disease death. Interestingly, the percentage of cholesteryl
linoleate was inversely associated with death from cardiovascular disease.

In this light, the observation that a lower microsomal activity of ACAT?2 in the liver of female
Chinese patients has even greater potential significance. It is well-known that in females
atherosclerosis development starts later than in males, a phenomenon also observed in the
Chinese population. In the MONICA study, it has been shown that the number of CHD events
rate in Chinese males is 79/100000 persons/year and 37/100000 persons/year in Chinese
females 22, Similarly, in the InterAsia survey, it has been reported that the incidence of CVD
in China is increasing and is 36-60% higher in males than in females 23, This difference is
irrespective of the area in which the population lives: urban vs. rural areas and north vs. south
parts of the country. Moreover, in another study on the Chinese population, it has been shown
that gender is a risk factor related to acute myocardial infarction24. Thus, the gender-related
difference in ACAT2 activity may contribute to the difference in relative female protection
against CVD incidence. Since almost all the females included in this study were pre-
menopausal, further studies are needed to evaluate whether hepatic microsomal ACAT?2
activity differs between fertile and post-menopausal females.

It has been recognized that ABCAL is required to facilitate efflux of cholesterol and
phospholipids to newly secreted, lipid-poor Apo Al in order to form nascent HDL particles -
for review see 2°, This is supported by results showing that in mice genetically deficient for
the hepatic ABCA1, plasma HDL cholesterol was reduced by 80% 2. Increased availability
of free cholesterol for delivery to HDL cannot be excluded by the observation of similar free
hepatic cholesterol levels in men and women. On the contrary, this observation suggests that
the free cholesterol might be effluxed and not stored in the hepatocytes. The lack of correlation
between the molar percentage of biliary cholesterol and the liver microsomal ACAT?2 activity
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13 argues against an increased elimination of free cholesterol via the bile. It is also less probable
that a larger quantity of free cholesterol is converted into bile acids since females have lower
bile acid synthetic rate 27> 28, Thus the greater availability of free cholesterol, which should
result from a lower activity of ACAT?2 in the liver, may be secreted into HDL by ABCAL or
may be secreted into plasma for transport to the intestine for direct excretion 11, We were unable
to determine ABCAL1 protein expression in liver membranes from our patients. Thus, we cannot
demonstrate if the elevated HDL-cholesterol levels are secondary to an increased expression
of the ABCAL protein. Nevertheless, treatment of 0.2% cholesterol fed C57BI/6 mice with an
ACAT2-antisense oligonucleotide targeted to disrupt the hepatic expression (with an
associated decrease in ACAT?2 activity in the liver) resulted in a >2-fold increase in ABCAL
protein expression and in the formation of larger HDL particles (Parini, personal observation).

Most correlations observed in our study between protein levels, activity, and the mRNA
expression of ACAT2 did not reach significance, suggesting that post-transcriptional
regulation of the enzyme may exist. Previous studies performed with rat liver microsomes
suggested that total ACAT activity could be modulated by phosphorylation/de-
phosphorylation 29 30, Unfortunately, those studies were performed prior to the identification
of the two ACAT isoforms (ACAT1 and ACAT2). Thus, it has not been demonstrated whether
or not ACAT?2 is phosphorylated to regulate activity.

In ACAT2 knockout mice 3 @ and in mice treated with ACAT2-anti-sense oligonucleotides
31 the decrease in hepatic ACAT2 activity was accompanied by a corresponding increase in
triglycerides in the VLDL particles. Magkos et al 32 recently reported that in women, the liver
turns out fewer VVLDL particles which are enriched in their triglyceride content, a finding which
would be consistent with the sex-related difference we have documented for hepatic ACAT2
activity. Unfortunately, due to insufficient supply of sample material, we were not able to
characterize the lipid and apolipoprotein content of each lipoprotein class in our patients.

In conclusion, we have described a gender-related difference in hepatic ACAT2 activity in
normolipidemic non-obese Chinese patients, with females having significantly lower activity
than males. The data are consistent with a possibility that ACAT2 may have a role in HDL
metabolism, although the candidate mechanisms are still to be identified. The inverse
correlation between hepatic ACAT?2 activity and plasma HDL cholesterol levels might not
necessarily be evident in populations of different ethnicity, because different dietary habits
could influence the results. Nonetheless, our patient cohort originates from the Shanghai urban
area, in which during the last decades the percentage of energy from dietary fat has risen to
levels similar to what is described for the Malmé area in Sweden 33 34,
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Figure 1. Activity, protein and mRNA expression levels of ACAT2 in liver microsomes between
females and males
A ACAT?2 activities between females (open bar, n=18) and males (close bar, n=22). ACAT2
activity was 71% lower in females than in males, P < 0.01, regardless of the presence of
gallstone disease (grey inset).
B. Protein levels of ACAT2 between females (open bar, n=17) and males (close bar, n=20).
ACAT?2 protein level was decreased by 41% in female gallstone patients compared with male
gallstone patients, P < 0.05.
C. ACAT2 protein level determined by Western Blot. Equal amounts of microsomal protein
were loaded, separated by SDS-PAGE and then transferred onto nitrocellulose membranes.
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After blocking, blots were incubated with rabbit anti-ACAT2 antibodies overnight. Washing
with PBST, anti-rabbit 19G secondary antibody was added. Detection was preceded with
chemiluminescent reagents and exposed on films. Bands at around 48 kDa representing
ACAT2 protein were present in all the samples. ‘F’ represents female, ‘M’ represents male
and ‘R’ represents a reference sample in each blot.

D. No difference of ACAT2 mRNA expression level was observed between females (open bar,
n=18) and males (close bar, n=22).
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Figure 2. Correlation between ACAT?2 activities with plasma lipids

A. Negative correlation between ACAT2 activity with plasma HDL-C level (n=31), R =-0.57,
P<0.05. Plasma sample were not available from liver donor of transplantation.

B. Negative correlation between ACAT2 activity with plasma Apo Al level (n=31), R =-0.49,
P<0.05. Plasma sample were not available from liver donor of transplantation.
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Table 1

Clinical characteristics and plasma lipids between sexes
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Female (n=18) Male (n=13)

Cholesterol mmol/L 4.16 +0.36 3.99+0.28
Triglycerides mmol/L 1.38 + 0_19* 211+£0.22
HDL-cholesterol mmol/L 121+ 0.10** 0.84 £ 0.05
LDL-cholesterol mmol/L 239+ 0.21* 2.19+0.23
Apo Al g/L 1.21 +0.08 1.01 £0.06

Apo B g/L 0.75 + 0.05 0.72 £ 0.05

*
P <0.05 and

Fk

P <0.01 compared with males. Plasma sample were not available from liver donor of transplantation. Conversion factor for cholesterol from mmol/L

to mg/dL is 38.67 and for triglycerides is 88.57.
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