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Abstract: The present study was performed to clarify the association between the
acyl-CoA:cholesterol acyltransferase-1 (ACAT-1) single nucleotide polymorphism (SNP)
rs1044925 and the risk of coronary artery disease (CAD) and ischemic stroke (IS) in
the Guangxi Han population. Polymerase chain reaction and restriction fragment length
polymorphism was performed to determine the genotypes of the ACAT-1 SNP rs1044925
in 1730 unrelated subjects (CAD, 587; IS, 555; and healthy controls; 588). The genotypic
and allelic frequencies of rs1044925 were significantly different between the CAD patients
and controls (p = 0.015) and borderline different between the IS patients and controls
(p = 0.05). The AC/CC genotypes and C allele were associated with a decreased risk of
CAD and IS (CAD: p = 0.014 for AC/CC vs. AA, p = 0.022 for C vs. A; IS: p = 0.014
for AC/CC vs. AA; p = 0.017 for C vs. A). The AC/CC genotypes in the healthy controls,
but not in CAD or IS patients, were associated with an increased serum high-density
lipoprotein cholesterol (HDL-C) concentration. The present study shows that the C allele
carriers of ACAT-1 rs1044925 were associated with an increased serum HDL-C level in the
healthy controls and decreased risk in CAD and IS patients.
Keywords: acyl-CoA:cholesterol acyltransferase gene; single nucleotide polymorphism;
coronary artery disease; ischemic stroke; lipids
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1. Introduction
Cholesterol is present in the membranes of all mammalian cells and is needed for their growth and
viability. Excess cellular cholesterol is stored as cholesteryl esters (CEs). In most cell types, CEs are
present only in low levels, mainly as cytoplasmic lipid droplets. Chronic accumulation of CE in
macrophages causes these cells to appear foamy and is a hallmark of early-stage atherosclerosis [1].
The formation of CEs is catalyzed by the enzyme acyl-coenzyme A (CoA):cholesterol acyltransferase
(ACAT) [2]. There are two isozymes of ACAT, ACAT-1 and ACAT-2, with different intracellular
localization, membrane topology in mammalian species, and metabolic function for each enzyme [3–5].
ACAT-1 is ubiquitously expressed in various tissues and cells, including the brain, adrenal glands,
kidneys [6–8], and macrophages [9], and is responsible for foam cell formation in macrophages,
whereas ACAT-2 is expressed only in the intestines and liver [3,4,10] and regulates cholesterol
absorption in intestinal mucosal cells [11]. Therefore, pharmacological inhibition of ACAT is expected
to suppress foam cell formation in arterial walls by suppressing macrophage ACAT-1 and cholesterol
absorption by suppressing intestinal ACAT-2, thereby inhibiting atherosclerosis [12].
A number of animal studies have suggested that ACAT inhibitors might be promising drugs for
controlling hyperlipidemia and atherosclerosis [12,13]. However, a drug that inhibits ACAT activity
could cause a mild increase in low-density lipoprotein cholesterol (LDL-C) and in the incidence of
major cardiovascular events in humans [14–16]. For an isoform of ACAT, ACAT-2 has been proven to
be a protective factor in atherosclerosis in animal models [17,18]. Although, whether attenuating
ACAT-1 can improve atherosclerosis is under debate, Yagyu et al. [19] showed that ACAT-1
inhibition in tissue macrophages is protective against CE accumulation, thereby attenuating
atherosclerosis. However, in LDL receptor- or apoE-knockout mice, selective deficiency of the
ACAT-1 isoform resulted in larger atherosclerotic lesions [20]. Further studies in hyperlipidemia
models showed that the detrimental effects of ACAT-1 deficiency were attributed to increased
macrophage apoptosis caused by a massive accumulation of free cholesterol and impaired cellular
cholesterol efflux [21–23]. Therefore, the role of ACAT-1 in atherosclerosis remains to be clarified.
To our knowledge, the genetic evidence on the association between ACAT-1 variants and
atherosclerosis in humans is poor. In a previous study, we have found that the ACAT-1 SNP
rs1044925 modulated the serum high-density lipoprotein cholesterol (HDL-C) concentration in the
hypercholesterolemic subjects [24], suggesting that rs1044925 influences the cellular cholesterol
efflux in hypercholesterolemia and plays an important role in the formation of atherosclerosis.
Therefore, the present study aimed to determine whether the ACAT-1 SNP rs1044925 is associated
with the risk of coronary artery disease (CAD) and ischemic stroke (IS).
2. Results
2.1. General Characteristics and Serum Lipid Levels
The baseline characteristics of the patients with CAD or IS and the controls are shown in Table 1.
The mean age, male to female ratio, serum LDL-C and apolipoprotein (Apo) B levels and the
percentages of subjects who smoked were similar between the controls and CAD patients and between
the controls and IS patients. The average body mass index (BMI), diastolic blood pressure, pulse
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pressure, and serum triglyceride (TG) levels were significantly higher and serum total cholesterol
(TC), HDL-C, Apo AI, ApoAI/ApoB ratio and the percentages of subjects who consumed alcohol
were significantly lower in the CAD and IS patients than in the controls.
Table 1. General characteristics and serum lipid levels in the controls and patients.
Parameter
Number
Male/female
Age (years)
Body mass index (kg/m2)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Pulse pressure (mmHg)
Cigarette smoking (n (%))
Alcohol consumption (n (%))
Total cholesterol (mmol/L)
Triglyceride (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
Apolipoprotein (Apo) AI (g/L)
ApoB (g/L)
ApoAI/ApoB

Control
588
427/161
61.51 ± 10.85
22.42 ± 2.85
130.45 ± 20.13
82.23 ± 13.24
49.84 ± 15.06
258 (43.9)
267 (45.4)
4.93 ± 1.04
1.41 ± 1.75
1.88 ± 0.50
2.74 ± 0.79
1.41 ± 0.27
0.89 ± 0.21
1.67 ± 0.59

CAD
587
433/154
62.25 ± 10.55
24.03 ± 3.20
133.32 ± 23.56
79.37 ± 14.28
53.49 ± 18.31
274 (46.7)
159 (27.1)
4.54 ± 1.22
1.67 ± 1.13
1.15 ± 0.34
2.71 ± 1.03
1.05 ± 0.55
0.91 ± 0.27
1.25 ± 0.82

IS
555
400/155
62.85 ± 12.33
23.41 ± 3.52
147.74 ± 22.08
83.69 ± 12.77
63.89 ± 18.25
224 (40.4)
166 (29.9)
4.53 ± 1.14
1.68 ± 1.37
1.23 ± 0.41
2.68 ± 0.90
1.03 ± 0.25
0.89 ± 0.25
1.19 ± 0.60

P1
–
0.674
0.236
<0.001
0.026
<0.001
<0.001
0.335
<0.001
<0.001
0.004
<0.001
0.489
<0.001
0.376
<0.001

P2
–
0.805
0.052
<0.001
<0.001
0.059
<0.001
0.253
<0.001
<0.001
0.005
<0.001
0.238
<0.001
0.992
<0.001

CAD, coronary artery disease; IS, ischemic stroke; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; P1: comparison of CAD and control; P2: comparison of IS and control.

2.2. Genotypic and Allelic Frequencies
The frequency of the A and C alleles was 84.2% and 15.8% in the controls, 87.5% and 12.5% in the
CAD patients, and 87.7% and 12.3% in the IS patients respectively (Table 2). The frequency of
the AA, AC and CC genotypes was 70.1%, 28.2% and 1.7% in the controls, 77.0%, 21.0% and 2.0% in
the CAD patients, and 76.4%, 22.5% and 1.1% in the IS patients respectively. The genotypic and
allelic frequencies were different between the control and CAD patients and between the controls and
IS patients. The genotypic and allelic frequencies were concordant with those predicted by the
Hardy-Weinberg proportions in both experimental groups (p = 0.292 for CAD and p = 0.336 for IS)
and controls (p = 0.145).
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Table 2. Genotypic and allelic frequencies and the risk of coronary artery disease (CAD)
and ischemic stroke (IS).
Genotype

Control (n (%))

CAD (n (%))

IS (n (%))

CAD

IS

or allele

n = 588

n = 587

n = 555

OR (95% CI)

AA

412 (70.1)

452 (77.0)

424 (76.4)

1

AC

166 (28.2)

123 (21.0)

125 (22.5)

0.67 (0.50–0.91)

0.009

0.72 (0.54–0.95)

0.021

CC

10 (1.7)

12 (2.0)

6 (1.1)

0.95 (0.36–2.53)

0.921

0.56 (0.20–1.57)

0.269

8.431

6.001

χ2

0.015

0.050

AA

412 (70.1)

452 (77.0)

424 (76.4)

1

AC + CC

176 (29.9)

0.69 (0.52–0.93)

P

135 (23.0)

131 (23.6)

2

7.256

5.820

P

0.007

0.016

χ

A

990 (84.2)

1027 (87.5)

973 (87.7)

1

C

186 (15.8)

0.76 (0.60–0.96)

147 (12.5)

137 (12.3)

χ2

5.245

5.680

P

0.022

0.017

p

OR (95% CI)

p

1

1
0.014

0.71 (0.54–0.93)

0.014

1
0.022

0.75 (0.59–0.95)

0.017

Adjusted for sex, age, smoking, drinking, BMI, diabetes, hypertension, hyperlipidia. CAD, coronary artery disease; IS, ischemic stroke.

2.3. ACAT-1 SNP rs1044925 and the Risk of CAD and IS
The C allele was associated with a decreased risk of CAD (adjusted Odds ratio (OR) = 0.76, 95%
confidence interval (CI) = 0.60–0.96) and IS (adjusted OR = 0.75, 95% CI = 0.59–0.95) (Table 2). The
AC and AC/CC genotypes were also associated with a decreased risk of CAD (adjusted OR = 0.67,
95% CI = 0.50–0.91 for AC vs. AA and adjusted OR = 0.69, 95% CI = 0.52–0.93 for AC/CC vs. AA)
and IS (adjusted OR = 0.72, 95% CI = 0.54–0.95 for AC vs. AA and adjusted OR = 0.71,
95% CI = 0.54–0.93 for AC/CC vs. AA). Stratified analysis showed a decreased risk of CAD in
subjects with an AC/CC genotype, mainly in those who belonged to one of the following groups: high
BMI (adjusted OR = 0.57, 95% CI = 0.36–0.91), males (adjusted OR = 0.71, 95% CI = 0.50–1.00),
nonsmokers (adjusted OR = 0.63, 95% CI = 0.42–0.94) and nondrinkers (adjusted OR = 0.66,
95% CI = 0.47–0.93). There was a decreased risk of IS in subjects with an AC/CC genotype, mainly in
those who belonged to one of the following groups: high BMI (adjusted OR = 0.53, 95% CI = 0.34–0.84),
males (adjusted OR = 0.69, 95% CI = 0.50–0.95) and nondrinkers (adjusted OR = 0.68,
95% CI = 0.49–0.95 Table 3). No significant interaction was detected between the genotypes and
these factors.
Table 3. The risk of rs1044925 for CAD and IS according to body mass index (BMI),
gender, smoking and drinking.
Factors

Genotype

BMI
<24 kg/m2
2

≥24 kg/m

AA
AC + CC
AA
AC + CC

OR (95% CI)
1
0.79 (0.54–1.14)
1
0.57 (0.36–0.91)

CAD
p

IS
pinteraction

0.208

OR (95% CI)

p

1
0.82 (0.58–1.14)

0.238

0.53 (0.34–0.84)

0.007

0.507
0.018

pinteraction

0.221
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Table 3. Cont.

Factors
Gender
Male
Female
Smoking
Nonsmoker
Smoker
Drinking
Nondrinker
Drinker

Genotype

OR (95% CI)

AA
AC + CC
AA
AC + CC

1
0.71 (0.51–1.00)
1
0.67 (0.37–1.20)

AA
AC + CC
AA
AC + CC

1
0.63 (0.42–0.94)
1
0.79 (0.51–1.22)

AA
AC + CC
AA
AC + CC

1
0.66 (0.47–0.93)
1
0.75 (0.44–1.28)

CAD
p

IS
pinteraction

0.050
0.777
0.178

0.023
0.459
0.288

0.017
0.831
0.291

OR (95% CI)
1
0.69 (0.50–0.95)
1
0.75 (0.44–1.29)
1
0.73 (0.52–1.04)
1
0.71 (0.42–1.09)
1
0.68 (0.49–0.95)
1
0.75 (0.47–1.21)

p

pinteraction

0.024
0.946
0.295

0.078
0.980
0.112

0.024
0.709
0.242

CAD, coronary artery disease; IS, ischemic stroke.

2.4. Related Risk Factors for CAD and IS
Multivariate logistic analysis showed that the incidence of CAD and IS positively correlated with
BMI, diabetes, hypertension and hyperlipidemia and negatively correlated with the rs1044925 AC/CC
genotypes and alcohol consumption (Table 4).
Table 4. The relative risk factors for CAD and IS.
Relative Factors
Nonsmoking
Smoking
Nondrinking
Drinking
BMI < 24 kg/m2
BMI ≥ 24 kg/m2
rs1044925 AA
rs1044925 AC/CC
Non-diabetes
Diabetes
Normotensive
Hypertension
Normal blood lipids
Hyperlipidemia

CAD
OR (95% CI)
1
1.39 (1.06–1.82)
1
0.29 (0.22–0.39)
1
2.37 (1.82–3.08)
1
0.71 (0.53–0.95)
1
4.50 (3.05–6.65)
1
2.18 (1.72–2.76)
1
1.67 (1.32–2.11)

p
0.016
<0.001
<0.001
0.020
<0.001
<0.001
<0.001

IS
OR (95% CI)
1
1.05 (0.80–1.38)
1
0.41 (0.31–0.55)
1
1.60 (1.22–2.88)
1
0.66 (0.50–0.89)
1
2.68 (1.72–3.92)
1
3.33 (2.57–4.32)
1
2.03 (1.57–2.55)

CAD, coronary artery disease; IS, ischemic stroke.

p
0.724
<0.001
0.001
0.005
<0.001
<0.001
<0.001
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2.5. Genotypes and Serum Lipid Levels
The HDL-C levels were different between the AA and AC/CC genotypes in the controls (p = 0.038)
but not in the CAD and IS patients (Table 5). The controls with an AC/CC genotype had an increased
serum HDL-C level compared to the controls with an AA genotype.
Table 5. Association between rs1044925 and serum lipid levels in controls and CAD and
IS patients.
Genotype

n

TC

TG

HDL-C

LDL-C

ApoAI

ApoB

ApoAI/

(mmol/L)

(mmol/L)

(mmol/L)

(mmol/L)

(g/L)

(g/L)

ApoB

Control
AA

412

4.89 ± 0.92

1.29 ± 1.22

1.85 ± 0.48

2.76 ± 0.78

1.40 ± 0.28

0.89 ± 0.21

1.66 ± 0.63

AC/CC

176

4.97 ± 1.24

1.35 ± 2.64

1.94 ± 0.55

2.71 ± 0.82

1.42 ± 0.25

0.89 ± 0.22

1.68 ± 0.47

F

–

0.959

0.590

4.311

0.616

0.793

0.000

0.113

p

–

0.328

0.443

0.038

0.433

0.373

0.996

0.737

AA

452

4.51 ± 1.18

1.68 ± 1.18

1.14 ± 0.35

2.68 ± 1.00

1.03 ± 0.37

0.90 ± 0.26

1.21 ± 0.58

AC/CC

135

4.58 ± 1.34

1.58 ± 1.00

1.18 ± 0.33

2.73 ± 1.08

1.11 ± 0.93

0.88 ± 0.30

1.37 ± 1.34

F

–

0.418

1.109

0.966

0.256

2.190

1.728

3.727

p

–

0.518

0.293

0.326

0.613

0.130

0.189

0.054

AA

424

4.53 ± 1.20

1.68 ± 1.47

1.24 ± 0.43

2.69 ± 0.94

1.03 ± 0.23

0.89 ± 0.25

1.19 ± 0.64

AC/CC

131

4.58 ± 0.95

1.72 ± 1.08

1.17 ± 0.31

2.73 ± 0.76

1.00 ± 0.18

0.92 ± 0.23

1.14 ± 1.41

F

–

0.294

0.098

3.351

0.241

1.714

2.098

0.487

p

–

0.588

0.755

0.068

0.619

0.191

0.148

0.486

CAD

IS

Adjusted for sex, age, smoking, drinking, BMI, diabetes, hypertension, hyperlipidia. TC, total cholesterol; TG, triglyceride; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ApoAI, apolipoprotein AI; ApoB, apolipoprotein B.

3. Discussion
Despite therapeutic advances that control many risk factors, such as LDL-C, to levels lower than
previously possible, death from cardiovascular disease continues to increase worldwide. Statins
have reduced the risk of complications and death from cardiovascular causes by only approximately
one third, leaving the remaining two thirds of patients unprotected [25]. Accordingly, the quest for
pharmacologic agents that target other steps in atherogenesis has intensified in recent years. ACAT has
been considered to be a promising drug target for therapeutic intervention against hyperlipidemia and
atherosclerosis, and several clinical trials have tested the effects of ACAT inhibitors on the progression
of atherosclerosis. However, whether ACAT-1 inhibition will serve as an effective drug target for
controlling atherosclerosis is under debate. Therefore, the genetic evidences for an association between
the ACAT-1 gene and atherosclerosis in humans still needs to been clarified.
The associations between ACAT-1 gene polymorphisms and serum lipid levels were reported
in several studies. Takao et al. [26] identified a missense variant (R526G) and a variant in the
5' untranslated region (77G-A) in ACAT-1, and no significant association was detected between both
SNPs and hyperlipidemia. However, plasma concentrations of HDL-C and ApoAI in subjects with the
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77G-A variant were significantly higher than in hyperlipidemic subjects without the variant. In a
previous study, we also showed that rs1044925 was associated with increased serum HDL-C only in
hyperlipidemic subjects [24]. These data suggest that the ACAT-1 variants may be associated with
reduced ACAT-1 protein expression and influence cellular cholesterol efflux on hyperlipidemia,
thereby playing an important role in atherosclerosis progression. In the general populations, the
rs1044925 C allele is also associated with protective serum lipid profiles. In the Guangxi Bai Ku Yao
population, serum lipid levels were obviously lower than those in Han Chinese. The female subjects
with an AC/CC genotype had lower serum TC, LDL-C and ApoB than those with a common AA
genotype [27]. Similar findings were also found in the healthy controls. Li et al. [28] showed that
serum LDL-C and non-HDL-C levels were lower in the C allele carriers than in the C allele
noncarriers. In the present study, we found that the C allele of rs1044925 was associated with a higher
serum HDL-C level in healthy controls. Thus, we infer that rs1044925 is associated with a risk of CAD
and IS. To our knowledge, the association between rs1044925 and the risk of atherosclerosis has not
been reported.
In the present study, we showed that the frequencies of the AC/CC genotypes and C allele were
associated with a decreased risk of CAD and IS. Multivariate analysis showed that known risk factors,
such as BMI, diabetes, hypertension and hyperlipidemia, were independently associated with CAD and
IS. Additionally, the rs1044925 AC/CC genotypes were associated with a decreased risk of CAD and
IS after adjusting for potential confounding factors. In the stratified analysis, a decreased risk of
CAD and IS in the subjects with an AC/CC genotype was mainly observed in males, nondrinkers and
those with a BMI ≥ 24 kg/m2. A decreased risk of CAD in the subjects with an AC/CC genotype
was also observed in nonsmokers. Foam cell formation is a well-established hallmark of early-stage
atherosclerosis. The accumulation of CEs as abundant cytoplasmic lipid droplets, catalyzed by
ACAT-1, causes macrophages to be foamy in appearance. A close connection between the foam cell
appearance and ACAT-1 protein expression has been demonstrated in macrophages present in human
atherosclerotic lesions [29]. Therefore, the possible mechanism by which ACAT-1 gene variants
protect against atherosclerosis is that inhibiting ACAT-1 may directly or indirectly diminish foamy
macrophage formation, thus further reducing the incidence of atherosclerosis. However, this protective
effect against atherosclerosis depends on the cellular cholesterol efflux ability in reverse cholesterol
transport, by which HDL is able to extract excess cholesterol from peripheral tissues and transfer
this cholesterol to the liver for biliary excretion. In a series of studies using macrophages from
ACAT-1-knockout mice, because of the impaired of ABCA1-mediated cholesterol efflux, the complete
deletion of macrophage ACAT-1 may lead to free cholesterol accumulation and subsequent
cytotoxicity to macrophages, thereby, exacerbating atherosclerotic lesions [20–23]. In the present
study, C allele carriers had an increased serum HDL-C level, suggesting that cholesterol efflux was
not impaired when ACAT-1 activity was partially attenuated. A recent study [30] indicated that a
selective ACAT-1 inhibitor, K-604, may not induce free cholesterol accumulation but may accelerate
cholesterol efflux from macrophages in an ApoE-independent manner, which can support the
conclusion that the C allele of rs1044925 is associated with a decreased risk of CAD and IS. However,
there were conflicting results between the ACAT-1 deletion model and the present study. To explain
these discrepancies, we must understand that the ACAT-1-deletion mice show a complete absence of
ACAT-1 enzyme, a condition that does not occur in pharmacologic interventions on ACAT-1 in
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animals or in human patients. Due to the complete absence of the ACAT-1 enzyme, the abundant
accumulation of free cholesterol may be beyond the ability of intrinsic intracellular cholesterol
efflux. Therefore, the mouse knockout model may be the most appropriate for demonstrating the
detrimental effects of drug overdoses in animals or in humans. Partial inhibition of ACAT-1 reduced
atherosclerosis, effectively suggesting that ACAT-1 inhibitors prevent atherosclerosis in a
dose-dependent manner. In three clinical trials in humans, nonselective inhibition of ACAT had no
protective role on atherosclerotic lesions but may actually promote atherosclerosis [14–16]. However,
the dose of ACAT inhibitor in these clinical trials was derived from the results of animal experiments
or in vitro, the lipid metabolism and lesion biology differ from those in humans. The negative results
may be ascribed to inappropriate dosing. Therefore, new agents with moderate inhibition of ACAT-1
need to be developed and studied in new clinical trials.
As multifactorial diseases, both CAD and IS shared common risk factors, such as hypertension,
diabetes, dyslipidemia and metabolic syndrome [31], and the common pathophysiologic mechanisms
is atherosclerosis [32]. Atherosclerosis is an extremely complex disease process with a number of
important cellular contributors, including endothelial cells, smooth muscle cells, and immune cells
(monocyte and T cells) [33–35]. Traditional risk factors lead to atherosclerosis by disrupting the
function of these cells [35,36]. There have been many hypotheses proposed to explain the underlying
mechanisms of the initiation, progression and rupture of atherosclerotic plaque. The key points of these
hypotheses include the following: (i) lipoprotein retention; (ii) endothelial dysfunction; (iii) immune
and inflammation response of the artery; (iv) vascular smooth muscle cell (VSMC) proliferation;
(v) lipid absorption by macrophages and VSMCs and the formation of foam cells; and (vi) platelet
activation and thrombosis [37,38]. Various epidemiological studies in families and twins have revealed
a genetic component to CAD and IS risk in humans, the gene variants involved in these pathways of
atherosclerosis could contribute to cardiovascular disease risk. From over 1300 publications of genetic
studies, the CAD gene database [37] includes information on more than 300 candidate genes for CAD.
While a single gene or gene region only explains a small part of the cardiovascular disease risk,
more large association studies, including more target genes, are needed to assess the risk of
cardiovascular disease.
There are two potential limitations to the present study. First, a number of patients with CAD and IS
take anti-atherosclerotic drugs, such as statins, ACE inhibitors, beta blockers, and aspirin, before being
enrolled in the study, whereas the controls did not take any drugs. The levels of TC and LDL-C were
also lower in the patients with IS and CAD than in the healthy controls. However, the drug information
was missing for some IS and CAD patients. Thus, when we detected the associations between the
genotypes and serum lipid levels in IS and CAD patients, interference by drug therapy could not be
analyzed. Second, although we found that the rs1044925 C allele was associated with a decreased risk
of CAD and IS, we did not detect an association between the rs1044925 C allele and the ACAT
enzyme activity, which is important for a functional evaluation of this SNP.
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4. Materials and Methods
4.1. Cases and Controls
A total of 587 patients with CAD and 555 patients with IS were recruited from hospitalized patients
in the First Affiliated Hospital, Guangxi Medical University. All of the enrolled CAD patients
were evaluated by coronary angiography due to suspected CAD or unrelated conditions requiring
angiographic evaluation; the coronary angiograms were analyzed by two experienced interventional
cardiologists. CAD was defined as significant coronary stenosis (≥50%) in at least one of the
three main coronary arteries or their major branches (branch diameter ≥ 2 mm). Subjects with
congenital heart disease and type I diabetes mellitus were excluded. All of the enrolled IS patients
received a strict neurological examination and brain magnetic resonance imaging. The diagnosis of IS
was according to the International Classification of Diseases (9th Revision). Patients with a transient
ischemic attack, embolic brain infarction, stroke caused by inflammatory disease, cardioembolic
stroke, autoimmune disease, or serious chronic diseases were excluded from this study. Subjects with a
past history of CAD were also excluded from the study [39].
A total of 588 healthy controls matched by age, gender, and geographical area were included.
The controls were judged to be free of CAD and IS by questionnaires, medical history, and clinical
examination. All individuals enrolled were from the Han population in Guangxi, China. A standard
questionnaire was used to ascertain general information and medical history from all participants. The
study protocol was approved by the Ethics Committee of the First Affiliated Hospital, Guangxi
Medical University. Informed consent was obtained from all subjects after receiving a full explanation
of the study.
4.2. Genotyping and Biochemical Analysis
All of the biochemical assays and genotyping in CAD and IS patients were performed after
hospitalization, and all of the venous blood samples were obtained from the patients and controls
after at least 12 h of fasting. Genomic DNA was isolated from peripheral blood leukocytes using
the phenol-chloroform method [24,27]. Genotyping of rs1044925 was performed by polymerase
chain reaction and restriction fragment length polymorphism (PCR-RFLP). PCR amplification was
performed using 5'-TATATTAAGGGGATCAGAAGT-3' and 5'-CCACCTAAAAACATACTACC-3'
as the forward and reverse primer pairs respectively. Each 20 μL PCR reaction mixture consisted of
1 μL of genomic DNA, 0.5 μL of each primer (10 pmol/L), 10 μL of 2× Taq PCR Mastermix
(constituent: 20 mM Tris-HCl, pH 8.3, 100 mM KCl, 3 mM MgCl2, 0.1 U Taq Polymerase/μL,
500 μM dNTP each; Tiangen, Beijing, China), and 8 μL of ddH2O (DNase/RNase-free). After initial
denaturizing at 95 °C for 5 min, the reaction mixture was subjected to 33 cycles of 45 s denaturation at
95 °C, 30 s annealing at 53 °C and extension 50 s at 72 °C, followed by a final 10 min extension at
72 °C. After electrophoresis on a 1.5% agarose gel with 0.5 μg/mL ethidium bromide, the
amplification products were visualized under ultraviolet light. Then 5 U of RsaI restriction enzyme
was added directly to the PCR products (5 μL) and digested at 37 °C overnight. After restriction
enzyme digestion of the amplified DNA, genotypes were identified by electrophoresis on 1.5% agarose
gels and visualized with ethidium-bromide staining ultraviolet illumination. The genotypes were
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scored by an experienced reader blinded to the epidemiological data and serum lipid levels. Six
samples (AA, AC and CC genotypes in two; respectively) detected by the PCR-RFLP were also
confirmed by direct sequencing. The PCR products were purified by low melting point gel
electrophoresis and phenol extraction, and then the DNA sequences were analyzed in Shanghai Sangon
Biological Engineering Technology & Services Co., Ltd., Shanghai, China. The levels of TC, TG,
HDL-C, and LDL-C in the samples were determined by enzymatic methods with commercially
available kits. Serum Apo AI and ApoB levels were detected by an immunoturbidimetric
immunoassay using a commercial kit [24,27].
4.3. Diagnostic Criteria
The normal values for serum TC, TG, HDL-C, LDL-C, ApoAI, ApoB and ApoAI to ApoB ratio at
our Clinical Science Experiment Center (Nanning, China) were 3.10–5.17, 0.56–1.70, 0.91–1.81,
2.70–3.20 mmol/L, 1.00–1.78, 0.63–1.14 g/L, and 1.00–2.50 respectively. Individuals with TC >
5.17 mmol/L and/or TG > 1.70 mmol/L were defined as hyperlipidemic. Hypertension was diagnosed
according to the criteria from the 1999 World Health Organization-International Society of
Hypertension Guidelines for the management of hypertension. The diagnostic criteria for being
overweight and obesity were according to the Cooperative Meta-analysis Group of China Obesity Task
Force (Beijing, China). Normal weight, overweight and obesity were defined as a BMI < 24, 24–28,
and > 28 kg/m2 respectively [40]. Diabetes was defined as a fasting plasma glucose ≥7.0 mmol/L or 2
h postprandial plasma glucose ≥11.1 mmol/L or as having been previously diagnosed with diabetes
and receiving therapy [41].
4.4. Statistical Analyses
All statistical analyses were performed using the statistical software package SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA). A standard goodness-of-fit test was used to test the Hardy-Weinberg equilibrium.
A chi-square analysis was used to evaluate the difference in genotype distribution and sex ratio
between the groups. The general characteristics between the cases and controls were tested using
Student’s unpaired t-test. The association between genotype and serum lipid parameters was tested by
analysis of covariance (ANCOVA). Sex, age, BMI, blood pressure, alcohol consumption, and cigarette
smoking were adjusted for in the statistical analysis. ORs and 95% CIs were calculated using conditional
logistic regression. A two-tailed p value less than 0.05 was considered to be statistically significant.
5. Conclusions
The present study shows that the genotypic and allelic frequencies of rs1044925 were significantly
different between the patients with CAD or IS and controls. Subjects with CC genotype or C allele
were associated with a decreased risk of CAD in males, nondrinkers, nonsmokers and subjects with a
BMI ≥ 24 kg/m2 and a decreased risk of IS in males, nondrinkers and subjects with a BMI ≥ 24 kg/m2.
The AC/CC genotypes were also associated with increased serum HDL-C in the healthy controls.
These results suggest that the rs1044925 C allele was associated with increased serum HDL-C in the
healthy controls and with a decreased risk of CAD and IS.

Int. J. Mol. Sci. 2014, 15

3556

Acknowledgments
This study was supported by the National Natural Science Foundation of China (No: 30960130),
the Science Foundation of Guangxi Returned Oversea Scholars (No: 0991004), and the Innovation
Project of Guangxi Graduate Education (No: YCBZ2013013).
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

Chang, T.Y.; Li, B.L.; Chang, C.C.; Urano, Y. Acyl-coenzyme A:cholesterol acyltransferases.
Am. J. Physiol. Endocrinol. Metab. 2009, 297, E1–E9.
2. Buhman, K.F.; Accad, M.; Farese, R.V., Jr. Mammalian acyl-CoA:cholesterol acyltransferases.
Biochim. Biophys. Acta 2000, 1529, 142–154.
3. Anderson, R.A.; Joyce, C.; Davis, M.; Reagan, J.W.; Clark, M.; Shelness, G.S.; Rudel, L.L.
Identification of a form of acyl-CoA:cholesterol acyltransferase specific to liver and intestine in
nonhuman primates. J. Biol. Chem. 1998, 273, 26747–26754.
4. Cases, S.; Novak, S.; Zheng, Y.W.; Myers, H.M.; Lear, S.R.; Sande, E.; Welch, C.B.; Lusis, A.J.;
Spencer, T.A.; Krause, B.R.; et al. ACAT-2, a second mammalian acyl-CoA:cholesterol
acyltransferase. Its cloning, expression, and characterization. J. Biol. Chem. 1998, 273, 26755–26764.
5. Joyce, C.W.; Shelness, G.S.; Davis, M.A.; Lee, R.G.; Skinner, K.; Anderson, R.A.; Rudel, L.L.
ACAT1 and ACAT2 membrane topology segregates a serine residue essential for activity to
opposite sides of the endoplasmic reticulum membrane. Mol. Biol. Cell 2000, 11, 3675–3687.
6. Chang, C.C.; Huh, H.Y.; Cadigan, K.M.; Chang, T.Y. Molecular cloning and functional
expression of human acyl-coenzyme A:cholesterol acyltransferase cDNA in mutant Chinese
hamster ovary cells. J. Biol. Chem. 1993, 268, 20747–20755.
7. Uelmen, P.J.; Oka, K.; Sullivan, M.; Chang, C.C.; Chang, T.Y.; Chan, L. Tissue-specific
expression and cholesterol regulation of acylcoenzyme A:cholesterol acyltransferase (ACAT) in
mice. Molecular cloning of mouse ACAT cDNA, chromosomal localization, and regulation of
ACAT in vivo and in vitro. J. Biol. Chem. 1995, 270, 26192–26201.
8. Matsuda, H.; Hakamata, H.; Kawasaki, T.; Sakashita, N.; Miyazaki, A.; Takahashi, K.;
Shichiri, M.; Horiuchi, S. Molecular cloning, functional expression and tissue distribution of rat
acyl-coenzyme A:cholesterol acyltransferase. Biochim. Biophys. Acta 1998, 1391, 193–203.
9. Sakashita, N.; Miyazaki, A.; Takeya, M.; Horiuchi, S.; Chang, C.C.; Chang, T.Y.; Takahashi, K.
Localization of human acyl-coenzyme A:cholesterol acyltransferase-1 (ACAT-1) in macrophages
and in various tissues. Am. J. Pathol. 2000, 156, 227–236.
10. Oelkers, P.; Behari, A.; Cromley, D.; Billheimer, J.T.; Sturley, S.L. Characterization of two human
genes encoding acyl coenzyme A:cholesterol acyltransferase-related enzymes. J. Biol. Chem.
1998, 273, 26765–26771.
11. Rudel, L.L.; Lee, R.G.; Cockman, T.L. Acyl coenzyme A:cholesterol acyltransferase types 1
and 2: Structure and function in atherosclerosis. Curr. Opin. Lipidol. 2001, 12, 121–127.

Int. J. Mol. Sci. 2014, 15

3557

12. Miyazaki, A.; Kanome, T.; Watanabe, T. Inhibitors of acyl-coenzyme A:cholesterol acyltransferase.
Curr. Drug Targets Cardiovasc. Haematol. Disord. 2005, 5, 463–469.
13. Leon, C.; Hill, J.S.; Wasan, K.M. Potential role of acyl-coenzyme A:cholesterol transferase
(ACAT) Inhibitors as hypolipidemic and antiatherosclerosis drugs. Pharm. Res. 2005, 22,
1578–1588.
14. Meuwese, M.C.; de Groot, E.; Duivenvoorden, R.; Trip, M.D.; Ose, L.; Maritz, F.J.; Basart, D.C.;
Kastelein, J.J.; Habib, R.; Davidson, M.H.; et al. ACAT inhibition and progression of carotid
atherosclerosis in patients with familial hypercholesterolemia: The CAPTIVATE randomized trial.
JAMA 2009, 301, 1131–1139.
15. Nissen, S.E.; Tuzcu, E.M.; Brewer, H.B.; Sipahi, I.; Nicholls, S.J.; Ganz, P.; Schoenhagen, P.;
Waters, D.D.; Pepine, C.J.; Crowe, T.D.; et al. Effect of ACAT inhibition on the progression of
coronary atherosclerosis. N. Engl. J. Med. 2006, 354, 1253–1263.
16. Tardif, J.C.; Grégoire, J.; L’Allier, P.L.; Anderson, T.J.; Bertrand, O.; Reeves, F.; Title, L.M.;
Alfonso, F.; Schampaert, E.; Hassan, A.; et al. Effects of the acyl coenzyme A:cholesterol acyltransferase
inhibitor avasimibe on human atherosclerotic lesions. Circulation 2004, 110, 3372–3377.
17. Lee, R.G.; Kelley, K.L.; Sawyer, J.K.; Farese, R.V., Jr.; Parks, J.S.; Rudel, L.L. Plasma
cholesteryl esters provided by lecithin:cholesterol acyltransferase and acyl-coenzyme A:cholesterol
acyltransferase 2 have opposite atherosclerotic potential. Circ. Res. 2004, 95, 998–1004.
18. Willner, E.L.; Tow, B.; Buhman, K.K.; Wilson, M.; Sanan, D.A.; Rudel, L.L.; Farese, R.V., Jr.
Deficiency of acyl CoA:cholesterol acyltransferase 2 prevents atherosclerosis in apolipoprotein
E-deficient mice. Proc. Natl. Acad. Sci. USA 2003, 100, 262–267.
19. Yagyu, H.; Kitamine, T.; Osuga, J.; Tozawa, R.; Chen, Z.; Kaji, Y.; Oka, T.; Perrey, S.; Tamura, Y.;
Ohashi, K. Absence of ACAT-1 attenuates atherosclerosis but causes dry eye and cutaneous
xanthomatosis in mice withcongenital hyperlipidemia. J. Biol. Chem. 2000, 275, 21324–21330.
20. Fazio, S.; Major, A.S.; Swift, L.L.; Gleaves, L.A.; Accad, M.; Linton, M.F.; Farese, R.V., Jr.
Increased atherosclerosis in LDL receptor-null mice lacking ACAT1 in macrophages.
J. Clin. Investig. 2001, 107, 163–171.
21. Accad, M.; Smith, S.J.; Newland, D.L.; Sanan, D.A.; King, L.E., Jr.; Linton, M.F.; Fazio, S.;
Farese, R.V., Jr. Massive xanthomatosis and altered composition of atherosclerotic lesions in
hyperlipidemic mice lacking acyl CoA:cholesterol acyltransferase 1. J. Clin. Investig. 2000, 105,
711–719.
22. Dove, D.E.; Su, Y.R.; Zhang, W.; Jerome, W.G.; Swift, L.L.; Linton, M.F.; Fazio, S. ACAT1
deficiency disrupts cholesterol efflux and alters cellular morphology in macrophages.
Arterioscler. Thromb. Vasc. Biol. 2005, 25, 128–134.
23. Su, Y.R.; Dove, D.E.; Major, A.S.; Hasty, A.H.; Boone, B.; Linton, M.F.; Fazio, S. Reduced
ABCA1-mediated cholesterol efflux and accelerated atherosclerosis in apolipoprotein E-deficient
mice lacking macrophage-derived ACAT1. Circulation 2005, 111, 2373–2381.
24. Wu, D.F.; Yin, R.X.; Aung, L.H.; Li, Q.; Yan, T.T.; Zeng, X.N.; Huang, K.K.; Huang, P.;
Wu, J.Z.; Pan, S.L. Sex-specific association of ACAT-1 rs1044925 SNP and serum lipid levels in
the hypercholesterolemic subjects. Lipids Health Dis. 2012, 11, 9.
25. Libby, P. The forgotten majority: Unfinished business in cardiovascular risk reduction. J. Am.
Coll. Cardiol. 2005, 46, 1225–1228.

Int. J. Mol. Sci. 2014, 15

3558

26. Ohta, T.; Takata, K.; Katsuren, K.; Fukuyama, S. The influence of the acyl-CoA:cholesterol
acyltransferase-1 gene (-77GA:cholesterolS., S.cardiovascular riskapolipoprotein levels in
normolipidemic and hyperlipidemic subjects. Biochim. Biophys. Acta 2004, 1682, 56–62.
27. Wu, D.F.; Yin, R.X.; Aung, L.H.; Hu, X.J.; Cao, X.L.; Miao, L.; Li, Q.; Yan, T.T.; Wu, J.Z.; Pan, S.L.
Polymorphism of rs1044925 in the acyl-CoA:cholesterol acyltransferase-1 gene and serum lipid
levels in the Guangxi Bai Ku Yao and Han populations. Lipids Health Dis. 2010, 9, 139.
28. Li, Q.; Bai, H.; Fan, P. Analysis of acyl-coenzyme A:cholesterol acyltransferase 1 polymorphism
in patients with endogenous hypertriglyceridemia in Chinese population. Zhonghua Yi Xue Yi
Chuan Xue Za Zhi 2008, 25, 206–210.
29. Lei, L.; Xiong, Y.; Chen, J.; Yang, J.B.; Wang, Y.; Yang, X.Y.; Chang, C.C.; Song, B.L.;
Chang, T.Y.; Li, B.L. TNF-alpha stimulates the ACAT1 expression in differentiating monocytes
to promote the CE-laden cell formation. J. Lipid Res. 2009, 50, 1057–1067.
30. Yoshinaka, Y.; Shibata, H.; Kobayashi, H.; Kuriyama, H.; Shibuya, K.; Tanabe, S.; Watanabe, T.;
Miyazaki, A. A selective ACAT-1 inhibitor, K-604, stimulates collagen production in
cultured smooth muscle cells and alters plaque phenotype in apolipoprotein E-knockout mice.
Atherosclerosis 2010, 213, 85–91.
31. Fruchart, J.C.; Nierman, M.C.; Stroes, E.S.; Kastelein, J.J.; Duriez, P. New risk factors for
atherosclerosis and patient risk assessment. Circulation 2004, 109, III15–III19.
32. Pasternak, R.C.; Criqui, M.H.; Benjamin, E.J.; Fowkes, F.G.; Isselbacher, E.M.; McCullough, P.A.;
Wolf, P.A.; Zheng, Z.J. American Heart Association. Atherosclerotic vascular disease conference:
Writing group I: Epidemiology. Circulation 2004, 109, 2605–2612.
33. Atkins, G.B.; Wang, Y.; Mahabeleshwar, G.H.; Shi, H.; Gao, H.; Kawanami, D.; Natesan, V.;
Lin, Z.; Simon, D.I.; Jain, M.K. Hemizygous deficiency of Krüppel-like factor 2 augments
experimental atherosclerosis. Circ. Res. 2008, 103, 690–693.
34. Shi, H.; Sheng, B.; Zhang, F.; Wu, C.; Zhang, R.; Zhu, J.; Xu, K.; Kuang, Y.; Jameson, S.C.;
Lin, Z.; et al. Kruppel-like factor 2 protects against ischemic stroke by regulating endothelial
blood brain barrier function. Am. J. Physiol. Heart Circ. Physiol. 2013, 304, H796–H805.
35. Sena, C.M.; Pereira, A.M.; Seiça, R. Endothelial dysfunction—A major mediator of diabetic
vascular disease. Biochim. Biophys. Acta 2013, 1832, 2216–2231.
36. Shimizu, S.; Nara, Y.; Yamada, K.; Keiser, H.R.; Yamori, Y. Cellular mechanisms of
hypertension and atherosclerosis: Hypoxia-induced lipid accumulation in cultured vascular
smooth muscle cells from the stroke-prone spontaneously hypertensive rat. J. Hypertens. Suppl.
1988, 6, S163–S165.
37. Liu, H.; Liu, W.; Liao, Y.; Cheng, L.; Liu, Q.; Ren, X.; Shi, L.; Tu, X.; Wang, Q.K.; Guo, A.Y.
CAD gene: A comprehensive database for coronary artery disease genes. Nucleic Acids Res. 2011,
39, D991–D996.
38. Bui, Q.T.; Prempeh, M.; Wilensky, R.L. Atherosclerotic plaque development. Int. J. Biochem.
Cell Biol. 2009, 41, 2109–2113.
39. Wu, D.F.; Yin, R.X.; Cao, X.L.; Chen, W.X.; Aung, L.H.; Wang, W.; Huang, K.K.; Huang, P.;
Zeng, X.N.; Wu, J. Scavenger receptor class B type 1 gene rs5888 single nucleotide
polymorphism and the risk of coronary artery disease and ischemic stroke: A case-control study.
Int. J. Med. Sci. 2013, 10, 1771–1777.

Int. J. Mol. Sci. 2014, 15

3559

40. Zhou, B.F. Cooperative Meta-Analysis Group of the Working Group on Obesity in China.
Predictive values of body mass index and waist circumference for risk factors of certain related
diseases in Chinese adults—Study on optimal cut-off points of body mass index and waist
circumference in Chinese adults. Biomed. Environ. Sci. 2002, 15, 83–96.
41. Alberti, K.G.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its
complications. Part 1: Diagnosis and classification of diabetes mellitus provisional report of a
WHO consultation. Diabet. Med. 1998, 15, 539–553.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

