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Effects of lipid-lowering drugs on reverse  
cholesterol transport gene expressions in peripheral 
blood mononuclear and HepG2 cells

The efficacy of the inhibitors of cholesterol 
biosynthesis, such as statins, in reducing low-
density lipoprotein cholesterol (LDL-C) and 
cardiovascular events is well established [1,2]. 
However, despite intensive therapy to lower 
LDL-C levels, the annual risk of a major car-
diovascular event in patients with established 
coronary artery disease remains around 9% [3]. 
In an attempt to reduce this residual risk, inves-
tigators are focusing on the cardiovascular ben-
efits of increasing the high-density lipo protein 
(HDL) and stimulating the reverse cholesterol 
transport system (RCT). In the RCT, HDL 
mobilizes excess free cholesterol and other lip-
ids from peripheral tissues and delivers them to 
the liver and steroidogenic organs [4]. Studies 
have described that ABCA1 and ABCG1, two 
members of ABC family, play important roles 
in this RCT pathway [5]. In the liver, ABCA1 is 
primarily responsible for the initiation of HDL 
formation [6,7] while the biological function of 
ABCG1 is not well defined [8]. In addition, in 
macrophages, ABCA1 promotes net cholesterol 
efflux to lipid-poor apolipoprotein AI (apoA-I) 
and ABCG1 facilitates net cholesterol efflux to 
HDL particles [9]. 

ABCA1 and ABCG1 have been recognized as 
sterol-sensitive genes in macrophages. Natural 
and synthetic lipids have been characterized 
as the most effective transcriptional modula-
tors of these genes and their inductive effects 
are mainly regulated by the nuclear receptors 
LXR-a and -b [10].

As long as the statins inhibit the intracellular 
cholesterol synthesis, they are able to modulate 
these sterol-sensitive genes. Until now, in vitro 
effects of statins on ABCA1 and ABCG1 expres-
sion have been more established in monocytes 
and macrophages [11–16]. Conversely, there 
are few and conflicting studies describing the 
effects of statins on these genes in hepatic cells 
or in vivo approaches.

We previously reported results on the inhibi-
tory effect of atorvastatin on ABCA1 mRNA 
expression in peripheral blood mononuclear cells 
(PBMCs) [17]. However, the effect of statins on 
ABCG1 transcription in PBMCs in vivo still 
remains to be elucidated. 

The present study describes the influence 
of the two statins (atorvastatin and simvasta-
tin) and the inhibitor of cholesterol absorption 
(ezetimibe) on mRNA expression of ABCA1 

Aims: The ATP‑binding cassette transporters, ABCA1 and ABCG1, are LXR‑target genes that play an important 
role in reverse cholesterol transport. We examined the effects of inhibitors of the cholesterol absorption 
(ezetimibe) and synthesis (statins) on expression of these transporters in HepG2 cells and peripheral blood 
mononuclear cells (PBMCs) of individuals with primary (and nonfamilial) hypercholesterolemia (HC). 
Materials & methods: A total of 48 HC individuals were treated with atorvastatin (10 mg/day/4 weeks) and 
23 were treated with ezetimibe (10 mg/day/4 weeks), followed by simvastatin (10 mg/day/8 weeks) and 
simvastatin plus ezetimibe (10 mg of each/day/4 weeks). Gene expression was examined in statin‑ or 
ezetimibe‑treated and control HepG2 cells as well as PBMCs using real‑time PCR. Results: In PBMCs, statins 
and ezetimibe downregulated ABCA1 and ABCG1 mRNA expression but did not modulate NR1H2 (LXR‑b) 
and NR1H3 (LXR‑a) levels. Positive correlations of ABCA1 with ABCG1 and of NR1H2 with NR1H3 expressions 
were found in all phases of the treatments. In HepG2 cells, ABCA1 mRNA levels remained unaltered while 
ABCG1 expression was increased by statin (1.0–10.0 µM) or ezetimibe (5.0 µM) treatments. Atorvastatin 
upregulated NR1H2 and NR1H3 only at 10.0 µM, meanwhile ezetimibe (1.0–5.0 µM) downregulated NR1H2 
but did not change NR1H3 expression. Conclusion: Our findings reveal that lipid‑lowering drugs downregulate 
ABCA1 and ABCG1 mRNA expression in PBMCs of HC individuals and exhibit differential effects on HepG2 
cells. Moreover, they indicate that the ABCA1 and ABCG1 transcript levels were not correlated directly to 
LXR mRNA expression in both cell models treated with lipid‑lowering drugs.
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and ABCG1 in PBMCs of hypercholesterolemic 
individuals. As the LXRs are potential media-
tors of their transcription, NR1H2 (LXR-b) and 
NR1H3 (LXR-a) levels also were evaluated. 
Moreover, we examined whether ABCA1 and 
ABCG1 expression in statin- or ezetimibe-treated 
human hepatocellular carcinoma (HepG2) cells 
differs from the expression in PBMCs. Although 
the ABCA1 levels were already evaluated in 
HepG2 cells treated with 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase 
inhibitors, conflicting results were reported by 
other studies [13,15,18]. 

Materials & methods
 n Subjects & study protocols

A total of 71 unrelated Brazilian individuals 
(25 men and 46 women) with primary (and 
nonfamilial) hypercholesterolemia (HC), which 
was not associated with intake of drugs and dis-
ease states [19], and with increased serum LDL-C 
levels (>4.14 mmol/l) after a wash-out period 
of four weeks on a low-fat diet, as previously 
described [20], were selected at the University 
Hospital of the Sao Paulo University (Sao Paulo, 
Brazil). Subjects with thyroid, liver or renal 
disease, diabetes, increased serum concentra-
tions of triglycerides (>4.52 mmol/l), pregnant 
women or those taking oral contraceptives or 
hormone replacement therapy or other causes 
of secondary dyslipidemia were not included in 
the study. 

The selected individuals were treated with 
cholesterol-lowering drugs. One group was 
treated with 10 mg atorvastatin orally once daily 
for 4 weeks (HC-atorvastatin [AT], n = 48). 
The other group, HC-simvastatin + ezetimibe 
(SE)(n = 23) was treated with ezetimibe  
(10 mg/day/orally/4 weeks), followed by treatment 
with simvastatin (10 mg/day/orally/8 weeks) 
and afterwards by a combined therapy (simvas-
tatin plus ezetimibe) for 4 more weeks. Before 
and after each treatment, all patients were evalu-
ated for serum concentrations of lipids, alanine 
aminotransferase (ALT) and creatine kinase 
(CK). ALT and CK were determined in order 
to detect possible adverse drug reactions.

Information on age, height and weight, 
medication use, cigarette smoking, alcohol 
consumption, physical activity, as well as his-
tory of menopause, hypertension, obesity and 
family history of coronory artery disease (CAD) 
was recorded. Current cigarette smoking was 
defined as a daily intake of one or more ciga-
rette. We considered alcohol consumption as a 
daily intake of beer, wine or distilled spirits of 

1 g/day or more. Physical activity was consid-
ered the practice of sports, for example walking, 
running or swimming, for at least 2 h per week. 

Anthropometric measurements, such as BMI, 
were taken from each participant. Subjects with 
a BMI of 30 kg/m2 or more were classified as 
obese [21]. Individuals with systolic/diastolic 
blood pressure of 140/90 mmHg or more, or 
under antihypertensive therapy were considered 
hypertensive [22].

The study protocols were approved by the 
ethics committees of the University Hospital 
and the School of Pharmaceutical Sciences of 
the University of Sao Paulo, Brazil and informed 
consent was obtained from each participant.

 n Blood samples & isolation of PBMCs
Blood samples for biochemical profile measure-
ments and mRNA expression in mononuclear 
cells were collected from the patients treated 
with lipid-lowering drugs before and after the 
treatment period, after a 12 h fast. PMBCs were 
isolated from ethylenediaminetetraacetic acid-
anticoagulated blood using Histopaque® (Sigma-
Aldrich Corp., MO, USA) and immediately used 
for RNA extraction. 

 n Biochemical profile
Total cholesterol, HDL cholesterol (HDL-C) 
and triglyceride serum concentrations were 
measured using standard enzymatic methods. 
Plasma apoA-I and apolipoprotein B (apoB) 
were determined by nefelometry. Value of 
LDL-C was estimated [23]. Serum ALT and CK 
tests were determined by kinetic methods using 
the ADVIA® 1650 analyzer (Bayer Diagnostics, 
NY, USA).

 n HepG2 cells, culture conditions  
& statin or ezetimibe treatments
HepG2 cells were maintained in Dulbecco’s 
Modif ied Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum, 
2 mM glutamine, 44 mM sodium bicar-
bonate, 10,000 UI/ml streptomycin and  
10,000 UI/ml penicillin. Cells were incubated 
at 37°C in a humidified atmosphere, containing 
5% CO

2
. Culture medium was replaced twice a 

week and cells were trypsinized and subcultured 
every 7 days. 

HepG2 cells were treated with atorvastatin 
(kindly provided by Pfizer Pharmaceuticals Ltd., 
NY, USA), simvastatin (Sigma-Aldich), as pre-
viously reported [24,25], or ezetimibe (kindly 
provided by Merck/Schering-Plough, NJ, 
USA). Briefly, atorvastatin and ezetimibe were 
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dissolved in methanol or ethanol respectively, 
while simvastatin was dissolved in ethanol and 
activated as described by Sadeghi et al. [26]. The 
final concentration of methanol or ethanol, in 
the culture medium did not exceed 0.1% and 
0.2%, respectively. 

For cytotoxicity assays, cells were incubated 
with atorvastatin (0.1–10.0 µM) or simvastatin 
(0.01–10.0 µM) for up to 72 h. Cytotoxicity of 
ezetimibe was based on results from the litera-
ture [27]. For mRNA expression measurements, 
HepG2 cells were seeded at 2.5 × 106 cells per 
75 cm2, treated with atorvastatin (0–10 µM), 
simvastatin (0–10 µM ) or ezetimibe (0–5 µM) 
for 6, 12 or 24 h. The maximum concentration 
of ezetimibe used in this study was a condition 
established by the pharmaceutical company that 
provided the pure drug.

 n mRNA expression by real‑time PCR
Total RNA was extracted from PBMCs or 
HepG2 cells (5 × 106 – 1 × 107) using TRIzol® 
Reagent (Invitrogen-Life Technologies, CA, 
USA) following the manufacturer’s suggested 
protocol. RNA was dissolved in diethyl-
pyrocarbonate-treated water and the con-
centration of each sample was obtained from  
nucleic acid purity assessment using A260/A280 
measurements. cDNA was produced from 1 
(PBMCs) or 2 µg (HepG2 cells) of total RNA 
by Superscript™ II Reverse Transcriptase 
(Invitrogen-Life Technologies). 

ABCA1, ABCG1, NR1H2 (LXR-b) and 
NR1H3 (LXR-a) mRNA levels were measured by 
TaqMan® quantitative PCR (qPCR) assay, using 
UBC or GAPDH as reference gene. In our experi-
ments, among six reference genes tested, UBC 
and GAPDH were selected as the most stable for 
PBMCs and HepG2 cells, respectively, according 
to the ana lysis by GeNorm software® [28].

Primers and probes sequences used for 
ABCA1, UBC and GAPDH mRNA detec-
tion were previously described [17,25]. ABCG1, 
NR1H2 and NR1H3 were selected from ‘Assay 
on demand’ formats provided by Applied 
Biosystems-Life Technologies (CA, USA). 

Quantitative PCR assays were carried 
out in 96 well plates using a 7500 Fast Real-
Time PCR ®system (Applied Biosystems-Life 
Technologies). The thermal cycler protocol 
consisted of two initial cycles at 50°C for 2 min 
and 95°C for 10 min, and 40 cycles at 95°C for 
15 s and 60°C for 1 min. All cDNA samples 
were assayed in duplicate and target and refer-
ence genes were assayed on the same samples in 
separate tubes. The relative quantification value 

of each target gene was analyzed using a com-
parative CT method [29]. The following formu-
las were used to calculate the relative amount of 
the transcript in the sample: 2-DCT (PBMCs and 
baseline expression profile for HepG2 cells) or 
2-DDCT (HepG2 cells).

 n Statistical ana lysis 
Data from HC individuals were reported as 
means ± standard error of the mean (SEM) or 
represented as median with interquartile range. 
Variables without normal distribution were not 
log transformed for ana lysis. To evaluate the 
serum lipid concentration or mRNA expression 
before and after treatments, nonparametric and 
paired data were analyzed by Wilcoxon signed 
rank test or Friedman Repeated Measures analy-
sis of variance (ANOVA) on ranks (two or four 
sample, respectively). Parametric data were ana-
lyzed by one-way repeated measures ANOVA 
(four paired samples). 

For HepG2 data, each set of experiments was 
repeated at least three-times in cells pertaining 
to different passages. Results are reported as 
means ± SEM. Differences among the means 
were analyzed by two-way ANOVA followed by 
Bonferroni post-tests comparing each treatment 
with control. Correlation of data was analyzed 
by Spearman’s rank correlation coefficient (rs) 
test and, for this study, only an rs of 0.5 or more 
were considered.

Statistical analyses were carried out using 
GraphPad Prism® version 5.00 for Windows 
(GraphPad Software Inc., CA, USA) and 
SigmaStat® Software version 3.5 (Systat Software 
Inc., CA, USA). Significance level was set at a 
p-value of less than 0.05. 

Results 
 n Clinical & laboratory data of  

HC individuals
The demographic and clinical data of the HC 
individuals are summarized in Table 1. No sig-
nificant variations between the characteristics 
of HC-AT and HC-SE groups were found (data 
not shown).

Table 2 shows the response of HC individuals 
to simvastatin and/or ezetimibe treatments. As 
expected, total cholesterol, LDL-C and apoB 
serum concentrations were gradually decreased 
after therapy with ezetimibe, simvastatin and 
simvastatin plus ezetimibe (p < 0.05). Only 
after treatment with simvastatin alone or com-
bined with ezetimibe, triglyceride concentra-
tions were significantly lower than baseline val-
ues. HDL-C and apoA-I were not modified by 
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treatment with cholesterol-lowering drugs. As 
previously reported [17], treatment with atorvas-
tatin reduced serum total cholesterol, LDL-C, 
HDL-C and triglyceride serum concentrations 
by an average of 28, 38, 4 and 12%, respectively. 

There were no significant variations in mus-
cular (CK) and hepatic (ALT) serum enzy-
matic activities in HC-SE (Table 2) or HC-AT 
(data not shown) patients treated with the 
cholesterol-lowering drugs. 

 n Baseline expression profile 
Baseline levels of ABCA1, ABCG1, NR1H2 
and NR1H3 expression in both human cel-
lular models are shown in Figure 1. In PBMCs 
of HC individuals, ABCG1 and NR1H2 were 
the most expressed transcripts, followed by 
ABCA1, which was two times higher than 
NR1H3. Neverthless, in HepG2 cells, NR1H2 
and NR1H3 were eight- and five-times more 
expressed that ABCG1. ABCA1 demonstrated 
lower expression in these cells. With respect to 
ABC transporters, ABCG1 level was 2.4- and 
383.8-fold higher than ABCA1 in PBMCs and 
HepG2 cells, respectively.

 n Effects of cholesterol‑lowering 
drugs on mRNA expression in PBMCs
In PBMCs of HC individuals, ABCA1 and 
ABCG1 mRNA expression were significantly 
downregulated by simvastatin and/or ezetimibe 
treatments (10 mg of each/day) (Figure 2). Moreover, 
transporter transcription levels after the combined 
therapy were lower than after ezetimibe treatment. 
Despite the statin therapy, only ABCG1 expression 
showed the same effect (Figure 2). 

In the same way and as previously reported 
for ABCA1 [17], after treatment with atorvasta-
tin (10 mg/day/4 weeks), the ABCG1 level was 
also reduced in PBMCs (p = 0.003, Figure 3). On 
the contrary, NR1H2 and NR1H3 in PBMCs 
were not modulated by statin and/or ezetimibe 
treatments (data not shown).

 n Effects of cholesterol‑lowering 
drugs on mRNA expression in  
HepG2 cells 
Treatment of HepG2 cells with up to 10.0 µM 
atorvastatin or simvastatin for 24 h had no effect 
on cell viability or DNA fragmentation (data not 
shown). All cells had viability of 97% or more 
and the percentage of cells with fragmented 
DNA was less than 9%. 

We next investigated the effects of statins on 
ABCA1 and ABCG1 expression in HepG2 cells. 
As shown in Figure 4, statins increased ABCG1 
mRNA expression in a time- and dose-dependent 
manner, but did not induce any change in ABCA1 
mRNA levels in HepG2 cells. Atorvastatin 
increased ABCG1 transcript levels after 12 h 
at 1.0 (3.59 ± 0.50) and 10.0 µM (3.53 ± 0.50) 
compared with control (1.00 ± 0.08, p < 0.001). 
After 24-h treatment, ABCG1 mRNA levels were 
significantly increased also to 1.0 (3.15 ± 0.46 vs 
1.00 ± 0.15, p < 0.001) and 10.0 µM (4.95 ± 0.68 
vs 1.00 ± 0.15, p < 0.001). Moreover, 10.0 µM 
atorvastatin treatment also induced the NR1H2 
and NR1H3 transcription after 12 and 24 h 
(p < 0.05) (Figure 4). 

Simvastatin only increased ABCG1 
mRNA expression after 24-h treatment at 1.0 
(2.11 ± 0.24) and 10.0 µM (2.28 ± 0.19) com-µM (2.28 ± 0.19) com-M (2.28 ± 0.19) com-
pared with control HepG2 cells (1.00 ± 0.11, 
p < 0.001) (Figure 4). 

Likewise, compared with the vehicle control, 
HepG2 cells treated with 5.0 µM of ezetimibe for 
24 h resulted in a modest increase (1.3-fold) in 
the ABCG1 transcription level and did not alter 
ABCA1 mRNA expression (Figure 5). Furthermore, 
there was reduction in NR1H2 level, but not in 
NR1H3. This reduction in NR1H2 transcription 
was significant after 12-h treatment at 5.0 µM 
(0.71 ± 0.02) and also after 24-h treatment at 
1.0 (0.80 ± 0.07), 2.5 (0.74 ± 0.04) and 5.0 µM 
(0.75 ± 0.03) compared with control (12 h: 
1.00 ± 0.03; 24 h: 1.00 ± 0.11, p < 0.05) (Figure 5).

 n Analysis of correlation
Significant correlations between mRNA base-
line expression of ABCA1 and ABCG1 were 
found in PBMCs (r

s
 = 0.841, p < 0.001). 

After all treatments of HC individuals with 

Table 1. Characteristics of the 
hypercholesterolemic individuals.

Variables

n 71

Age, years 54 ± 1

Male 35%

Female 65%

Arterial hypertension 45%

Obesity 6%

Menopausal women 70%

Cigarette smoking 22%

Alcohol consumption 27%

Physical activity 49%

Family history of CAD 56% 
Age variable is presented as mean ± standard error of the 
mean. Individuals with BMI ≥30 kg/m2 were classified as 
obese [21] and those with systolic/diastolic blood pressure 
of ≥140/90 mmHg or under antihypertensive therapy 
were considered hypertensive [22]. 
CAD: Coronary artery disease.
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cholesterol-lowering drugs, the significant cor-
relations between ABCA1 and ABCG1 mRNA 
levels were maintained (data not shown). 

NR1H2 and NR1H3 mRNA expression in 
PBMCs were also positively correlated at base-
line  levels(rs = 0.681, p < 0.001) and after the 
treatments evaluated (data not shown).

Correlation analyses between mRNA 
expression of all genes and serum lipid con-
centrations of HC individuals before and 
after the cholesterol-lowering treatments were 
performed, but no significant correlation was 
found (data not shown). 

In HepG2 cells, correlations between ABCA1 
and ABCG1 or between NR1H2 and NR1H3 
levels were not statistically significant either 
before or after different concentrations and time 
of exposure to the statins (data not shown). 

In both cell models, correlation between LXR 
mRNA expression and ABCA1 or ABCG1 was 
not found.

Discussion
The present study examined the effect of lipid-
lowering drugs on ABCA1 and ABCG1 mRNA 
expression, which are involved in the metabolism 
of HDL [5]. We also investigated whether cho-
lesterol-lowering treatments influence mRNA 
expression of NR1H2 and NR1H3. The studies 
were performed in HepG2 cells and in PBMCs 
of Brazilian hypercholesterolemic individuals 
treated with statins and/or ezetimibe.

The gene-expression ana lysis showed that 
ABCG1 was expressed 2.4- and 383.8-fold 
higher than ABCA1 in PBMCs and HepG2 
cells, respectively. Corroborating with our 
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Figure 1. Baseline expression profile of the ABCA1, ABCG1, NR1H2 and NR1H3 genes in (A) peripheral blood mononuclear 
cells and (B) HepG2 cells. The mRNA expression of each gene was measured by real-time quantitative PCR and normalized with UBC 
(PBMCs) or GAPDH (HepG2 cells). Each symbol represents the average value of duplicate of each hypercholesterolemic individual 
analyzed (n = 71) or 21 experiments in HepG2 cells pertaining to different passages. The horizontal line shows the median of the data. 
The 2-DCT formula was used to calculate the relative amount of the transcript in the sample. Y-axis is presented on a logarithmic scale. 
PBMC: Peripheral blood mononuclear cell.

Table 2. Biochemical profile of hypercholesterolemic individuals in response to ezetimibe, simvastatin or 
combined treatment. 

Parameter Basal Eze Simva Eze + Simva p-value

LDL-C (mmol/l)† 4.69 ± 0.14 3.54 ± 0.14 3.16 ± 0.16 2.40 ± 0.17 <0.001

TC (mmol/l)† 7.01 ± 0.14 5.85 ± 0.17 5.36 ± 0.18 4.60 ± 0.18 <0.001

TG (mmol/l)† 1.65 ± 0.13 1.54 ± 0.15 1.39 ± 0.12 1.39 ± 0.13 0.009

HDL-C (mmol/l)‡ 1.56 ± 0.06 1.61 ± 0.06 1.56 ± 0.07 1.56 ± 0.07 0.093

ApoA-I (g/l)‡ 1.47 ± 0.05 1.47 ± 0.05 1.47 ± 0.06 1.52 ± 0.05 0.643

ApoB (g/l)† 1.20 ± 0.04 0.97 ± 0.04 0.88 ± 0.04 0.74 ± 0.05 <0.001

CK (U/l)‡ 120.65 ± 11.59 121.48 ± 14.36 124.39 ± 13.49 115.18 ± 10.03 0.610

ALT (U/l)‡ 22.87 ± 1.84 25.13 ± 2.41 22.74 ± 1.31 26.43 ± 2.23 0.260
Values are presented as mean ± standard error of the mean.  
†Results were compared by one way repeated measures ANOVA and Holm–Sidak method for multiple comparisons. 
‡Results were compared by Friedman repeated measures ANOVA on ranks. 
ALT: Alanine aminotransferase; ANOVA: Analysis of variance; CK: Creatine kinase; Eze: Ezetimibe (10 mg/day/4 weeks); Eze + Simva: Ezetimibe plus simvastatin 
(10 mg/day/4 weeks); HDL‑C: High‑density lipoprotein cholesterol; LDL‑C: Low‑density lipoprotein cholesterol; Simva: Simvastatin (10 mg/day/8 weeks);  
TC: Total cholesterol; TG: Triglyceride. 
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results, in peripheral blood monocytes of 
healthy or Type II diabetes mellitus individu-
als the ABCG1 level was more abundant than 
ABCA1 [30,31]. Moreover, as long as HepG2 
is a cell line derived from the hepatocellular 
carcinoma, the large difference between base-
line ABCA1 and ABCG1 expression observed 

in our study is consistent with data reported by 
Moustafa et al. [32]. The authors demonstrated  
that in liver tissues from patients with hepato-
cellular carcinoma, compared with the nontu-
mor region, the tumor region revealed higher 
expression of ABCG1 and lower  expression 
of ABCA1.

This study demonstrated that NR1H2 is 
more expressed than NR1H3 in PBMCs of HC 
individuals. Conversely, other authors reported 
reduced NR1H2 expression in PBMCs of healthy 
donors [33]. This difference may be owing to the 
blood cholesterol status of the studied subjects. 
The reference gene used in qPCR assays may 
also contribute to the variability of the results 
among different studies. GAPDH is the com-
monly used reference gene, while we selected 
UBC as the most stable gene in the experimen-
tal conditions. It has been reported that differ-
ent findings can result from different reference 
genes [34]. Therefore, the validation of the stabil-
ity or expression of the constitutively expressed 
gene in response to experimental treatment is 
very important [28]. 

The treatment of HC individuals with 
atorva statin and simvastatin downregulated 
ABCA1 and ABCG1 levels in PBMCs. On 
the contrary, pravastatin did not change the 
mRNA expression and protein ABCA1 in leu-
kocytes of mice [13] and simvastatin increased 
ABCA1 levels in PBMCs of Type II diabe-
tes patients in vivo [35]. However, differences 
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Figure 3. ABCG1 mRNA expression in peripheral blood mononuclear cells of 
hypercholesterolemic individuals before and after atorvastatin therapy 
(10 mg/day/4 weeks). The group was treated with atorvastatin, and mRNA 
expression was analyzed before (basal) and after treatment (atorvastatin).  
ABCG1 expression was measured by real-time quantitative PCR and normalized 
with UBC. Each symbol represents the average value of duplicate of each 
hypercholesterolemic individual analyzed (n = 48) and horizontal lines show the 
median with interquartile range. Y-axis is presented on a logarithmic scale. 
p = 0.003 as indicated by Wilcoxon signed rank test.
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Figure 2. Relative expression of the (A) ABCA1 and (B) ABCG1 transporter genes in peripheral blood mononuclear cells of 
hypercholesterolemic individuals before and after lipid-lowering therapy. Real-time quantitative PCR was performed using total 
RNA extracted from peripheral blood mononuclear cells of hypercholesterolemic individuals before (basal) and after treatments.  
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between human and mice cholesterol metabo-
lism and the absence of diabetic patients in our 
study may explain the different findings. 

Other authors also reported the down-
regulatory effect on ABCA1 and ABCG1 trans-
cription in human and murine macrophages 
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treated in  vitro with different statins [11–15]. 
Furthermore, statins also reduced the ABCA1 
protein and cholesterol efflux mediated in these 
cells [11,12,14]. 

In macrophages, studies have supported 
the fact that statins downregulate ABCA1 and 
ABCG1 expression by limiting the availability of 
oxysterol ligands for LXRs [11,36]. LXRs belong 
to a family of nuclear receptors and act as cho-
lesterol sensors in the body. Upon activation by 
ligand, LXRs form obligate heterodimers with 
the retinoid X receptor and the DNA binding 
domain of LXR interacts with LXR response 
elements in the promoter regions of the target 
genes, such as ABCA1 and ABCG1, to initiate 
transcription [37]. 

Unlike the ABC transporters, NR1H2 and 
NR1H3 were not modulated by lipid-lowering 
treatments in PBMCs of HC patients. Guan 
et  al. reported that NR1H3 mRNA levels 

were improved by simvastatin treatment com-
pared with levels found in untreated diabetic 
groups [35]. In the murine leukocytes, pravastatin 
treatment also increased Nr1h3 expression [13]. 
Nevertheless, as explained earlier, these studies 
evaluated diabetic patients or mice, which may 
explain the different findings. Corroborating 
with the findings of the statin effects on LXR 
activity in macrophages [11], our data indicate 
that the ABCA1 and ABCG1 downregulation by 
statins was not owing to direct alteration in LXR 
mRNA expressions in PBMCs. This effect on 
ABC transporter levels may be due to changes in 
the availability of oxysterols, and consequently 
in activity of LXRs, nevertheless other studies 
are needed to confirm this.

Interestingly, we also demonstrated the 
inhibitory effect of ezetimibe on the ABCA1 
and ABCG1 expression in PBMCs. Thus, 
our results suggest that ezetimibe treatment 
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Figure 5. Effects of ezetimibe on mRNA expression levels of (A) ABCA1, (B) ABCG1, (C) NR1H2 and (D) NR1H3 in HepG2 cells. 
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10 mg/day/4 weeks) might decrease the avail-
ability of oxysterol ligands for LXR in PBMCs. 
However, studies are needed to conf irm 
whether  the effect of ezetimibe on these gene 
transcriptions is dependent or not on other 
metabolic pathways. 

It has been shown that ezetimibe reduces 
Abca1 mRNA level in enterocytes of mice fed 
with basal diet (0.02% w/w cholesterol) [38]. 
Moreover, Seedorf et  al. have shown that 
ezetimibe inhibited uptake of oxidized LDL 
in a dose-dependent manner in human macro-
phages and blocked the lipid-induced induction 
of ABCA1 and ABCG1 in oxidized LDL-loaded 
macrophages [39]. 

Consistent with this finding, studies have 
shown that in cholesterol-loaded macrophages, 
which are more relevant to atherogenesis, the 
inhibitory effect of statins on ABCA1, compared 
with nonloaded cells, is lost [11,14]. Therefore, 
further investigations are necessary to determine 
the clinical relevance of these downregulatory 
effects of the lipid-lowering drugs on ABCA1 
and ABCG1 expression in PBMCs. 

In all phases of the study, correlation ana lysis 
demonstrated that ABCA1 and ABCG1 appear to 
be coordinately regulated in PBMCs. Moustafa 
et al. also reported that both the gene-expression 
levels were closely correlated in peripheral blood 
leukocytes obtained from healthy volunteers or 
patients with hepatocellular carcinoma [32].

Unlike in PBMCs, in HepG2 cells statin or 
ezetimibe treatment caused different responses 
in ABCA1 and ABCG1 expression and their 
levels were not correlated. For ABCA1, differ-
ent concentrations of atorvastatin, simvastatin 
or ezetimibe did not alter the gene transcrip-
tion. On the contrary, treatment of Fu5AH rat 
hepatoma or HepG2 cells with statins increased 
the transpcript levels or improved ABCA1-
mediated lipid efflux [15,18,40]. Consistent with our 
results, hepatic Abca1 levels of mice fed with basal 
diet was not affected by ezetimibe treatment [38]. 
Other authors have not found changes in ABCA1 
mRNA and protein expression in HepG2 cells 
and in liver tissue of mice treated with stat-
ins [13]. Treatment with fluvastatin (20 mg/day) 
or atorvastatin (80 mg/day) for 4 weeks previous 
to surgery also did not modify ABCA1 levels in 
liver biopsy samples from normocholesterolemic 
patients with uncomplicated gallstone disease [41]. 

Interestingly, in rats, Tamehiro et  al. also 
reported that compactin (also called mevastatin) 
did not alter the total Abca1 level in hepatoma 
McARH7777 cells while in peripheral tissue 
(Rat2 fibroblasts) this treatment reduced the 

Abca1 mRNA expression [42]. According to that 
study, two major ABCA1 transcripts are able to 
modulate these different effects of compactin 
on liver and peripheral tissues. Peripheral tissues 
have a single major transcript, whose promoter is 
LXR-responsive element-dependent. Nevertheless, 
liver tissue also has another transcript, which is 
activated by HMG-CoA reductase inhibitors via 
the sterol regulatory element-binding protein-2 
(SREBP-2). SREBP-2 is a transcriptional factor 
that plays an important role in lipid metabolism 
and homeostasis, mainly by activation of choles-
terol synthetic genes [43]. Thus hepatic ABCA1 
expression is counterbalanced by LXR- and 
SREBP-2 driven promoter. The same two tran-
scripts were also dominant in the human liver, 
nonetheless other studies are needed to confirm 
whether these same modulations are applicable to 
human cells treated with statins.

Likewise in PBMCs, LXR mRNA expression 
was not correlated with ABCA1 or ABCG1 lev-
els in untreated or lipid-lowering drug-treated 
HepG2 cells. In response to atorvastatin treat-
ment, after 12 or 24 h (but not 6 h), NR1H2 
and NR1H3 were upregulated only at 10.0 µM. 
Ando et al. also found no difference in NR1H3 
(LXRa) mRNA expression in the HepG2 cells 
treated with 1.0 or 10.0 µM pravastatin for 
8 h [13]. Conversely, we found that ezetimibe 
treatment downregulated NR1H2 transcription 
and did not alter NR1H3 level. Similar to our 
study, During et al. also observed that NR1H2 
was significantly lower in human intestinal 
Caco-2 cells incubated with ezetimibe than in 
control cells and that NR1H3 was not affected 
by this treatment [44]. Therefore, as well as in 
PBMCs, our results indicate that the ABCA1 and 
ABCG1 modulation by lipid-lowering drugs in 
HepG2 cells was not owing to direct alterations 
in LXR mRNA expression. 

So far, we have no knowledge of other stud-
ies that have evaluated the influence of statins 
or ezetimibe on the ABCG1 level in HepG2 
cells. Different transcripts also are known for 
ABCG1 [45] and although lipids have been char-
acterized as the most effective transcriptional 
modulators of ABCG1 (mainly by LXR activa-
tion) [10,46], its regulation and the biological func-
tion are not well defined (especially in liver) [8,47] 
and thus further studies are needed to elucidate 
them in statin or ezetimibe-treated HepG2 cells.

As long as liver ABCG1 seems to stimulate 
biliary cholesterol excretion [47], ABCG1 upreg-
ulation in HepG2 cells (statin- or ezetimibe-
mediated), seems to be important for the RCT 
but this needs to be further investigated.
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Executive summary

Aims & materials & methods 
 � This study describes the effect of the two statins (atorvastatin and simvastatin) and the inhibitor of cholesterol absorption (ezetimibe) 

on mRNA expression of ABCA1, ABCG1, NR1H2 (LXR-b) and NR1H3 (LXR-a), in HepG2 cells and in peripheral blood mononuclear cells 
(PBMCs) of Brazilian hypercholesterolemic individuals.

 � A total of 48 individuals were treated with atorvastatin (10 mg/day/4 weeks) and 23 were treated with ezetimibe (10 mg/day/4 weeks), 
followed by simvastatin (10 mg/day/8 weeks) and afterwards by a combined therapy (simvastatin plus ezetimibe, 10 mg  
each/day/4 weeks).

 � HepG2 cells were treated with atorvastatin or simvastatin (0–10 µM ) or ezetimibe (0–5 µM ) for 6, 12 or 24 h.

Results: PBMCs
 � ABCA1 and ABCG1 mRNA expression was significantly downregulated by lipid-lowering treatments while NR1H2 and NR1H3 were 

not modulated.
 � Correlation ana lysis showed that ABCA1 and ABCG1 appear to be coordinately regulated.

Results: HepG2 cells
 � ABCA1 mRNA levels remained unaltered while ABCG1 expression was increased by statin (1.0–10.0 µM) or ezetimibe 

(5.0 µM) treatments. 
 � Atorvastatin upregulated NR1H2 and NR1H3 only at 10.0 µM and ezetimibe (1.0–5.0 µM) downregulated NR1H2 but did not 

change NR1H3.
 � ABCA1 and ABCG1 levels were not correlated.
 � In both cell models (PBMCs and HepG2), correlation between LXR mRNA expression and ABCA1 or ABCG1 level was not found.

Conclusion
 � Lipid-lowering drugs downregulate ABCA1 and ABCG1 mRNA expression in PBMCs of hypercholesterolemic individuals and exhibit 

differential effects on HepG2 cells. 
 � ABCA1 and ABCG1 levels were not correlated directly to LXR mRNA expression in both cell models treated with lipid-lowering drugs. 
 � Further investigations are necessary to determine the mechanisms and the clinical relevance of our findings.

Finally, there are some limitations to our 
study. First, our in vivo analyses were limited 
to a small number of individuals, and there-
fore, additional studies carried out with larger 
samples, are necessary to confirm our findings. 
Second, the RCT is a complex process involv-
ing several tissues, therefore the choice of a cel-
lular model to evaluate the influence of drugs 
on mRNA expression of genes involved in this 
process is a challenging task, especially for stud-
ies with humans. We have measured the expres-
sion of ABCG1, ABCA1, NR1H2 and NR1H3 in 
PBMCs because these cells are easily accessible 
and useful for serving as a biomarker of influ-
ence of lipid-lowering drugs on in vivo periph-
eral tissues. However, the expression of these 
molecules in PBMCs may not directly reflect 
the expression level in macrophages in the arte-
rial wall. Likewise, the HepG2 cell is not an 
ideal model because it is derived from hepato-
cellular carcinoma and is not inserted into a bio-
logical system. Nevertheless, the HepG2 cell is a 
human cell that is easily cultured. Furthermore, 
we intended not only to carry out comparative 
ana lysis between statins and ezetimibe influ-
ences in liver tissue and PBMCs, but also to 
reconcile conflicting reports of the literature 
involving ABCA1 transcription in these cells. 
Future investigations with primary commer-
cially available hepatocytes could improve the 
physiological relevance of our findings.

Conclusion
In summary, our findings reveal that lipid-low-
ering drugs downregulate ABCA1 and ABCG1 
mRNA expression in PBMCs of HC individu-
als and exhibit differential effects on HepG2 
cells. Moreover, they indicate that the ABCA1 
and ABCG1 levels were not correlated directly 
to LXR mRNA expressions in both cell models 
treated with lipid-lowering drugs. 
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