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ABSTRACT

BACKGROUND/OBJECTIVES: High levels of plasma low-density lipoprotein (LDL) 
cholesterol are an important determinant of atherosclerotic lesion formation. The disruption 
of cholesterol efflux or reverse cholesterol transport (RCT) in peripheral tissues and 
macrophages may promote atherogenesis. The aim of the current study was to examine 
whether bioactive ellagic acid, a functional food component, improved RCT functionality and 
high-density lipoprotein (HDL) function in diet-induced atherogenesis of apolipoproteins E 
(apoE) knockout (KO) mice.
MATERIALS/METHODS: Wild type mice and apoE KO mice were fed a high-cholesterol Paigen 
diet for 10 weeks to induce hypercholesterolemia and atherosclerosis, and concomitantly 
received 10 mg/kg ellagic acid via gavage.
RESULTS: Supplying ellagic acid enhanced induction of apoE and ATP-binding cassette 
(ABC) transporter G1 in oxidized LDL-exposed macrophages, facilitating cholesterol efflux 
associated with RCT. Oral administration of ellagic acid to apoE KO mice fed on Paigen diet 
improved hypercholesterolemia with reduced atherogenic index. This compound enhanced 
the expression of ABC transporters in peritoneal macrophages isolated from apoE KO mice 
fed on Paigen diet, indicating increased cholesterol efflux. Plasma levels of cholesterol ester 
transport protein and phospholipid transport protein involved in RCT were elevated in 
mice lack of apoE gene, which was substantially reduced by supplementing ellagic acid to 
Paigen diet-fed mice. In addition, ellagic acid attenuated hepatic lipid accumulation in apoE 
KO mice, evidenced by staining of hematoxylin and eosin and oil red O. Furthermore, the 
supplementation of 10 mg/kg ellagic acid favorably influenced the transcriptional levels of 
hepatic LDL receptor and scavenger receptor-B1 in Paigen diet-fed apoE KO mice.
CONCLUSION: Ellagic acid may be an athero-protective dietary compound encumbering 
diet-induced atherogenesis though improving the RCT functionality.
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INTRODUCTION

Atherosclerosis is a major cause of cardiovascular diseases including myocardial infarction 
and heart stroke [1]. Hyperlipidemia is a leading cause of atherosclerosis, and high circulating 
level of low-density lipoprotein cholesterol (LDL-C) is considered as an important determinant 
of atherosclerosis [2,3]. Hyperlipidemia is mainly attributed to high intake of high-fat high-
cholesterol diets [4]. Accordingly, the management of hyperlipidemia has been suggested as 
a therapeutic strategy for cardiovascular diseases [2,5]. On the other hand, the activation of 
reverse cholesterol transport (RCT) is a key strategy to lessen hyperlipidemia in the rodents 
[6-8]. RCT is a multi-step process including peripheral cholesterol efflux, which is involved in 
removing excess cholesterol via lipoproteins from peripheral tissues to the liver [9,10]. Excess 
cholesterol from non-hepatic peripheral cells such as macrophages is transferred to the liver 
[6,11]. It is assumed that the disruption of cholesterol efflux or RCT promotes atherogenesis.

Macrophages restore cellular cholesterol homeostasis through activating cholesterol efflux 
to lipid-poor acceptors with the help of ATP-binding cassette (ABC) transporters [11,12]. It 
has been reported that ABC transporter A1 (ABCA1) inhibits atherosclerosis development 
in animal models [7]. Cholesterol is converted to cholesteryl esters by lecithin-cholesterol 
acyltransferase (LCAT), followed by transfer to LDL and very LDL (VLDL) via cholesterylester 
transfer protein (CETP) in exchange for triglycerides (TG) [12,13]. Inhibition of this process 
by CETP inhibitors may enhance HDL cholesterol (HDL-C) and diminish LDL-C and VLDL 
[14]. Plasma phospholipid transfer protein (PLTP) manipulates cholesterol metabolism 
through regulating the size of HDL particles [13]. Pharmacological inhibition of the activity 
of CETP and PLTP may be a new therapy for dyslipidemia through reducing apolipoproteins B 
(apoB) secretion [15].

Apolipoproteins E (apoE) accepts cholesterol from cells including macrophages in the 
vessel wall and transports it back to the liver via RCT process [16]. ApoE present in plasma 
lipoproteins is involved in the clearance of chylomicrons and VLDL remnants by the liver 
[17,18]. ApoE knockout (apoE KO) mice are lack of function of lipoprotein metabolism and 
are known as representative models of atherosclerosis and hypercholesterolemia [19]. ApoE 
KO mice have high levels of plasma cholesterol as a result of this impaired clearance of 
cholesterol-enriched lipoproteins. There is direct evidence for the cooperative contribution 
of both apoE and apolipoproteins A1 (apoA1) to cholesterol efflux. ApoE-mediated 
cholesterol efflux depends on cellular or extracellular positioning of apoE of macrophages 
[16]. Macrophage apoA1 compensate for apoE deficiency and delay the progression of 
atherosclerotic lesions by stimulating cholesterol efflux and RCT [20].

Ellagic acid is a polyphenol present in the form of ellagitannin in plants of berries, nuts, 
and pomegranates [21,22]. Ellagic acid inhibits oxidized LDL-mediated lectin-like oxidized 
LDL receptor-1 (LOX-1) expression, generation of reactive oxygen species, and inflammation 
in human endothelial cells [23]. Our previous study shows that ellagic acid exhibits anti-
atherosclerotic activity by promoting cholesterol efflux from oxidized lipid-laden foam cells 
[24]. Ellagic acid displays anti-atherogenic activity by upregulating hepatocyte expression of 
paraoxonase 1 (PON1) [25]. Based on diverse evidence that ellagic acid is anti-atherosclerotic, 
the current study investigated that ellagic acid improve atherosclerosis through activating 
RCT process in apoE KO mice. Wild type (WT) mice and apoE KO mice were fed high-fat 
high-cholesterol Paigen diet for 10 weeks to induce hypercholesterolemia and atherosclerosis. 
The current study determined plasma levels of apoA1, CETP, PLTP, LCAT and PON1 and 
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expression of ABC transporters, scavenger receptor B1 (SR-B1) and LOX-1 in peritoneal 
macrophages and livers from WT mice and apoE KO mice.

MATERIALS AND METHODS

Chemicals
Fetal bovine serum (FBS), trypsin–ethylenediaminetetraacetic acid (EDTA), and  
penicillin–streptomycin were obtained from BioWhittaker (San Diego, CA, USA). Dulbecco’s 
modified eagle’s media (DMEM), ellagic acid and DMEM chemicals were supplied by 
Sigma Chemicals (St. Louis, MO, USA), as were all other reagents unless specifically stated 
otherwise. Ellagic acid was dissolved in dimethylsulfoxide for live culture with cells; its final 
culture concentration was ≤0.1%. Antibodies for ABCA1 and ABCG1 were purchased from 
Novus biologicals (Littleton, CO, USA). Antibodies of SR-B1 and LOX-1 were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase (HRP; Rockland 
Immunochemicals, Philadelphia, PA, USA)-conjugated goat anti-rabbit immunoglobulin G 
(IgG), goat anti-mouse and donkey anti-goat IgG were obtained from Jackson ImmunoResearch 
Laboratories (West Grove, PA, USA). β-Actin antibody was obtained from Sigma Chemicals.

Animals and diets
WT C57BL/6N mice (male, 5 weeks old, average body weight [BW] of 20 g) and homozygous 
apoE KO mice (C57BL/6 background) were obtained from Japan Shizuoka Laboratory 
Center (Hamamatsu, Shizuoka, Japan). Mice were housed individually in wire-bottomed 
cages, fed and watered, and maintained kept on a 12-h light and dark cycle at 23 ± 1°C with 
60% relative humidity under specific pathogen-free conditions. The mice were allowed 
to acclimatize for a week before beginning the experiments. All animal experiments were 
performed in accordance with the University’s Guidelines for the Care and Use of Laboratory 
Animals approved by the Committee on Animal Experimentation of Hallym University 
(Hallym2011-10). All mice were fed Paigen diet (15–20% fat, 1.25% cholesterol, 0.5% sodium 
cholate [D12336, Research Diets, Inc, New Brunswick, NJ, USA]) for 10 weeks. The diet 
composition of atherogenic diet was shown in Supplementary Table 1. The atherogenic 
Paigen diet is known to develop severe atherosclerotic plaques. Some of apoE KO mice 
orally received 10 mg/kg ellagic acid daily during the same experimental periods. Mice were 
allocated to 3 groups (16 mice of each diet group); WT mice with atherogenic diet, apoE KO 
mice with atherogenic diet, and finally apoE KO mice with atherogenic diet and ellagic acid.

After 10 weeks of diet feeding, mice were sacrificed under Zoletin/Lumphoon anesthesia.  
No mice were dead. Blood was collected from the abdominal aorta into EDTA-coated tubes. 
Plasma was obtained by centrifugation at 3,000 rpm for 10 min and stored at −70°C. The organs 
were washed with physiological saline by direct injection in the heart left ventricle. Aortas and 
the livers were collected and immediately frozen in liquid N2 and stored at −20°C until analysis.

Plasma lipid analyses
After 10 weeks of the diet intervention, plasma levels of total cholesterol (TC) and TG, 
and HDL-cholesterol (HDL-C) were measured using colorimetric enzymatic assays (Asan 
Pharmaceuticals, Hwasung, Korea) according to the manufacturers’ instructions. LDL-C was 
determined using the formula, LDL-C = TC – (HDL-C – TG/5). Based on these values, the 
atherosclerosis index (AI) was obtained by using the formula, AI = (TC – HDL-C)/HDL-C.
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Western blot analysis
Western blot analysis was conducted using J774.A1 macrophages, whole liver tissue extracts 
and mouse peritoneal macrophage lysates. Liver tissues were homogenized for isolating 
proteins. Macrophage lysates and whole tissue extracts were prepared in a lysis buffer 
containing 1 M β-glycerophosphate, 10% sodium dodecyl sulphate, 0.5 M NaF, 0.1 M Na3VO4 
and protease inhibitor cocktail. Whole cell lysates were prepared in a 1 M Tris-HCl lysis 
buffer (pH 6.8) containing 1 M β-glycerophosphate, 1% β-mercaptoethanol, 0.5 M NaF, 
0.1 M Na3VO4 and protease inhibitor cocktail. Cell lysates and tissue extracts containing 
equal amounts of total proteins were electrophoresed on 6–12% from, proteins were loaded 
on sodium dodecyl sulphate-polyacrylamide gels and transferred onto a nitrocellulose 
membrane. Nonspecific binding was blocked by soaking the membrane in a TBS-T buffer 
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween 20) supplemented 5% skim milk 
or 3% bovine serum albumin for 3 h. The membrane was incubated overnight at 4°C with 
polyclonal rabbit antibodies of ABCA1, ABCG1, SR-B1, apoE, apoA1, and LOX-1. After three 
washes with Tris buffered saline-Tween 20, the membrane was incubated for 1 h with a goat 
anti-rabbit IgG or a rabbit anti-mouse IgG conjugated to HRP (Rockland Immunochemicals). 
The individual protein level was determined by reacting with immobilon Western 
chemiluminescent HRP substrate (Merck Millipore, Billerica, MA, USA) and X-ray film 
(Agfa-Gevaert, Mortsel, Belgium). Incubation with monoclonal mouse β-actin antibody was 
also performed for comparative controls.

Isolation of mouse peritoneal macrophages
Fresh peritoneal macrophages were harvested from WT mice and apoE KO mice 3 days after 
receiving an intraperitoneal injection of 3% thioglycollate and plated in DMEM with 10% FBS. 
After 2 h incubation at 37°C, non-adherent cells were removed by washing with phosphate-
buffered saline, and adherent cells consisting of macrophages were used for further 
experiments.

Reverse transcription polymerase chain reaction (RT-PCR) analyses
Total RNA was isolated from aorta and liver tissues by using a commercially available Trizol 
reagent kit (Invitrogen, Waltham, MA, USA) and synthesized to cDNA by using a commercial 
cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). Using a Power SYBR 
Green master mix, the RT-PCR was conducted with mRNA transcripts of ABCA1, ABCG1, SR-
B1, apoA1, apoA1 binding protein (AIBP), LDL receptor (LDLR), and ABCG8. The polymerase 
chain reaction (PCR) condition was 95°C for 10 min for holding, and 40 cycles at 95°C for 
15 sec and at 60°C for 1 min. For the measurement of semi-quantitative RT-PCR, the PCR 
products (10 µL) were thermo-cycled and electrophoresed on 3% agarose gel containing 
0.5 mg/mL ethidium bromide, and the bands were visualized using a Vilber-Lourmat UV 
transilluminator and gel photographs were obtained. For the measurement of real-time PCR, 
the operation was done with Applied Biosystems 7500 Real-time PCR system instrument 
(Thermo Fisher Scientific). Glyceraldehyde 3-phosphate dehydrogenase was used as a 
housekeeping gene to normalize target gene expression. Detailed information for the PCR 
primers was shown in Supplementary Table 2.

Enzyme-linked immunosorbent assay (ELISA)
Plasma levels of CETP (MyBioSource, San Diego, CA, USA), PLTP (MyBioSource), and LCAT 
(Cloud-Clone, Katy, TX, USA) were determined by using commercial sandwich-type ELISA 
kits. In addition, plasma level of PON1 was measured by using an ELISA kit (R&D Systems, 
Minneapolis, MN, USA). After reacting plasma samples on microplate wells pre-coated with 
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a biotin-conjugated antibody, avidin-conjugated to HRP was added to plates. The substrate 
3,3,5,5-tetramethylbenzidine (Sigma-Aldrich Chemicals, St. Louis, MO, USA) was added 
to wells for detecting color change, and the enzyme-substrate reaction was terminated 
by adding 3 N sulfuric acid. The color development from blue to yellow in microwells was 
measured by spectrophotometry at λ = 450 nm.

Liver tissue staining
To detect the hepatic histological changes, liver tissues were fixed and dehydrated with 4% 
paraformaldehyde and 30% sucrose. Subsequently, tissues were embedded with optimal 
cutting temperature compound and cut by a cryostat microtome into 6 μm thickness. 
Liver tissues were stained with Mayer’s hematoxylin-alcoholic eosin Y (H&E) solution for 
30 seconds. Following the dehydration steps with 95–100% ethanol, stained tissues were 
observed with a microscope.

For the measurement of accumulation of hepatic lipid droplets, oil red O staining was 
performed with liver tissues. After adjusting with propylene glycol to avoid carrying water 
into oil red O solution, cut-liver tissues were stained with pre-warmed oil red O solution for 
10 min. After staining with 85% propylene glycol for 5 min, stained tissues were observed 
with a microscope.

Statistical analysis
The data are presented as means ± standard error of the mean. Statistical analyses were 
conducted by employing Statistical Analysis Systems statistical software package (IBM SPSS 
Statistics Version 25.0; IBM Corporation, Armonk, NY, USA). A graph was created by using 
GraphPad Prism software 5.0 (GraphPad, San Diego, CA, USA). Significance was determined 
by one-way analysis of variance, least significance difference and Duncan post-hoc test for 
multiple comparisons. Differences were considered significant at P < 0.05.

RESULTS

Induction of ABCG1 and apoE by ellagic acid
Cytotoxicity and lipid peroxidation did not take place in J774A1 macrophages incubated 
with ≤ 10 μM ellagic acid for 24 h (data not shown). Ellagic acid dose-dependently promoted 
the HDL formation from lipid-laden cells (Fig. 1B). In addition, ABCG1 was significantly 
induced in 50 μg/mL oxidized LDL-added macrophages for 18 h (Fig. 1C). Such induction was 
further up-regulated by the 18 h-treatment with ellagic acid. Our previous study showed that 
≥ 1 μM ellagic acid promoted cholesterol efflux outside macrophages exposed to oxidized 
LDL [24]. This was most likely due to ellagic acid-triggered induction of ABC transporters. 
Furthermore, oxidized LDL enhanced macrophage production of apoE, which was further 
accelerated by adding ≥ 1 μM ellagic acid to oxidized LDL-exposed macrophages (Fig. 1C).

General characteristics of animals
Following the experimental design described in Fig. 2A, WT C57BL/6N mice and apoE KO 
mice were fed atherogenic Paigen diet for 10 weeks concurrently with oral administration 
of 10 mg/kg ellagic acid. The weight gain curve over 10 weeks and the end point weight 
gain after 10-weeks of dietary regimen were shown in Table 1 and Fig. 2B. After the diet 
intervention, the final BW and average daily gain (ADG) significantly decreased in apoE 
KO mice, as compared to WT mice (Table 1). The oral administration of ellagic acid did not 
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influence the weight gain pattern (Table 1, Fig. 2B). Since the average daily feed intake (ADFI) 
of apoE KO mice was not different from that of WT mice, the food efficiency ratio (FER = 
ADG/ADFI) declined in apoE KO mice (Table 1). The liver wet weight of apoE KO mice was 
less than that of WT mice, while the heart weight was larger (Table 1). The organ weights of 
apoE KO mice were not changed by oral supplementation of ellagic acid.

Lipid-lowering effect of ellagic acid
This study investigated plasma lipid profiles of Paigen diet-fed apoE KO mice supplemented 
with ellagic acid (Table 2). Plasma levels of TC and LDL-C were markedly elevated in apoE KO 
mice fed Paigen diet, as compared to WT mice fed Paigen diet (Table 2). Plasma levels of TG 
and VLDL were not significantly different from those of WT mice. In contrast, plasma HDL-C 
level decreased in apoE-deficient mice. When 10 mg/kg ellagic acid was administrated to 
apoE KO mice, plasma levels of these lipids were reversed. As a result, the AI declined in 
ellagic acid-treated apoE KO mice (Table 2). It should be noted that ellagic acid increased 
plasma levels of TG and VLDL.

Elevation of peripheral cholesterol efflux by ellagic acid
The cellular membrane transporter ABCA1 and ABCG1 facilitate active efflux of cholesterol 
[26]. This study examined whether ellagic acid favorably manipulated the transcription of 
peripheral ABCA1 and ABCG1 in apoE KO mice. The proteins of ABCA1 and ABCG1 were 
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Fig. 1. Chemical structure of ellagic acid (A), HDL formation (B), and up-regulation of oxidized LDL-induced cellular 
ABCG1 expression and apoE secretion (C) by ellagic acid. J774A1 macrophages were treated with 1–10 μM ellagic 
acid for 18 h-stimulation with 50 μg/mL oxidized LDL. HDL formation was measured by using an enzyme-linked 
immunosorbent assay kit (B). For the measurement of ABCG1 expression and apoE secretion, total cell lysates 
and culture media were subjected to Western blot analysis with a primary antibody against ABCG1 or apoE (C). 
β-Actin was used as an internal control. The bar graphs represent quantitative results of blots obtained from a 
densitometer. Respective values (mean ± standard error of the mean, n = 3) in bar graphs not sharing a small 
letter are significantly different at P < 0.05. 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; ABCG1, ATP-binding cassette transporter G1; apoE, 
apolipoproteins E.
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Table 1. Effect of ellagic acid on growth, food intake, and organ weights
Variables (n = 6–10 in each group) Paigen diet

WT ApoE KO
No ellagic acid 10 mg/kg ellagic acid

BW (g)
Initial 18.890 ± 0.483 20.140 ± 0.779 20.340 ± 0.574
Final (10 wk) 28.090 ± 1.919a 24.450 ± 1.068b 25.290 ± 1.077b

Δ Weight 9.200 ± 1.736a 4.310 ± 1.087b 4.950 ± 1.202b

Food efficiency
ADFI 2.857 ± 0.116 2.818 ± 0.059 2.716 ± 0.088
FER 4.697 ± 0.979a 2.243 ± 0.585b 2.589 ± 0.607b

Organ weight (g)
Heart 0.132 ± 0.006b 0.151 ± 0.009a,b 0.167 ± 0.009a

Liver 1.667 ± 0.083a 1.269 ± 0.047b 1.205 ± 0.031b

Kidney 0.330 ± 0.022 0.347 ± 0.034 0.331 ± 0.031
Spleen 0.138 ± 0.017 0.138 ± 0.018 0.158 ± 0.024
Pancreas 0.153 ± 0.022 0.173 ± 0.025 0.165 ± 0.019

WT C57BL/6 mice (6 weeks of age, 20 g) and homozygous apoE KO mice were fed atherogenic Paigen diet (40 kcal% fat, 1.25% cholesterol, 0.5% cholic acid) for 
10 weeks. One diet group was orally supplemented with 10 mg/kg ellagic acid. BW was measured weekly, and food intake was daily checked by measuring the 
amount of provided diets and remained diet after one day. After 10 weeks of the experimental period, each organ of heart, liver, kidney, spleen, and pancreas 
was dissected and measured by scale. All data were analyzed with a 1-way analysis of variance, followed by Duncan’s post-hoc tests. Respective values (n = 16, 
each diet group) in the same row not sharing the same superscript differ, P < 0.05.
WT, wild type; ApoE KO, apolipoproteins E knockout; BW, body weight; ADFI, average daily feed intake; FER, feed efficiency ratio.



induced in peritoneal macrophages isolated from apoE KO mice fed Paigen diet (Fig. 3A). 
When 10 mg/kg ellagic acid was orally administrated to apoE KO mice, the induction of 
these transporters was further promoted. In addition, the SR-B1 expression was elevated in 
peritoneal macrophages of apoE KO mice, which was also further increased by supplying 
ellagic acid to mice (Fig. 3B).

This study further examined the transcriptional levels of the cholesterol transporters of 
ABCA1, ABCG1 and SR-B1 in peritoneal macrophages isolated from high cholesterol diet-fed 
apoE KO mice, evidenced by semi-quantitative RT-PCR analysis. The transcription of these 
transporters was upregulated in Paigen diet-fed apoE KO mice (Fig. 3C). When the apoE KO 
mice received 10 mg/kg ellagic acid, the transcriptional levels of these proteins were highly 
elevated. Accordingly, ellagic acid may promote macrophage cholesterol efflux through 
inducing these cholesterol transporters at the transcriptional levels.

Blockade of induction of lipid transfer proteins by ellagic acid
This study examined whether ellagic acid modulated plasma lipid levels through influencing 
the RCT process. Plasma levels of CETP and PLTP involved in RCT process were elevated in 
Paigen diet-fed mice lacking apoE gene, compared to those of WT mice (Fig. 4A and B). Such 
elevation was substantially reduced by supplementing 10 mg/kg EA for 10 weeks to apoE KO 
mice. On the contrary, oral administration of 10 mg/kg ellagic acid enhanced plasma LCAT 
level of apoE KO mice fed a high-cholesterol Paigen diet (Fig. 4C). Furthermore, there was a 
small increase in plasma PON1 level by apoE gene depletion (Fig. 4D). However, the supply 
of ellagic acid markedly enhanced the plasma PON1 level. Accordingly, ellagic acid may 
accelerate RCT process, leading to a reduction of plasma cholesterol level in apoE KO mice.

Inhibition of hepatic lipid accumulation by ellagic acid
This study investigated that ellagic acid attenuated hepatic lipid accumulation from 
circulation via RCT process. There was an increase in hepatic lipid droplets in apoE KO mice, 
evidenced by H&E staining (Fig. 5A). In addition, heavy oil red O staining was observed in 
apoE KO mice, which was diminished by supplementing ellagic acid (Fig. 5B).

Effects of ellagic acid on induction of hepatic receptors
This study examined the protein expression of the oxidized LDL receptor LOX-1 and 
the hepatic HDL receptor SR-B1 in hepatic tissues. The apoE gene deletion and high 
cholesterol feeding elevated the induction of hepatic LOX-1 and SR-B1 (Fig. 6A and B). Oral 
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Table 2. Changes of plasma lipid levels and AI by ellagic acid supplementation
Variables (n = 6–10 in each group) Paigen diet

WT ApoE KO
No ellagic acid 10 mg/kg ellagic acid

Plasma lipid levels (mg/dL)
TC 100.70 ± 13.019b 1,779.29 ± 370.89a 1,404.38 ± 311.30a

TG 85.26 ± 5.19b 91.732 ± 10.038a,b 99.36 ± 7.71a

HDL-C 32.21 ± 7.26a 8.19 ± 3.19c 12.90 ± 1.86b

LDL-C 50.49 ± 12.30c 1,754.57 ± 371.69a 1,365.03 ± 307.61b

VLDL 17.05 ± 1.04b 16.53 ± 2.39b 26.46 ± 6.68a

AI 3.24 ± 0.84c 357.85 ± 107.84a 109.92 ± 24.10b

WT C57BL/6 mice (6 weeks of age, 20 g) and homozygous apoE KO mice were fed atherogenic Paigen diet (40 kcal% fat, 1.25% cholesterol, 0.5% cholic acid) 
for 10 weeks. One diet group was orally supplemented with 10 mg/kg ellagic acid. Plasma levels of TC, TG, and HDL-C, and the levels of LDL-C and VLDL were 
calculated by formulas. Equation: LDL= TC – (HDL – TG/5), VLDL = TG/5 and AI = (TC – HDL-C)/HDL-C. All data were analyzed with a one-way analysis of 
variance, followed by Duncan’s post-hoc tests. Respective values (n = 16, each diet group) in the same row not sharing the same superscript differ, P < 0.05.
WT, wild type; ApoE KO, apolipoproteins E knockout; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density 
lipoprotein-cholesterol; VLDL, very low-density lipoprotein; AI, atherosclerosis index.
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Fig. 3. Effects of ellagic acid on transporter proteins responsible for peripheral cholesterol efflux. WT mice and apoE KO mice were fed atherogenic Paigen diet 
for 10 weeks with oral administration of 10 mg/kg ellagic acid daily. After the experimental period for 10 weeks, peritoneal macrophages were isolated from each 
mouse. Whole cell lysates were subject to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western blot with a specific antibody against ABCA1, 
ABCG1, and SR-B1 (A, B). β-Actin was used as an internal control. Respective values (mean ± standard error of the mean, n = 3) in bar graphs not sharing a small 
letter are significantly different at P < 0.05. Transcriptional levels of ABCA1, ABCG1, and SR-B1 were determined by using semi-quantitative reverse transcription 
polymerase chain reaction assay (C). GAPDH was used as a housekeeping gene for the co-amplification with ABCA1, ABCG1, and SR-B1. 
WT, wild type; apoE KO, apolipoproteins E knockout; ABCA1, ATP-binding cassette transporter A1; ABCG1, ATP-binding cassette transporter G1; SR-B1, scavenger 
receptor-B1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 4. Effects of ellagic acid on plasma levels of CETP, PLTP, LCAT, and PON1. WT mice and apoE KO mice were fed atherogenic Paigen diet for 10 weeks with 
and without oral administration of 10 mg/kg ellagic acid daily. Plasma levels of CETP, PLTP, LCAT, and PON1 were measured by using ELISA kits. All the ELISA 
procedures were followed according to the manufacturer’s instructions. Means (mean ± standard error of the mean, n = 3) in bar graphs without a common 
letter differ at P < 0.05. 
CETP, cholesterol ester transfer protein; PLTP, phospholipid transport protein; LCAT, lecithin-cholesterol acyltransferase; PON1, paraoxonase-1; WT, wild type; 
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Fig. 5. Effects of ellagic acid on hepatic morphology (A) and lipid accumulation (B). WT mice and apoE KO mice were fed atherogenic Paigen diet for 10 weeks 
with oral administration of 10 mg/kg ellagic acid daily. Liver tissues were dissected and cut by 6 μm thickness with microtomes. For the hepatic morphology, the 
tissues were stained with H&E (A). Hepatic lipid accumulation was confirmed by staining with oil red O (B). Liver tissues were observed by microscopy with 200× 
magnification (scale bar = 50 μm). 
WT, wild type; apoE KO, apolipoproteins E knockout; H&E, hematoxylin and eosin.
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Fig. 6. Effects of ellagic acid on expression of hepatic lipoprotein receptors. WT mice and apoE KO mice were fed atherogenic Paigen diet for 10 weeks with and 
without oral administration of 10 mg/kg ellagic acid daily. After the experimental period for 10 weeks, proteins and total mRNA of liver tissues were isolated. 
Western blot analysis showing protein levels of lectin-like oxidized LOX-1 and SR-B1 (A, B). Liver tissue extracts were subject to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and Western blot with a specific antibody against LOX-1 and SR-B1. β-Actin was used as an internal control. The bar graphs 
(mean ± standard error of the mean, n = 3) represent quantitative results of blots obtained from a densitometer. Transcription of SR-B1 and LDLR was determined 
by using real-time reverse transcription polymerase chain reaction with each primer. GAPDH was used as a housekeeping gene for the co-amplification with SR-
B1 and LDLR. Respective values in bar graphs not sharing a small letter are significantly different at P < 0.05. 
WT, wild type; apoE KO, apolipoproteins E knockout; LOX-1, low-density lipoprotein receptor-1; SR-B1, scavenger receptor-B1; LDLR, low-density lipoprotein 
receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



administration of ellagic acid to apoE KO mice minimally increased hepatic LOX-1 induction 
(Fig. 6A). Ellagic acid highly augmented the induction of LOX-1 and SR-B1 of apoE KO mice 
exposed to high cholesterol diet (Fig. 6B), indicating that ellagic acid may improve the 
removal of oxidized LDL and intake of HDL-C to the liver.

This study attempted to determine that ellagic acid activated hepatic SR-B1 and LDLR of 
apoE KO mice at transcriptional stages, evidenced by real-time PCR analysis. The hepatic 
transcription of SR-B1 and LDLR increased in Paigen diet-fed apoE KO mice, compared to 
that of WT mice (Fig. 6C and D). The hepatic transcription of these receptors of SR-B1 and 
LDLR continued to increase in apoE KO mice receiving 10 mg/kg ellagic acid (Fig. 6C and D). 
Thus, ellagic acid may lower plasma level of non-HDL cholesterol in hypercholesterolemic 
apoE KO mice.

Elevation of hepatic cholesterol uptake by ellagic acid
This study examined whether ellagic acid positively influenced the production of the HDL 
component apoA1 in apoE KO mice. The Paigen diet lowered plasma apoA1 level and hepatic 
apoA1 production in mice lacking apoE (Fig. 7A and B). In contrast, oral administration of 
ellagic acid enhanced the apoA1 secretion in the circulation and hepatic apoA1 expression 
in apoE KO mice (Fig. 7C). The hepatic production of apoA1 by ellagic acid was achieved at 
transcriptional level. In addition, the transcription of the AIBP protein secreting from liver 
was highly enhanced by supplying ellagic acid to apoE KO mice fed with Paigen diet (Fig. 7D).  
Accordingly, ellagic acid may stimulate hepatic apoA1 production and secretion in 
atherosclerosis-prone apoE KO mice.
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Fig. 7. Effects of ellagic acid on production and binding of apoA1. WT mice and apoE KO mice were fed atherogenic Paigen diet for 10 weeks with and without 
oral administration of 10 mg/kg ellagic acid daily. After the experimental period for 10 weeks, blood was collected. Proteins and total mRNA of liver tissues 
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Effect of ellagic acid on hepatic cholesterol efflux
To determine whether ellagic acid promotes cholesterol efflux in hepatic tissues, this study 
examined the protein expression and transcription of ABCA1 and ABCG1. The hepatic ABCA1 
and ABCG1 were induced in apoE KO mice fed Paigen diet (Fig. 8A and B). In apoE KO mice 
supplemented with 10 mg/kg ellagic acid, these proteins were highly boosted. Furthermore, 
the transcription of these transporters of ABCA1, ABCG1 and ABCG8 was enhanced in Paigen 
diet-fed apoE KO mouse liver (Fig. 8C-E). When 10 mg/kg ellagic acid was administrated to 
the apoE KO mice, the transcriptional levels of these proteins continued to increase.
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Fig. 8. The effects of ellagic acid on hepatic induction of cholesterol transporters responsible for cholesterol efflux. WT mice and apoE KO mice were fed atherogenic 
Paigen diet for 10 weeks with and without oral administration of 10 mg/kg ellagic acid daily. After the experimental period for 10 weeks, proteins and total mRNA 
of liver tissues were isolated. Protein expressions of ABCA1 and ABCG1 were measured by Western blot analysis (A, B). Liver tissue extracts were subject to sodium 
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DISCUSSION

The nine major findings were extracted from this study employing ellagic acid. 1) Ellagic 
acid further up-regulated induction of HDL, ABCG1 and apoE in oxidized LDL-exposed 
macrophages. 2) Oral administration of ellagic acid did not change the weight gain pattern, 
average daily food intake and FER of Paigen diet-fed apoE KO mice. 3) Ellagic acid favorably 
influenced plasma levels of atherogenic lipids in apoE KO mice. 4) Protein induction and 
transcription of ABCA1, AGCG1 and SR-B1 were elevated by ellagic acid in mouse peritoneal 
macrophages isolated from apoE KO mice. 5) Plasma levels of CETP and PLTP elevated 
in apoE KO mice was substantially reduced by supplementing ellagic acid, while plasma 
levels of LCAT and PON1 was elevated. 6) A marked increase in hepatic lipid droplets in 
Paigen diet-fed apoE KO mice was diminished in ellagic acid-treated mice. 7) Ellagic acid 
appeared to further increase the transcription of hepatic SR-B1 and LDLR elevated in Paigen 
diet-fed apoE KO mice. 8) The apoA1production and AIBP expression highly increased at 
transcriptional levels in Paigen diet-fed apoE KO mice receiving ellagic acid. 9) Ellagic acid 
boosted the induction and transcription of hepatic ABCA1and AGCG1 in apoE KO mice. 
Therefore, ellagic acid improved RCT functionality and HDL function in diet-induced 
atherogenesis of apoE KO mice.

ApoE acts as a ligand for LDLR family members to mediate the clearance of apoB-containing 
TG-rich lipoproteins [27]. In addition, apoE is involved in cholesterol efflux in peripheral 
tissues, especially from cholesterol-loaded macrophages and in RCT process [16]. ApoE 
present in plasma lipoproteins is responsible for the clearance of chylomicrons and VLDL 
remnants by the liver [18]. Thus, the apoE absence would impair clearance of cholesterol-
enriched lipoproteins, resulting high levels of plasma cholesterol. Furthermore, the apoE 
absence renders animals more susceptible to diet-induced atherosclerosis [9,19]. A study 
reports that apoE-null mice fed the high-fat/cholesterol/cholate Paigen diet show severe 
hypercholesterolemia, and lipid deposits were detected in all the organs [28]. Consistently, 
this study revealed that apoE KO mice fed on Paigen diet accelerated the accumulation 
of cholesterol-rich lipoproteins, compared with WT mice. A limited number of studies 
have been performed in the apoE-depleted mice to explore the role of dietary components 
including fatty acids and protein sources on lipoprotein metabolism and atherosclerosis.

Numerous studies have demonstrated that several phenolic compounds act as potential 
agents against atherosclerosis in preclinical and clinical studies [29-31]. Based on preclinical 
and clinical evidence, the main actions of phenolic compounds is known to be associated 
with inhibition of LDL oxidation, anti-inflammatory effects and reduction of platelet activity 
[29,32]. Ellagic acid is phenolic phytochemicals that display potent antioxidant and free 
radical scavenging activities, thus preventing oxidative stress-related diseases [21,22,33]. 
Ellagic acid exhibits vascular health benefits via diverse mechanisms for anti-atherogenic, 
anti-thrombotic, anti-inflammatory and anti-angiogenic effects [22]. Our previous study has 
shown that ellagic acid blocks foam cell formation and boosts cholesterol efflux in lipid-laden 
foam cell macrophages [24]. The present study examined whether ellagic acid enhanced the 
HDL function through improving the RCT system. This study examined the combined effects 
of apoE gene deletion and high cholesterol on the RCT pathway and hepatic lipid clearance. 
Ellagic acid alleviated hypercholesterolemia, and instead enhanced plasma HDL-C level with 
PON1 in apoE KO mice fed a high-cholesterol diet. Subsequently, ellagic acid improved RCT 
functionality and HDL function in diet-induced atherogenesis of apoE-depleted mice.
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In the RCT systems, HDL metabolism begins with binding of cholesterol effluxed from 
peripheral tissues or cells via the transporters of ABCA1 or ABCG1 [8,9,11,34]. Ellagic acid 
markedly increased the protein expression of ABCA1 and ABCG1 at the transcriptional levels 
in peritoneal macrophages isolated from Paigen diet-fed apoE KO mice. Like oxidized LDL, 
the cholesterol-rich Paigen diet elevated the expression of ABC transporters of apoE KO mouse 
macrophages. In fact, ellagic acid induced apoE protein and HDL formation in oxidized LDL-
exposed macrophages. Collectively, ellagic acid may be a substitute for apoE, which could 
be potential therapeutic replacement for preventing atherosclerosis. Macrophage apoA1 can 
protects against atherosclerosis by upregulating ABC transporters, stimulating cholesterol 
efflux and RCT [20]. Although this study did not examine the apoA1 level in peritoneal 
macrophages of apoE KO mice, the expression of ABC A1 and ABCG1 was highly enhanced. 
On the other hand, ellagic acid led to decreased CETP activity and PLTP activity and increased 
LCAT activity in Paigen diet-fed apoE KO mice, which could be recognized as protective 
factors. These findings indicate that ellagic acid was effective in forming pre-β-HDL and larger 
HDL particles through efflux of cellular lipids to increased lipid-free apoA1.

This study found that ellagic acid diminished an increase in hepatic lipid droplets in apoE KO 
mice fed Paigen diet. SR-B1 facilitates cholesterol efflux from peripheral tissues back to liver, 
functioning as a HDL receptor [35]. Also, hepatic SR-BI plays an essential role in controlling 
the utilization of HDL cholesterol for biliary secretion [36]. Ellagic acid stimulated the SR-
B1 induction in apoE KO mouse macrophages exposed to high-cholesterol diet, possibly 
enhancing cholesterol delivery to liver for utilization of hepatic cholesterol. In addition, 
ellagic acid elevated hepatic SR-B1, leading to increased cholesterol clearance via HDL-
relevant influx of cholesteryl esters. Interestingly, ellagic acid induced LDLR for the LDL-C 
clearance, which may reduce plasma cholesterol in apoE KO mice. The LOX-1 induction of 
ellagic acid may alleviate the progression of atherosclerosis via clearance of oxidized LDL 
from circulation [37]. On the other hand, ellagic acid increased the hepatic expression of 
ABC transporters and apoA1 in apoE KO mice fed Paigen diet. ABCA1 plays a key role in 
apoA1-dependent cholesterol efflux and cholesterol homeostasis in liver as a major source 
of plasma HDL-C [38]. Accordingly, ellagic acid may compensate for the absence of apoE in 
maintaining cholesterol homeostasis in the liver and circulation.

In summary, the current report demonstrated that ellagic acid improved RCT functionality 
and HDL function in diet-induced atherogenesis of cholesterol diet-fed apoE KO mice. 
Ellagic acid elevated induction of ABC transporters and apoA1 in apoE KO mice, possibly 
forming HDL particles via efflux of cellular lipids. Subsequently, ellagic acid elevated plasma 
HDL-C reduced in Paigen diet-fed apoE KO mice and conversely reduced LDL-C. Ellagic 
acid diminished plasma levels of lipid transfer proteins for delivery of cholesteryl esters 
and phospholipids. Ellagic acid stimulated the SR-B1 induction in peritoneal macrophages 
of apoE KO mice, enhancing cholesterol delivery to the liver for utilization of hepatic 
cholesterol. While there is good evidence on ellagic acid supporting the anti-atherogenic 
effects in animal models, the evidence on humans is much scarcer.

SUPPLEMENTARY MATERIALS

Supplementary Table 1
Compositions of atherogenic Paigen diet
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Supplementary Table 2
Information of polymerase chain reaction primer sequences

REFERENCES

 1. Frostegård J. Immunity, atherosclerosis and cardiovascular disease. BMC Med 2013;11:117.    PUBMED | CROSSREF

 2. Valanti EK, Dalakoura-Karagkouni K, Siasos G, Kardassis D, Eliopoulos AG, Sanoudou D. Advances in 
biological therapies for dyslipidemias and atherosclerosis. Metabolism 2021;116:154461.    PUBMED | CROSSREF

 3. Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell 2001;104:503-16.    PUBMED | CROSSREF

 4. Soliman GA. Dietary cholesterol and the lack of evidence in cardiovascular disease. Nutrients 
2018;10:780.    PUBMED | CROSSREF

 5. Nelson RH. Hyperlipidemia as a risk factor for cardiovascular disease. Prim Care 2013;40:195-211.    
PUBMED | CROSSREF

 6. Ohashi R, Mu H, Wang X, Yao Q, Chen C. Reverse cholesterol transport and cholesterol efflux in 
atherosclerosis. QJM 2005;98:845-56.    PUBMED | CROSSREF

 7. Joyce CW, Amar MJ, Lambert G, Vaisman BL, Paigen B, Najib-Fruchart J, Hoyt RF Jr, Neufeld ED, Remaley 
AT, Fredrickson DS, et al. The ATP binding cassette transporter A1 (ABCA1) modulates the development 
of aortic atherosclerosis in C57BL/6 and apoE-knockout mice. Proc Natl Acad Sci U S A 2002;99:407-12.    
PUBMED | CROSSREF

 8. Rohatgi A. Reverse cholesterol transport and atherosclerosis. Arterioscler Thromb Vasc Biol 2019;39:2-4.    
PUBMED | CROSSREF

 9. Getz GS, Reardon CA. Apoprotein E and reverse cholesterol transport. Int J Mol Sci 2018;19:3479.    
PUBMED | CROSSREF

 10. Wang HH, Garruti G, Liu M, Portincasa P, Wang DQ. Cholesterol and lipoprotein metabolism and 
atherosclerosis: recent advances in reverse cholesterol transport. Ann Hepatol 2017;16:s27-42.    PUBMED | 
CROSSREF

 11. Cuchel M, Rader DJ. Macrophage reverse cholesterol transport: key to the regression of atherosclerosis? 
Circulation 2006;113:2548-55.    PUBMED | CROSSREF

 12. Wang N, Tall AR. Regulation and mechanisms of ATP-binding cassette transporter A1-mediated cellular 
cholesterol efflux. Arterioscler Thromb Vasc Biol 2003;23:1178-84.    PUBMED | CROSSREF

 13. Dallinga-Thie GM, Dullaart RP, van Tol A. Concerted actions of cholesteryl ester transfer protein 
and phospholipid transfer protein in type 2 diabetes: effects of apolipoproteins. Curr Opin Lipidol 
2007;18:251-7.    PUBMED | CROSSREF

 14. Shrestha S, Wu BJ, Guiney L, Barter PJ, Rye KA. Cholesteryl ester transfer protein and its inhibitors. J 
Lipid Res 2018;59:772-83.    PUBMED | CROSSREF

 15. Luo Y, Shelly L, Sand T, Reidich B, Chang G, MacDougall M, Peakman MC, Jiang XC. Pharmacologic 
inhibition of phospholipid transfer protein activity reduces apolipoprotein-B secretion from hepatocytes. 
J Pharmacol Exp Ther 2010;332:1100-6.    PUBMED | CROSSREF

 16. Dove DE, Linton MF, Fazio S. ApoE-mediated cholesterol efflux from macrophages: separation of 
autocrine and paracrine effects. Am J Physiol Cell Physiol 2005;288:C586-92.    PUBMED | CROSSREF

 17. Oppi S, Lüscher TF, Stein S. Mouse models for atherosclerosis research-which is my line? Front 
Cardiovasc Med 2019;6:46.    PUBMED | CROSSREF

 18. Greenow K, Pearce NJ, Ramji DP. The key role of apolipoprotein E in atherosclerosis. J Mol Med (Berl) 
2005;83:329-42.    PUBMED | CROSSREF

 19. Meir KS, Leitersdorf E. Atherosclerosis in the apolipoprotein-E-deficient mouse: a decade of progress. 
Arterioscler Thromb Vasc Biol 2004;24:1006-14.    PUBMED | CROSSREF

 20. Su YR, Ishiguro H, Major AS, Dove DE, Zhang W, Hasty AH, Babaev VR, Linton MF, Fazio S. Macrophage 
apolipoprotein A-I expression protects against atherosclerosis in ApoE-deficient mice and up-regulates 
ABC transporters. Mol Ther 2003;8:576-83.    PUBMED | CROSSREF

 21. Derosa G, Maffioli P, Sahebkar A. Ellagic acid and its role in chronic diseases. Adv Exp Med Biol 
2016;928:473-9.    PUBMED | CROSSREF

 22. Larrosa M, García-Conesa MT, Espín JC, Tomás-Barberán FA. Ellagitannins, ellagic acid and vascular 
health. Mol Aspects Med 2010;31:513-39.    PUBMED | CROSSREF

208https://doi.org/10.4162/nrp.2024.18.2.194

Ellagic acid and reverse cholesterol transport

https://e-nrp.org

https://e-nrp.org/DownloadSupplMaterial.php?id=10.4162/nrp.2024.18.2.194&fn=nrp-18-194-s002.xls
http://www.ncbi.nlm.nih.gov/pubmed/23635324
https://doi.org/10.1186/1741-7015-11-117
http://www.ncbi.nlm.nih.gov/pubmed/33290761
https://doi.org/10.1016/j.metabol.2020.154461
http://www.ncbi.nlm.nih.gov/pubmed/11239408
https://doi.org/10.1016/S0092-8674(01)00238-0
http://www.ncbi.nlm.nih.gov/pubmed/29914176
https://doi.org/10.3390/nu10060780
http://www.ncbi.nlm.nih.gov/pubmed/23402469
https://doi.org/10.1016/j.pop.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16258026
https://doi.org/10.1093/qjmed/hci136
http://www.ncbi.nlm.nih.gov/pubmed/11752403
https://doi.org/10.1073/pnas.012587699
http://www.ncbi.nlm.nih.gov/pubmed/30586333
https://doi.org/10.1161/ATVBAHA.118.311978
http://www.ncbi.nlm.nih.gov/pubmed/30404132
https://doi.org/10.3390/ijms19113479
http://www.ncbi.nlm.nih.gov/pubmed/29080338
https://doi.org/10.5604/01.3001.0010.5495
http://www.ncbi.nlm.nih.gov/pubmed/16735689
https://doi.org/10.1161/CIRCULATIONAHA.104.475715
http://www.ncbi.nlm.nih.gov/pubmed/12738681
https://doi.org/10.1161/01.ATV.0000075912.83860.26
http://www.ncbi.nlm.nih.gov/pubmed/17495597
https://doi.org/10.1097/MOL.0b013e3280e12685
http://www.ncbi.nlm.nih.gov/pubmed/29487091
https://doi.org/10.1194/jlr.R082735
http://www.ncbi.nlm.nih.gov/pubmed/19933370
https://doi.org/10.1124/jpet.109.161232
http://www.ncbi.nlm.nih.gov/pubmed/15509658
https://doi.org/10.1152/ajpcell.00210.2004
http://www.ncbi.nlm.nih.gov/pubmed/31032262
https://doi.org/10.3389/fcvm.2019.00046
http://www.ncbi.nlm.nih.gov/pubmed/15827760
https://doi.org/10.1007/s00109-004-0631-3
http://www.ncbi.nlm.nih.gov/pubmed/15087308
https://doi.org/10.1161/01.ATV.0000128849.12617.f4
http://www.ncbi.nlm.nih.gov/pubmed/14529830
https://doi.org/10.1016/S1525-0016(03)00214-4
http://www.ncbi.nlm.nih.gov/pubmed/27671829
https://doi.org/10.1007/978-3-319-41334-1_20
http://www.ncbi.nlm.nih.gov/pubmed/20837052
https://doi.org/10.1016/j.mam.2010.09.005


 23. Lee WJ, Ou HC, Hsu WC, Chou MM, Tseng JJ, Hsu SL, Tsai KL, Sheu WH. Ellagic acid inhibits oxidized 
LDL-mediated LOX-1 expression, ROS generation, and inflammation in human endothelial cells. J Vasc 
Surg 2010;52:1290-300.    PUBMED | CROSSREF

 24. Park SH, Kim JL, Lee ES, Han SY, Gong JH, Kang MK, Kang YH. Dietary ellagic acid attenuates oxidized 
LDL uptake and stimulates cholesterol efflux in murine macrophages. J Nutr 2011;141:1931-7.    PUBMED | 
CROSSREF

 25. Khateeb J, Gantman A, Kreitenberg AJ, Aviram M, Fuhrman B. Paraoxonase 1 (PON1) expression 
in hepatocytes is upregulated by pomegranate polyphenols: a role for PPAR-gamma pathway. 
Atherosclerosis 2010;208:119-25.    PUBMED | CROSSREF

 26. Phillips MC. Molecular mechanisms of cellular cholesterol efflux. J Biol Chem 2014;289:24020-9.    
PUBMED | CROSSREF

 27. Zaiou M, Arnold KS, Newhouse YM, Innerarity TL, Weisgraber KH, Segall ML, Phillips MC, Lund-
Katz S. Apolipoprotein E;-low density lipoprotein receptor interaction. Influences of basic residue and 
amphipathic α-helix organization in the ligand. J Lipid Res 2000;41:1087-95.    PUBMED | CROSSREF

 28. Zhang SH, Reddick RL, Burkey B, Maeda N. Diet-induced atherosclerosis in mice heterozygous and 
homozygous for apolipoprotein E gene disruption. J Clin Invest 1994;94:937-45.    PUBMED | CROSSREF

 29. Penson PE, Banach M. Natural compounds as anti-atherogenic agents: clinical evidence for improved 
cardiovascular outcomes. Atherosclerosis 2021;316:58-65.    PUBMED | CROSSREF

 30. Sedighi M, Bahmani M, Asgary S, Beyranvand F, Rafieian-Kopaei M. A review of plant-based compounds 
and medicinal plants effective on atherosclerosis. J Res Med Sci 2017;22:30.    PUBMED | CROSSREF

 31. Li RL, Wang LY, Liu S, Duan HX, Zhang Q, Zhang T, Peng W, Huang Y, Wu C. Natural flavonoids derived 
from fruits are potential agents against atherosclerosis. Front Nutr 2022;9:862277.    PUBMED | CROSSREF

 32. Lutz M, Fuentes E, Ávila F, Alarcón M, Palomo I. Roles of phenolic compounds in the reduction of risk 
factors of cardiovascular diseases. Molecules 2019;24:366.    PUBMED | CROSSREF

 33. Ríos JL, Giner RM, Marín M, Recio MC. A pharmacological update of ellagic acid. Planta Med 
2018;84:1068-93.    PUBMED | CROSSREF

 34. Ouimet M, Barrett TJ, Fisher EA. HDL and reverse cholesterol transport: basic mechanisms and their roles 
in vascular health and disease. Circ Res 2019;124:1505-18.    PUBMED | CROSSREF

 35. Shen WJ, Azhar S, Kraemer FB. SR-B1: a unique multifunctional receptor for cholesterol influx and efflux. 
Annu Rev Physiol 2018;80:95-116.    PUBMED | CROSSREF

 36. Mardones P, Quiñones V, Amigo L, Moreno M, Miquel JF, Schwarz M, Miettinen HE, Trigatti B, Krieger M, 
VanPatten S, et al. Hepatic cholesterol and bile acid metabolism and intestinal cholesterol absorption in 
scavenger receptor class B type I-deficient mice. J Lipid Res 2001;42:170-80.    PUBMED | CROSSREF

 37. Wang Z, Chen J, Zeng Z, Zhang Q, Du G, Guo X, Wei Y. The LOX-1 receptor ectopically expressed in the liver 
alleviates atherosclerosis by clearing Ox-LDL from the circulation. Mol Med 2022;28:26.    PUBMED | CROSSREF

 38. Basso F, Freeman L, Knapper CL, Remaley A, Stonik J, Neufeld EB, Tansey T, Amar MJ, Fruchart-Najib 
J, Duverger N, et al. Role of the hepatic ABCA1 transporter in modulating intrahepatic cholesterol and 
plasma HDL cholesterol concentrations. J Lipid Res 2003;44:296-302.    PUBMED | CROSSREF

209https://doi.org/10.4162/nrp.2024.18.2.194

Ellagic acid and reverse cholesterol transport

https://e-nrp.org

http://www.ncbi.nlm.nih.gov/pubmed/20692795
https://doi.org/10.1016/j.jvs.2010.04.085
http://www.ncbi.nlm.nih.gov/pubmed/21940512
https://doi.org/10.3945/jn.111.144816
http://www.ncbi.nlm.nih.gov/pubmed/19783251
https://doi.org/10.1016/j.atherosclerosis.2009.08.051
http://www.ncbi.nlm.nih.gov/pubmed/25074931
https://doi.org/10.1074/jbc.R114.583658
http://www.ncbi.nlm.nih.gov/pubmed/10884290
https://doi.org/10.1016/S0022-2275(20)32014-9
http://www.ncbi.nlm.nih.gov/pubmed/8083379
https://doi.org/10.1172/JCI117460
http://www.ncbi.nlm.nih.gov/pubmed/33340999
https://doi.org/10.1016/j.atherosclerosis.2020.11.015
http://www.ncbi.nlm.nih.gov/pubmed/28461816
https://doi.org/10.4103/1735-1995.202151
http://www.ncbi.nlm.nih.gov/pubmed/35399657
https://doi.org/10.3389/fnut.2022.862277
http://www.ncbi.nlm.nih.gov/pubmed/30669612
https://doi.org/10.3390/molecules24020366
http://www.ncbi.nlm.nih.gov/pubmed/29847844
https://doi.org/10.1055/a-0633-9492
http://www.ncbi.nlm.nih.gov/pubmed/31071007
https://doi.org/10.1161/CIRCRESAHA.119.312617
http://www.ncbi.nlm.nih.gov/pubmed/29125794
https://doi.org/10.1146/annurev-physiol-021317-121550
http://www.ncbi.nlm.nih.gov/pubmed/11181745
https://doi.org/10.1016/S0022-2275(20)31676-X
http://www.ncbi.nlm.nih.gov/pubmed/35236285
https://doi.org/10.1186/s10020-022-00450-3
http://www.ncbi.nlm.nih.gov/pubmed/12576511
https://doi.org/10.1194/jlr.M200414-JLR200

	Ellagic acid, a functional food component, ameliorates functionality of reverse cholesterol transport in murine model of atherosclerosis
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and diets
	Plasma lipid analyses
	Western blot analysis
	Isolation of mouse peritoneal macrophages
	Reverse transcription polymerase chain reaction (RT-PCR) analyses
	Enzyme-linked immunosorbent assay (ELISA)
	Liver tissue staining
	Statistical analysis

	RESULTS
	General characteristics of animals
	Lipid-lowering effect of ellagic acid
	Elevation of peripheral cholesterol efflux by ellagic acid
	Blockade of induction of lipid transfer proteins by ellagic acid
	Inhibition of hepatic lipid accumulation by ellagic acid
	Effects of ellagic acid on induction of hepatic receptors
	Elevation of hepatic cholesterol uptake by ellagic acid
	Effect of ellagic acid on hepatic cholesterol efflux

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table 1
	Supplementary Table 2

	REFERENCES


