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Abstract
Disordered intestinal metabolism is highly correlated with atherosclerotic diseases. 
Resveratrol protects against atherosclerotic diseases. Accordingly, this study aims to 
discover novel intestinal proatherosclerotic metabolites and potential therapeutic 
targets related to the anti‐atherosclerotic effects of resveratrol. An untargeted me‐
tabolomics approach was employed to discover novel intestinal metabolic distur‐
bances during atherosclerosis and resveratrol intervention. We found that multiple 
intestinal metabolic pathways were significantly disturbed during atherosclerosis and 
responsive to resveratrol intervention. Notably, resveratrol abolished intestinal fatty 
acid and monoglyceride accumulation in atherosclerotic mice. Meanwhile, oleate ac‐
cumulation was one of the most prominent alterations in intestinal metabolism. 
Moreover, resveratrol attenuated oleate‐triggered accumulation of total cholesterol, 
esterified cholesterol and neutral lipids in mouse RAW 264.7 macrophages by acti‐
vating ABC transporter A1/G1‐mediated cholesterol efflux through PPAR (peroxi‐
some proliferator‐activated receptor) α/γ activation. Furthermore, we confirmed that 
PPARα and PPARγ activation by WY14643 and pioglitazone, respectively, alleviated 
oleate‐induced accumulation of total cholesterol, esterified cholesterol and neutral 
lipids by accelerating ABC transporter A1/G1‐mediated cholesterol efflux. This study 
provides the first evidence that resveratrol abolishes intestinal fatty acid and mono‐
glyceride accumulation in atherosclerotic mice, and that resveratrol suppresses 
oleate‐induced accumulation of total cholesterol, esterified cholesterol and neutral 
lipids in macrophages by activating PPARα/γ signalling.
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1  | INTRODUC TION

Atherosclerosis (AS) is the leading cause of cardiovascular and 
cerebrovascular diseases, which are the most prevalent illnesses 
and causes of death worldwide.1,2 Although the mortality rate for 
cardiovascular and cerebrovascular disease are declining globally, 
the absolute number of deaths is still growing.1 AS is a progres‐
sive metabolic disease characterized by lipid accumulation in the  
arteries and is highly correlated with metabolic abnormalities in lip‐
ids, carbohydrates, short chain fatty acids, amino acids and other 
metabolites.1,3-9

Accumulating evidence has revealed that metabolic disturbances 
in the intestine are closely associated with atherosclerotic cardio‐
vascular diseases.4,9,10 Intestinal microbial fermentation of carbo‐
hydrates generates short chain fatty acids, which increases energy 
availability and insulin sensitivity, promotes immune homeostasis 
and exhibit anti‐inflammatory effects.9,13 In addition, secondary bile 
acids formed in the intestine can enhance insulin sensitivity, energy 
expenditure and brown adipose tissue activation and repress inflam‐
mation.9 Nevertheless, intestinal microbial conversion of phosphati‐
dylcholine to trimethylamine accelerates cardiovascular disease.14,15 
Once formed from trimethylamine via hepatic flavin monooxygen‐
ases, trimethylamine N‐oxide accelerates cholesterol accumulation 
in macrophages by increasing forward cholesterol transport and de‐
creasing reverse cholesterol transport.4,14 Trimethylamine N‐oxide 
reduces cholesterol absorption by enterocytes, as well as bile acid 
synthesis and transport in the liver, and promotes lipopolysaccha‐
ride uptake by macrophages during AS.4,14,15

Notably, resveratrol (RSV), a natural plant polyphenol, can 
alleviate and even abrogate AS by intervening in various patho‐
physiological processes, including intestinal metabolism.11,16,17 
RSV decreased intestinal microbial trimethylamine content, subse‐
quently resulting in reduced liver trimethylamine N‐oxide synthe‐
sis and then preventing AS.11 Moreover, RSV promotes faecal bile 
acid excretion by activating bile salt hydrolase, leading to decreased 
ileal bile acid content and subsequent suppression of the enterohe‐
patic farnesoid X receptor‐fibroblast growth factor 15 axis.11 The 
subsequent activation of liver cholesterol 7a‐hydroxylase triggers 
bile acid neosynthesis and facilitates cholesterol homeostasis, ulti‐
mately alleviating AS.11

Although much attention has been paid to the role of intestinal 
microbial metabolites in AS, we hypothesize that there are other 
intestinal metabolites that accelerate AS. Accordingly, to discover 
and verify novel proatherosclerotic metabolites and potential ther‐
apeutic targets related to the anti‐atherosclerotic effects of RSV, 
intestinal tissue was collected from mice in the control (ApoE−/− 
mice fed a standard chow diet), AS (ApoE−/− mice fed a high‐fat 

diet) and RSV intervention (ApoE−/− mice fed a high‐fat diet and 
administered RSV) groups, and analysed using an untargeted  
metabolomics approach. Subsequently, the effects of proath‐
erosclerotic metabolites and potential therapeutic targets were  
further confirmed in vitro.

2  | MATERIAL S AND METHODS

2.1 | Chemicals and materials

Standard chow and high‐fat (standard chow with 0.15% cholesterol 
and 21% fat) diets were obtained from Nanjing Junke Biological 
Engineering Co. Ltd. (Nanjing, China). Methanol (HPLC grade) was 
purchased from Honeywell Burdick & Jackson (Muskegon, USA). 
Pyridine (anhydrous, 99.8%), N‐methyl‐N‐(trimethylsilyl)‐trifluoro‐
acetamide (≥98.5%), methoxyamine hydrochloride (98%) and tri‐
decanoic acid (≥98%) were from Sigma‐Aldrich (Shanghai, China). 
RAW264.7 macrophages were obtained from the Cell Bank of 
Chinese Academy of Science (Shanghai, China). Primers were all 
synthesized by Shanghai Sangon Biotech (Shanghai, China). DMEM 
(high glucose) was obtained from HyClone (USA). DMSO (≥99.7%), 
oleic acid (99.0%), RSV (99.0%), WY‐14643 and pioglitazone were 
purchased from Sigma‐Aldrich (Shanghai, China).

2.2 | Mouse model and sample collection

All animal experiments in this study were approved by the 
Institutional Animal Ethics Committee of Harbin Medical 
University‐Daqing, performed in accordance with the guidelines 
of our Institutional Animal Care and Use Committee [Protocol 
(2009)‐11] and the UK Animals (Scientific Procedures) Act, 
1986, and complied with ARRIVE guidelines.18 Male ApoE−/− 
mice (8‐10 weeks, 22 ± 2 g) were purchased from Nanjing Junke 
Biological Engineering Co. Ltd. (Nanjing, China). Experimental 
modelling was initiated after good adaptive feeding for 1 week. 
According to our previous studies and other evidence, long‐
term administration (8‐24 weeks) with RSV (5‐25 mg/kg) pro‐
tects against AS.19,20 Therefore, ApoE−/− mice in the control and 
AS group were fed a standard chow diet and a high‐fat diet for 
24 weeks, respectively. Meanwhile, ApoE−/− mice in the RSV in‐
tervention group were fed a high‐fat diet and orally administered 
10 mg/kg RSV twice daily for 24 weeks. After the 24‐week treat‐
ment, mice were randomly taken from each group, to evaluate 
aortic AS. The remaining mice were anaesthetized and sacrificed 
using pentobarbital sodium. Intestinal tissue and serum samples 
from each mouse were collected and placed in liquid nitrogen, fol‐
lowed by storage at −80°C for subsequent metabolomics analysis.
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2.3 | Cell culture and treatments

RAW264.7 cells were cultured in DMEM (high glucose, HyClone) sup‐
plemented with 10% foetal bovine serum at 37°C in a humidified 5% 
CO2 atmosphere. Macrophages were passaged every 3 days at a ratio 
of 1:4. After 12 passages, macrophages were treated with 65 μg/ml 
oleic acid, 65 μg/ml oleic acid plus RSV (1.5 μg/ml) or 1‰ DMSO as 
the control for 24 h, to explore the role of RSV in protecting against 
lipid accumulation. Furthermore, RAW264.7 cells were treated with 
65 μg/ml oleic acid, 65 μg/ml oleic acid plus WY‐14643 (1.5 μg/ml), 
65 μg/ml oleic acid plus pioglitazone (1.5 μg/ml) or 1‰ DMSO as the 
control for 24 h, to examine the role of PPARs in the protective ef‐
fects of RSV on abrogating oleate‐induced lipid accumulation.

2.4 | Nile red staining

RAW264.7 cells were fixed with 4% paraformaldehyde for 40 min‐
utes and then washed with PBS three times. Nuclei were stained with 
DAPI (2.5 μg/ml, in methanol) for 15 minutes at 37°C followed by 
washing with methanol. Then, the cells were stained with Nile red 
(10 μg/ml, in methanol) for 0.5 hours at 37°C. After extensive washing 
with PBS, confocal fluorescence images were obtained using a confo‐
cal microscope (Zeiss, Germany). Cellular lipid content was measured 
by determining the integrated density ratio (Nile red/DAPI).

2.5 | Tissue sample preparation for metabolomics 
investigation

After being snipped off and weighted accurately, frozen intestinal tis‐
sue was put in a centrifuge tube. A zirconia ball and ice‐cold 80% 
methanol were successively added, and the tissue was subjected to 
homogenization for 1.5 minutes at 25 Hz in a grinding and mixing ap‐
paratus (MM400, Retsch, Germany). After the mixture in the tube 
was centrifuged at 14 480 g for 15 minutes at 4°C, the supernatant 
was drawn and vacuum‐dried in a SpeedVac concentrator (Thermo 
Scientific, USA). Subsequently, the dried sample was dissolved in 
methoxyamine solution (20 mg/ml in pyridine) and vortexed for 
30 seconds. Following an oximation reaction with methoxyamine 
in a 37°C water bath for 1.5 hours, the sample was put in a 37°C 
water bath for 1.0 hours for the silylation reaction with N‐methyl‐
N‐(trimethylsilyl)‐trifluoroacetamide. Finally, the supernatant of the 
derivatized sample was collected for instrumental analysis after cen‐
trifugation. To monitor the stability and reproducibility of the metab‐
olomics approach, quality control samples were prepared by mixing 
the remaining supernatant of all the analytical samples and treated 
in the same way as the analytical samples with regard to vacuum‐ 
drying, derivatization, instrumental analysis and data processing.

2.6 | Serum sample preparation for metabolomics 
investigation

After the serum sample was thawed at room temperature and vor‐
texed for 10 seconds, 50 μL was removed and placed into a centrifuge 

tube on an ice bath. Two hundred microliters of methanol containing 
15 μg/ml tridecanoic acid as the internal standard was added to the 
serum sample and vortexed for 30 seconds. Following centrifuga‐
tion at 14 480 g for 15 minutes at 4°C, the supernatant of the serum 
sample was drawn and vacuum‐dried in a SpeedVac concentrator 
(Thermo Scientific, USA). Then, the dried sample was kept in a 37°C 
water bath for the 1.5 hours oximation reaction followed by the 
1.0 hour silylation reaction. After centrifugation, the supernatant of 
the derivatized sample was collected for instrumental analysis.

2.7 | Instrumental analysis for metabolomics 
investigation

For metabolic profiling, 1 μL of the derivatized sample was injected 
into a gas chromatography‐mass spectrometry systems via an AOC‐20i 
autosampler (GCMS‐QP 2010 plus, Shimadzu, Japan). The instru‐
ment parameters were set according to those used in our previous 
work.22,23 Metabolites were separated on a DB‐5 MS capillary column 
(30 m × 250 μm × 0.25 μm, J&W Scientifc Inc, USA). Helium was uti‐
lized as the carrier gas, and the constant linear velocity and split ratio 
was set to 40.0 cm/s and 5:1, respectively. The oven temperature was 
initially set to 70°C for 3.0 minutes, then rose to 300°C at a rate of 
5°C/min, and remained at 300°C for 10 min. The inlet, interface, and 
ion source temperatures were maintained at 300, 280 and 230°C, re‐
spectively. The ionization mode was electron impact (70 eV), and the 
detector voltage was set in accordance with the tuning result. Mass 
signals (m/z, 33‐600) were obtained in full scan mode. The event time 
and solvent delay time were 0.2 seconds and 5.3 minutes, respectively. 
Finally, a light diesel sample was analysed under the same conditions as 
the other samples to obtain the retention indices of metabolites.

2.8 | Data preprocessing for metabolomics 
investigation

Peak matching and deconvolution were performed using XCMS 
and ChromaTOF 4.43 (LECO Corporation, USA), respectively.25 
Metabolite identification was performed mainly based on the search 
results of commercial mass spectra libraries, and further verified by 
available reference standards according to the mass spectra, reten‐
tion index and retention time. For metabolite quantification in the 
tissue sample, the raw peak area of metabolites were normalized to 
total ion current, and then multiplied by 1 × 107. In addition, for me‐
tabolite quantification in the serum sample, the raw peak areas of 
metabolites were normalized to that of tridecanoic acid, and then 
multiplied by the concentration of tridecanoic acid.

2.9 | RNA extraction and RT‐PCR analysis

Total RNA from RAW264.7 cells was extracted using TRIzol rea‐
gent (Thermo Fisher Scientific, MA, USA). RNA was reverse‐tran‐
scribed to cDNA with PrimeScript™ RT master mix (Takara, Dalian, 
China). Real‐time RT‐PCR was performed using SYBR® Premix Ex 
Taq™ II (Takara, Dalian, China). β‐Actin was used as the internal 
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standard for normalizing gene expression. The data were calcu‐
lated using the 2–ΔΔCt method. Q‐PCR primers were designed using 
the NCBI database (Table S1).

2.10 | Determination of intracellular and 
extracellular total, free and esterified cholesterols

Intracellular and extracellular TC (total cholesterol) and FC (free cho‐
lesterol) levels were detected using a Cholesterol/Cholesteryl Ester 
Quantitation Assay kit (Abcam, USA). The results were normalized to the 
protein content according to the manufacturer's instructions. The CE (es‐
terified cholesterol) content was determined by subtracting FC from TC.

2.11 | Western blot analysis

The protein from RAW264.7 cell was obtained with cold cell lysis 
buffer and measured using the Bradford protein assay (Bio‐Rad, 

Hercules, CA, USA). 30 μg of protein was separated on 10% SDS‐
PAGE gel and transferred to a nitrocellulose membrane. The mem‐
brane was blocked with 5% skimmed milk and then incubated with 
primary antibodies (Abcam, USA) at 4°C overnight. Subsequently, 
the membranes were incubated with appropriate secondary an‐
tibodies at room temperature for 1.5 hours. After the membranes 
were washed with TBST three times, protein bands were detected 
using a Tanon 6100 Chemiluminescent imaging system (Tanon, 
Shanghai, China).

2.12 | Statistical analysis

MetaboAnalyst 3.0 was used for principal component analysis and 
pathway analysis.26 Two‐tailed Mann‐Whitney U tests and two‐in‐
dependent‐sample t tests were performed using MeV 4.9.0 and 
PASW Statistics 18 software (SPSS Inc, Chicago, USA), respectively, 
to evaluate differences in metabolite levels, mRNA expression and 

F I G U R E  1  Substantial changes in 
the intestinal metabolic profile during 
AS and RSV intervention. C, AS and RSV 
denotes the control, atherosclerosis and 
RSV intervention group, respectively. 
Columns denote the mean + SD. 
*P < 0.05, **P < 0.01, two‐independent‐
sample t test. A, Representative en 
face preparations of the total aorta in 
mice after 24‐week treatments and the 
quantitative result. n = 5 per group. B, 
Representative HE staining of aortic sinus 
in mice after 24‐week treatments and 
the quantitative result. n = 5‐6 per group. 
C, Analysis of the metabolic profiling. 
D, Distribution of the relative standard 
deviation (RSD) of the ions in the quality 
control (QC) sample. E, Changes in the 
intestinal metabolic profile during AS and 
RSV intervention
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fluorescence intensity between the groups.27 The heat map plot was 
generated using MeV 4.9.0. The level of significance was 0.05.

3  | RESULTS

3.1 | Significant intestinal metabolic changes during 
AS and RSV intervention

The prevalence of atherosclerotic lesions was evaluated in both the 
branchiocephalic arteries and aortic sinus from the mouse in each 
group after 24‐week treatments. As expected, atherosclerotic plaques 
in both the branchiocephalic arteries and aortic sinus were dominantly 
increased in ApoE−/− mice in the AS group after 24‐week high‐fat diet 
treatment, while RSV treatment inhibited the progression of athero‐
sclerosis (Figure 1A,B). Subsequently, an untargeted metabolomics 
approach based on gas chromatography‐mass spectrometry was em‐
ployed to obtain intestinal metabolic signatures and identify key regu‐
latory factors associated with AS and anti‐atherosclerotic effects of 
RSV. The three quality control samples were clustered together in the 
principle component analysis score plot, and the relative standard de‐
viation of the levels in 85.7%, 89.0% and 94.5% of the 2907 ion peaks 
were below 15%, 20% and 30% in the quality control samples, respec‐
tively (Figure 1C,D). These data demonstrated the repeatability and 
stability of the metabolomics approach.23,24,28,29

The principal component analysis score plot showed that the in‐
testinal metabolic profiling of the control group differed greatly from 
that of the AS group, and a significant difference was also observed 
in the metabolic profile between the AS and RSV groups (Figure 1E). 
Then, 71 of 168 detected metabolites were identified as differential 
metabolites related to AS and the effects of RSV. Among them, 57 
metabolites were further confirmed by available standards (Table S2). 
The heat map showed substantial changes in intestinal metabolites 
involved in carbohydrate metabolism, tricarboxylic acid cycle, amino 
acid metabolism, lipid metabolism and other metabolic pathways 
during AS and RSV intervention (Figure 2A). Further pathway anal‐
ysis revealed that 22 and 14 metabolic pathways were significantly 
disturbed during AS and RSV intervention, including biosynthesis of 
unsaturated fatty acids; fatty acid biosynthesis; and glycolysis/glu‐
coneogenesis (Figure 2B,C). Detailed metabolic changes during AS 
and RSV intervention are described and discussed below.

3.2 | RSV abolishes intestinal fatty acid and 
monoglyceride accumulation in atherosclerotic mice

Significant changes in lipid metabolism in the intestine were observed 
during AS and RSV intervention (Figures 2 and 3). Intestinal dodecanoic 
acid, myristic acid, oleate, 11‐eicosenoic acid and 11,14‐eicosadienoic 
acid levels were significantly higher in the AS group than in the control 
group, and significantly lower in the RSV group than in the AS group. 
Intestinal palmitelaidic acid and linoleic acid were significantly lower in 
the RSV group than in the AS group. The changes in fatty acids demon‐
strated that RSV effectively inhibited intestinal fatty acid accumulation 
in atherosclerotic mice. Similar changes in intestinal monoglycerides with 

fatty acids were observed during AS and RSV intervention. Intestinal 
1‐monomyristin, 1‐monopalmitin, 1‐monostearin, 1‐monolinoleoylglyc‐
erol and 1‐monooleoylglycerol were significantly increased in the AS 
group compared with the levels in the control group, and significantly 
decreased in the RSV group compared with the levels in the AS group. 
Additionally, intestinal 1‐monopalmitolein and 2‐monolinoleoylglycerol 
were significantly reduced in the RSV intervention group compared 
with the levels in the AS group. These changes in monoglycerides il‐
lustrated that RSV effectively inhibited intestinal monoglyceride accu‐
mulation in atherosclerotic mice. Taken together, these data show that 
changes in fatty acids and monoglycerides in the intestine are closely 
correlated with AS and the anti‐atherosclerotic effects of RSV.

3.3 | RSV attenuates changes in carbohydrate 
metabolism, amino acid metabolism and 
other pathways

Significant changes in carbohydrate metabolism in the intestine also 
occurred during AS and RSV intervention (Figures 2 and 4). Most intes‐
tinal saccharides, such as glucose, beta‐D‐glucose, fructose, sorbitol, 
galactonic acid, galactinol and lactobionic acid, were significantly de‐
creased during AS, and the decrease was alleviated or eliminated by 
RSV. In addition, intermediates in the tricarboxylic acid cycle (fumarate, 
malate, succinate and citrate) and lactic acid were also reduced in the 
AS group compared with the levels in the control group. Also the de‐
creases in succinate and lactic acid during AS were alleviated or elimi‐
nated by RSV. The changes in carbohydrates indicate potential roles for 
intestinal carbohydrate metabolism (such as carbohydrate degradation 
into organic acids, inositol phosphate metabolism and glycolysis/gluco‐
neogenesis) in AS and the anti‐atherosclerotic effects of RSV.

Disturbances in intestinal amino acid metabolism and other 
pathways occurred during AS and RSV intervention (Figures 2, 4 and 
Table S2). Intestinal proline, urea, valine, leucine and hypotaurine 
were significantly decreased in the AS group compared with the lev‐
els in the control group, and the decreases were alleviated to some 
extent by RSV. These changes in amino acid metabolism indicate the 
potential role of intestinal proline and arginine metabolism; valine, 
leucine and isoleucine metabolism; and taurine and hypotaurine me‐
tabolism in AS and the anti‐atherosclerotic effects of RSV.

3.4 | RSV abolishes oleate‐induced lipid 
accumulation in macrophages

The volcano plot showed that 1‐monomyristin, dodecanoate, 1‐monoo‐
leoylglycerol, serine, orinithine and oleate were the differential metabo‐
lites with the largest fold changes in the comparison between the control 
and AS groups (Figure 5A). In addition, oleate and 1‐monooleoylglyc‐
erol were the predominant fatty acid and monoglyceride, respectively 
(Figure 5B). Moreover, intestinal fatty acid and monoglyceride accumu‐
lation was closely correlated with AS and the anti‐atherosclerotic ef‐
fects of RSV. Therefore, we investigated the potential role of oleate in 
advancing AS. Since intestinal oleate can be released into the blood and 
then has the potential to promote AS, serum oleate was first measured. 
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As expected, serum oleate was significantly increased in the AS group 
compared with that in the control group (Figure 5C). Given that lipid 
accumulation in macrophages is an important pathogenic event in AS, 

from fatty streak formation to atherosclerotic plaque rupture and myo‐
cardial infarction, the role of oleate in lipid accumulation in RAW 264.7 
macrophages was further explored. Nile red staining demonstrated that 

F I G U R E  2  Substantial metabolic changes during AS and RSV intervention. n = 3, 4 and 3 in the control, AS and RSV group, respectively. 
A, Heat map of metabolic changes during AS and RSV intervention. Metabolite levels were normalized to the average and divided by 
the standard deviation. Then, the data were used to generate heat map. B, Pathway analysis of intestinal metabolic changes during AS. 
Significantly disturbed pathways are displayed (P < 0.05). C, Pathway analysis of intestinal metabolic changes during RSV intervention. 
Significantly disturbed pathways are displayed (P < 0.05)
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neutral lipids were significantly enhanced in macrophages treated with 
65 μg/ml oleate (the average serum concentration in atherosclerotic 
mice) compared with that in the control group, and the lipid accumu‐
lation in macrophages was completely abolished by RSV (Figure 5D). 
These data reveal that oleate induces lipid accumulation in macrophages 
and have the potential to advance AS. Moreover, RSV effectively abol‐
ished not only intestinal fatty acid accumulation in atherosclerotic mice, 
but also oleate‐induced lipid accumulation in macrophages.

3.5 | RSV suppresses oleate‐induced TC and 
CE accumulation in macrophages by activating 
PPAR signalling

Fatty acids and their derivatives are natural ligands and/or me‐
diators for PPARs, and PPARs acting as lipid sensors play crucial 

roles in lipid homeostasis.30,31 To examine whether RSV abolishes 
lipid accumulation in macrophages treated with oleate via PPAR 
signalling, the mRNA expression of genes involved in PPAR signal‐
ling were measured. The mRNA expression levels of Ppara, Pparg, 
Rxra, Rxrg, Lxra, Sirt1 and Ppargc1a were significantly reduced 
in RAW 264.7 macrophages treated with oleate compared with 
those in the control group, and these reductions were all com‐
pletely eliminated by RSV (Figure 6A). However, changes in Pparb 
and Rxrb mRNA expression in response to the oleate treatment 
or RSV intervention were not significant (Figure 6A). These data 
suggest that RSV abolishes oleate‐triggered lipid accumulation by 
activating PPARα and PPARγ signalling. Given that PPARs have 
vital roles in cholesterol homeostasis and that cholesterol was 
the major lipid detected by Nile red staining and is the predomi‐
nant lipid in the aorta, levels of TC, FC and CE were measured to 

F I G U R E  3  RSV abolishes intestinal fatty acid and monoglyceride accumulation in atherosclerotic mice. Columns denote the mean + SD. 
n = 3, 4 and 3 in the control, AS and RSV group, respectively. *P < 0.05, two‐tailed Mann‐Whitney U test. A, Changes in intestinal fatty acids 
during AS and RSV intervention. B, Changes in intestinal monoglycerides during AS and RSV intervention
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determine the protective effects of RSV on cholesterol homeosta‐
sis.32,33,36,37 We found that the significant up‐regulation of TC and 
CE in macrophages treated with oleate was largely abolished by 

RSV (Figure 6B). These results indicate that RSV inhibits oleate‐
induced TC and CE accumulation in macrophages by stimulating 
PPARα and PPARγ signalling.

F I G U R E  4  RSV attenuates changes in carbohydrate metabolism, amino acid metabolism and other pathways. Columns denote the 
mean + SD. n = 3, 4 and 3 in the control, AS and RSV group, respectively. *P < 0.05, two‐tailed Mann‐Whitney U test. A, Metabolic changes 
in intestinal carbohydrate metabolism during AS and RSV intervention. B, Metabolic changes in intestinal amino acid metabolism and other 
metabolic pathways during AS and RSV intervention
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To understand how PPARα and PPARγ signalling influences the 
protective effects of RSV on reducing cholesterol accumulation in 
macrophages treated with oleate, the mRNA expression of genes 
related to cholesterol transport, esterification, anabolism and catab‐
olism were determined. We found that the decrease in Abca1, Abcg1 
and Hmgcr mRNA expression in macrophages treated with oleate 
was largely abolished and even reversed by RSV, which indicated 
that the decrease in cholesterol efflux and de novo cholesterol syn‐
thesis induced by oleate was largely eliminated and even reversed 
after RSV intervention (Figure 6C). In addition, the Scarb2 mRNA 
expression level was markedly enhanced in the RSV intervention 
group compared with that in the oleate treatment group, indicat‐
ing that intracellular cholesterol transport to the cell membrane via 
the endosomal/lysosomal system was elevated in response to RSV 
intervention (Figure 6C). Thus, the protective effects of RSV on alle‐
viating TC and CE accumulation in macrophages treated with oleate 
could be attributed to activated cholesterol efflux pathway through 
activation of PPAR signalling.

To further confirm the role of PPARα and PPARγ signalling in 
the protective effects of RSV on attenuating oleate‐induced cho‐
lesterol accumulation in macrophages, 0.1 μg/ml WY14643 and 
pioglitazone, selective agonists for PPARα and PPARγ, respectively, 

were separately added with oleate to the medium, and the mRNA 
expression of genes associated with PPAR signalling, cholesterol 
efflux pathway, and cholesterol esterification and catabolism were 
examined again. As anticipated, the significant decrease in Ppara 
and Rxra mRNA expression in macrophages treated with oleate 
was completely abolished by WY14643 but not by pioglitazone 
(Figure 6D). Meanwhile, the significant reduction in Pparg and Rxrg in 
macrophages induced by oleate was completely abolished by piogl‐
itazone but not by WY14643 (Figure 6D). Moreover, the significant 
decrease in Lxra, Sirt1, Ppargc1a, Abca1, Abcg1, Soat1 and Cyp7a1 
mRNA expression in macrophages induced by oleate was completely 
eliminated by both WY14643 and pioglitazone (Figure 6D). These 
data demonstrated the high specificity of PPARα and PPARγ signal‐
ling activated by WY14643 and pioglitazone, respectively, and the 
regulatory roles of PPARα and PPARγ signalling. Then, we further 
verified that the significant TC and CE accumulation in macrophages 
treated with oleate was largely alleviated or abolished by both 
WY14643 and pioglitazone (Figure 6E). Levels of proteins related 
to cholesterol efflux and contents of extracellular cholesterol were 
further measured to confirm the role of RSV in reducing choles‐
terol accumulation via PPAR‐mediated cholesterol efflux. The data 
showed that oleate‐induced decreased levels of PPARA/G, LXRA 

F I G U R E  5  RSV abolishes oleate‐induced lipid accumulation in macrophages. Columns denote the mean + SD. **P < 0.01, two‐
independent‐sample t test. A, Volcano plots of intestinal metabolite changes during AS. B, Typical total ion current chromatograms of 
intestinal fatty acids and monoglycerides. C, Changes in serum oleate during AS (n = 3 per group). D, Effects of oleate and RSV on lipid 
accumulation in macrophages (n = 6‐7 per group)
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F I G U R E  6  RSV abolishes oleate‐induced cholesterol and lipid accumulation in macrophages by activating PPAR signalling. Columns 
denote the mean + SD. *P < 0.05, **P < 0.01, two‐independent‐sample t test. A, RSV abolishes oleate‐induce changes in the mRNA 
expression of genes related to PPAR signalling (n = 4 per group). B, RSV inhibits oleate‐induced cholesterol accumulation in macrophages 
(n = 3 per group). C, RSV attenuates oleate‐induced changes in the mRNA expression of genes related to cholesterol transport, synthesis 
and catabolism (n = 4 per group). D, PPARα/γ activation abolishes oleate‐induced changes in the mRNA expression of genes related 
to cholesterol transport and metabolism (n = 4 per group). E, PPARα/γ activation attenuates oleate‐induced intracellular cholesterol 
accumulation (n = 3 per group). F, RSV abolishes oleate‐induced decreases in the expression levels of proteins related to cholesterol efflux. 
(n = 3 per group). G, RSV abolishes oleate‐induced decreases in extracellular cholesterol levels. (n = 3 per group). H, Schematic diagram 
of the molecular mechanisms whereby RSV abolishes oleate‐induced cholesterol and lipid accumulation in macrophages via PPARα/γ 
activation. Arrows on the right of molecular names: vertically upward‐/downward‐pointing solid arrows denote increases/decreases in 
response to oleate treatment, but the effects induced by oleate were abolished by RSV through activating PPARα/γ. I, PPARα/γ activation 
abolishes oleate‐induced lipid accumulation in macrophages (n = 6‐7 per group)
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and ABCA1/G1 and reduced contents of extracellular TC, FC and 
CE were largely or completely abolished by both RSV and PPARα/γ 
activation, demonstrating the role of PPARα/γ‐mediated cholesterol 
efflux in the protective effects of RSV on eliminating cholesterol ac‐
cumulation (Figure 6F,G). In summary, the protective effects of RSV 
on reducing TC and CE accumulation in macrophages treated with 
oleate was mainly due to activated cholesterol efflux pathway, which 
was mediated by PPARα and PPARγ signalling (Figure 6H). Finally, 
we also observed that the marked accumulation of neutral lipids 
in macrophages treated with oleate was completely eliminated by 
both WY14643 and pioglitazone, demonstrating that neutral lipid 
accumulation triggered by oleate was also controlled by PPARα and 
PPARγ (Figure 6I).

4  | DISCUSSION

In this study, an untargeted metabolomics approach was employed 
to discover intestinal metabolic perturbation and potential thera‐
peutic targets related to AS and the anti‐atherosclerotic effects of 
RSV. We found that many metabolites involved in carbohydrate me‐
tabolism, amino acid metabolism and lipid metabolism were signifi‐
cantly altered during AS and RSV intervention.

Most monosaccharides, disaccharides, trisaccharides and or‐
ganic acids involved in the tricarboxylic acid cycle, glycolysis and 
organic acid metabolism were decreased during AS. However, the 
decreases in most saccharides, succinate and lactate were partially 
or completely abolished by RSV. These data suggest that intestinal 
absorption and/or metabolism of saccharides and organic acids were 
disturbed, and that short chain organic acid production from car‐
bohydrate fermentation via lactate and/or succinate was inhibited 
during AS.13 In contrast, RSV promoted carbohydrate fermentation 
into short chain organic acids, which stimulated G‐protein‐coupled 
receptors, thereby enhancing intestinal insulin sensitivity, glucone‐
ogenesis, transit rate and subsequent cholesterol homeostasis by 
facilitating faecal bile acid excretion.40,41

Here, we found that the decreases in proline, urea, valine, leu‐
cine, hypotaurine and uracil during AS were attenuated by RSV, 
which demonstrated protective effects of RSV on alleviating distur‐
bances in arginine and proline metabolism, taurine and hypotaurine 
metabolism, and branched‐chain amino acid metabolism. Disturbed 
arginine and proline metabolism led to intestinal absorption and 
secretion disorders and impaired endothelial functions in athero‐
sclerotic mice.42,43 In addition, the decreases in valine and leucine 
suggested decreased anaplerotic substrates from branched‐chain 
amino acids for replenishing tricarboxylic acid cycle intermediates 
through succinyl‐CoA or α‐ketoglutarate in atherosclerotic mice, 
which was demonstrated by the increases in valine, leucine and suc‐
cinate induced by RSV. Disturbances in branched‐chain amino acids 
can trigger insulin resistance in skeletal muscle and predict cardio‐
vascular disease.45 Moreover, the decline in hypotaurine indicated 
enhanced intestinal oxidative stress in atherosclerotic mice, which 
was consistent with the decreased dehydroascorbate in this study.46 

Notably, iron‐overloaded mice treated with taurine, derived from 
hypotaurine, are protected from oxidative stress and myocardial 
lipid peroxidation.47

Notably, we also discovered that RSV abrogated intestinal 
fatty acid and monoglyceride accumulation in atherosclerotic mice. 
Following hydrolysis of dietary lipids, fatty acids and monoglycerides 
(the major hydrolysed products in the intestinal lumen) enter en‐
terocytes through various transporters and are packed into chylo‐
microns in the form of triglycerides.48,49 Subsequently, fatty acids 
and monoglycerides are delivered to the blood after chylomicron 
secretion by enterocytes and relevant lipoprotein hydrolysis.48,49 
Accordingly, protective effects of RSV on reducing intestinal fatty 
acid (including oleate) and monoglyceride accumulation were likely 
attributed to improved intestinal functions, such as reduced lipid ab‐
sorption and secretion. Nonetheless, other metabolic abnormalities, 
such as adipocyte lipolysis, cannot be neglected. On the other hand, 
blood oleate in turn accelerates intestinal lipoprotein production and 
chylomicron secretion.50 Furthermore, increased intestinal lipid ab‐
sorption due to increased chylomicron assembly and secretion con‐
tributes to hyperlipidaemia and formation of atherosclerotic plaques 
in ApoE−/− mice.51

Accordingly, protective effects of RSV on inhibiting oeate‐in‐
duced lipid accumulation in macrophages was further examined. 
We found that RSV abolished neutral lipid accumulation in mac‐
rophages treated with oleate at its average serum concentration 
in atherosclerotic mice by activating PPARα or PPARγ signal‐
ling. Moreover, oleate‐triggered accumulation of TC and CE was 
largely eliminated by RSV via promoting PPARα/γ‐mediated cho‐
lesterol efflux pathway. CE derived from either the intestine or 
liver has been found to significantly accelerate atherosclerotic 
progression.52

Oleate is a natural ligand for PPARs and influences the transcrip‐
tional control by PPARs, which requires heterodimerization with ret‐
inoid X receptor (RXR) and interaction with a coregulator complex.30 
When binding to PPARα or PPARγ, oleate triggers conformational 
changes in the ligand‐binding domain and suppresses the expression 
of Ppara or Pparg and Rxra or Rxrg, leading to reduced formation of 
the PPARα‐RXRα or PPARγ‐RXRγ transcriptional complex. Oleate 
also induced decreased Sirt1 and Ppargc1a expression and subse‐
quently reduced recruitment of peroxisome proliferator‐activated 
receptor gamma coactivator 1‐α by PPARα or PPARγ, further sup‐
pressing the transcriptional regulation by PPARα‐RXRα or PPARγ‐
RXRγ complex. Subsequently, the mRNA and protein expression 
levels of Lxra, Abca1 and Abcg1, target genes of PPARα and PPARγ, 
were decreased, leading to reduced cholesterol efflux and resul‐
tant TC and CE accumulation in macrophages treated with oleate. 
Notably, above molecular events were alleviated or abolished by 
RSV via its activation of PPARα and PPARγ signalling.

To our knowledge, this is the first report that RSV abolishes in‐
testinal fatty acid and monoglyceride accumulation in atheroscle‐
rotic mice, and that RSV suppresses oleate‐induced accumulation of 
TC, CE and neutral lipids in macrophages through the activation of 
PPAR signalling. This study suggests that replacing high‐oleate diets 
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with low‐oleate diets, blocking intestinal absorption and secretion 
of fatty acids and monoglycerides, promoting cholesterol efflux, ac‐
tivating PPARα or PPARγ signalling, and RSV intervention would be 
beneficial for cardiovascular health and treatments.

ACKNOWLEDG EMENTS

This work was supported by grants from the National Natural Science 
Foundation of China (21507128, 41390240, 21777158, 21477124, 
21677140 and 81503069); the Natural Science Foundation of Fujian 
Province, China (2018J01020); the Science and Technology Program 
of Fujian Province (2016T3005); the Key Laboratory of Urban 
Environment and Health, Institute of Urban Environment, Chinese 
Academy of Sciences (J008); and the Postdoctoral Foundation of 
Heilongjiang Province (LBH‐Z15160)

CONFLIC T OF INTERE S T

The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTION

GY, GC, YF and SD conceived and designed this study. GY per‐
formed the tissue and serum sample preparation, data process‐
ing for metabolomics analysis and subsequent statistical analysis, 
wrote and revised the manuscript. GC and YF carried out the ani‐
mal experiment and sample collection. HG performed the cell ex‐
periment and Nile red staining, and detected levels of total FFAs, 
FC, TC, CE,mRNA and protein expression. YL, YC, QH and HZ 
participated in the tissue and serum preparation for metabolomics 
analysis. XL and HZ initiated the instrumental analysis. XYL decon‐
voluted the mass data. All authors have read and given approval of 
the final manuscript.

ORCID

Guozhu Ye   https://orcid.org/0000-0001-5173-2293 

R E FE R E N C E S

	 1.	 Barquera S, Pedroza‐Tobías A, Medina C, et al. Global overview of 
the epidemiology of atherosclerotic cardiovascular disease. Arch 
Med Res. 2015;46:328‐338.

	 2.	 Rader DJ, Daugherty A. Translating molecular discoveries into new 
therapies for atherosclerosis. Nature. 2008;451:904‐913.

	 3.	 Im SS, Osborne TF. Liver x receptors in atherosclerosis and inflam‐
mation. Circ Res. 2011;108:996‐1001.

	 4.	 Wilson A, McLean C, Kim RB. Trimethylamine‐N‐oxide: a link be‐
tween the gut microbiome, bile acid metabolism, and atherosclero‐
sis. Curr Opin Lipidol. 2016;27:148‐154.

	 5.	 Hopkins PN. Molecular biology of atherosclerosis. Physiol Rev. 
2013;93:1317‐1542.

	 6.	 Westerterp M, Bochem AE, Yvan‐Charvet L, Murphy AJ, Wang N, 
Tall AR. ATP‐binding cassette transporters, atherosclerosis, and in‐
flammation. Circ Res. 2014;114:157‐170.

	 7.	 Hartiala JA, Wilson Tang Wh, Wang Z, et al. Genome‐wide asso‐
ciation study and targeted metabolomics identifies sex‐specific 
association of CPS1 with coronary artery disease. Nat Commun. 
2016;7:10558.

	 8.	 Fan Y, Li Y, Chen Y, et al. Comprehensive metabolomic char‐
acterization of coronary artery diseases. J Am Coll Cardiol. 
2016;68:1281‐1293.

	 9.	 Brown JM, Hazen SL. The gut microbial endocrine organ: bacteri‐
ally derived signals driving cardiometabolic diseases. Annu Rev Med. 
2015;66:343‐359.

	10.	 Calkin AC, Tontonoz P. Transcriptional integration of metabolism 
by the nuclear sterol‐activated receptors LXR and FXR. Nat Rev Mol 
Cell Bio. 2012;13:213‐224.

	11.	 Chen ML, Yi L, Zhang Y, et al. Resveratrol attenuates trimethyl‐
amine‐n‐oxide (TMAO)‐induced atherosclerosis by regulating 
TMAO synthesis and bile acid metabolism via remodeling of the gut 
microbiota. MBio. 2016;7:e02210‐02215.

	12.	 Lee W‐J, Hase K. Gut microbiota‐generated metabolites in animal 
health and disease. Nat Chem Biol. 2014;10:416‐424.

	13.	 Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites 
and colorectal cancer. Nat Rev Microbiol. 2014;12:661‐672.

	14.	 Koeth RA, Wang Z, Levison BS, et al. Intestinal microbiota metabo‐
lism of l‐carnitine, a nutrient in red meat, promotes atherosclerosis. 
Nat Med. 2013;19:576‐585.

	15.	 Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism of 
phosphatidylcholine promotes cardiovascular disease. Nature. 
2011;472:57‐63.

	16.	 Chen M‐L, Yi L, Jin X, et al. Resveratrol attenuates vascular endo‐
thelial inflammation by inducing autophagy through the cAMP sig‐
naling pathway. Autophagy. 2013;9:2033‐2045.

	17.	 de Kreutzenberg Sv, Ceolotto G, Papparella I, et al. Downregulation 
of the longevity‐associated protein sirtuin 1 in insulin resistance and 
metabolic syndrome: potential biochemical mechanisms. Diabetes. 
2010;59:1006‐1015.

	18.	 Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG. Animal 
research: reporting in vivo experiments: the ARRIVE guidelines. Brit 
J Pharmacol. 2010;160:1577‐1579.

	19.	 Chang GR, Chen PL, Hou PH, et al. Resveratrol protects against 
diet‐induced atherosclerosis by reducing low‐density lipoprotein 
cholesterol and inhibiting inflammation in apolipoprotein E‐defi‐
cient mice. Iran J Basic Med Sci. 2015;18:1063‐1071.

	20.	 Csiszar A, Labinskyy N, Olson S, et al. Resveratrol prevents mono‐
crotaline‐induced pulmonary hypertension in rats. Hypertension. 
2009;54:668‐675.

	21.	 Agarwal B, Campen MJ, Channell MM, et al. Resveratrol for pri‐
mary prevention of atherosclerosis: clinical trial evidence for im‐
proved gene expression in vascular endothelium. Int J Cardiol. 
2013;166:246‐248.

	22.	 Chen G, Ye G, Zhang X, et al. Metabolomics reveals protection of 
resveratrol in diet‐induced metabolic risk factors in abdominal mus‐
cle. Cell Physiol Biochem. 2018;45:1136‐1148.

	23.	 Ye G, Zhu B, Yao Z, et al. Analysis of urinary metabolic signatures 
of early hepatocellular carcinoma recurrence after surgical removal 
using gas chromatography–mass spectrometry. J Proteome Res. 
2012;11:4361‐4372.

	24.	 Ye G, Liu Y, Yin P, et al. Study of induction chemotherapy efficacy in 
oral squamous cell carcinoma using pseudotargeted metabolomics. 
J Proteome Res. 2014;13:1994‐2004.

	25.	 Smith CA, Want EJ, O'Maille G, et al. XCMS: processing mass spec‐
trometry data for metabolite profiling using nonlinear peak align‐
ment, matching, and identification. Anal Chem. 2006;78:779‐787.

	26.	 Xia J, Sinelnikov IV, Han B, et al. MetaboAnalyst 3.0‐making metab‐
olomics more meaningful. Nucleic Acids Res. 2015;43:W251‐W257.

	27.	 Saeed AI, Bhagabati NK, Braisted JC, et al. TM4 microarray soft‐
ware suite. Method Enzymol. 2006;411:134‐193.

https://orcid.org/0000-0001-5173-2293
https://orcid.org/0000-0001-5173-2293


     |  4325YE et al.

	28.	 Ye G, Chen Y, Wang HO, et al. Metabolomics approach reveals 
metabolic disorders and potential biomarkers associated with the 
developmental toxicity of tetrabromobisphenol A and tetrachloro‐
bisphenol A. Sci Rep. 2016;6:35257.

	29.	 Begley P, Francis‐McIntyre S, Dunn WB, et al. Development and 
performance of a gas chromatography‐time‐of‐flight mass spec‐
trometry analysis for large‐scale nontargeted metabolomic studies 
of human serum. Anal Chem. 2009;81:7038‐7046.

	30.	 Michalik L, Auwerx J, Berger JP, et al. International union of pharma‐
cology. LXI. peroxisome proliferator‐activated receptors. Pharmacol 
Rev. 2006;58:726‐741.

	31.	 Plutzky J. The PPAR‐RXR transcriptional complex in the vascula‐
ture: energy in the balance. Circ Res. 2011;108:1002‐1016.

	32.	 Chinetti‐Gbaguidi G, Rigamonti E, Helin L, et al. Peroxisome pro‐
liferator‐activated receptor alpha controls cellular cholesterol traf‐
ficking in macrophages. J Lipid Res. 2005;46:2717‐2725.

	33.	 Chinetti G, Lestavel S, Bocher V, et al. PPAR‐alpha and PPAR‐
gamma activators induce cholesterol removal from human macro‐
phage foam cells through stimulation of the ABCA1 pathway. Nat 
Med. 2001;7:53‐58.

	34.	 Keller H, Dreyer C, Medin J, Mahfoudi A, Ozato K, Wahli W. Fatty 
acids and retinoids control lipid metabolism through activation of 
peroxisome proliferator‐activated receptor‐retinoid X receptor het‐
erodimers. Proc Natl Acad Sci USA. 1993;90:2160‐2164.

	35.	 Nakamura MT, Yudell BE, Loor JJ. Regulation of energy metabolism 
by long‐chain fatty acids. Prog Lipid Res. 2014;53:124‐144.

	36.	 Pelton PD, Patel M, Demarest KT. Nuclear receptors as potential 
targets for modulating reverse cholesterol transport. Curr Top Med 
Chem. 2005;5:265‐281.

	37.	 Francis GA, Fayard E, Picard F, Auwerx J. Nuclear receptors and the 
control of metabolism. Annu Rev Physiol. 2003;65:261‐311.

	38.	 Schulman IG. Nuclear receptors as drug targets for metabolic dis‐
ease. Adv Drug Deliv Rev. 2010;62:1307‐1315.

	39.	 Orekhov AN, Tertov VV, Novikov ID, et al. Lipids in cells of atheroscle‐
rotic and uninvolved human aorta. I. Lipid composition of aortic tissue 
and enzyme‐isolated and cultured cells. Exp Mol Pathol. 1985;42:117‐137.

	40.	 Tilg H, Moschen AR. Microbiota and diabetes: an evolving relation‐
ship. Gut. 2014;63:1513‐1521.

	41.	 Salas‐Salvado J, Bullo M, Perez‐Heras A, et al. Dietary fibre, nuts 
and cardiovascular diseases. Brit J Nutr. 2006;96:S46‐51.

	42.	 Wapnir RA, Wingertzahn MA, Teichberg S. L‐arginine in low con‐
centration improves rat intestinal water and sodium absorption 
from oral rehydration solutions. Gut. 1997;40:602‐607.

	43.	 Chin‐Dusting JP, Willems L, Kaye DM. L‐arginine transporters in 
cardiovascular disease: a novel therapeutic target. Pharmacol Ther. 
2007;116:428‐436.

	44.	 Mourad FH, O'Donnell LJ, Andre EA, et al. L‐Arginine, nitric 
oxide, and intestinal secretion: studies in rat jejunum in vivo. Gut. 
1996;39:539‐544.

	45.	 Magnusson M, Lewis GD, Ericson U, et al. A diabetes‐predictive 
amino acid score and future cardiovascular disease. Eur Heart J. 
2013;34:1982‐1989.

	46.	 Nishimura T, Duereh M, Sugita Y, et al. Protective effect of hy‐
potaurine against oxidative stress‐induced cytotoxicity in rat pla‐
cental trophoblasts. Placenta. 2015;36:693‐698.

	47.	 Oudit GY, Trivieri MG, Khaper N, et al. Taurine supplementation 
reduces oxidative stress and improves cardiovascular func‐
tion in an iron‐overload murine model. Circulation. 2004;109: 
1877‐1885.

	48.	 Hussain MM. Regulation of intestinal lipid absorption by clock 
genes. Annu Rev Nutr. 2014;34:357‐375.

	49.	 Hussain MM, Leung TM, Zhou L, Abu‐Merhi S. Regulating in‐
testinal function to reduce atherogenic lipoproteins. Clin Lipidol. 
2013;8:40.

	50.	 Lewis GF, Naples M, Uffelman K, Leung N, Szeto L, Adeli K. 
Intestinal lipoprotein production is stimulated by an acute elevation 
of plasma free fatty acids in the fasting state: studies in insulin‐re‐
sistant and insulin‐sensitized Syrian golden hamsters. Endocrinology. 
2004;145:5006‐5012.

	51.	 Iqbal J, Queiroz J, Li Y, et al. Increased intestinal lipid absorp‐
tion caused by Ire1beta deficiency contributes to hyperlipidemia 
and atherosclerosis in apolipoprotein E‐deficient mice. Circ Res. 
2012;110:1575‐1584.

	52.	 Zhang J, Sawyer JK, Marshall SM, et al. Cholesterol esters (CE) de‐
rived from hepatic sterol O‐acyltransferase 2 (SOAT2) are associ‐
ated with more atherosclerosis than CE from intestinal SOAT2. Circ 
Res. 2014;115:826‐833.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Ye G, Chen G, Gao H, et al. 
Resveratrol inhibits lipid accumulation in the intestine of 
atherosclerotic mice and macrophages. J Cell Mol Med. 
2019;23:4313–4325. https://doi.org/10.1111/jcmm.14323

https://doi.org/10.1111/jcmm.14323

