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ORIGINAL RESEARCH

Glycoursodeoxycholic Acid Ameliorates 
Atherosclerosis and Alters Gut Microbiota in 
Apolipoprotein E–Deficient Mice
Kan Huang , MD*; Chenshu Liu, MD*; Meixiu Peng, MSc; Qiao Su, BSc; Ruiming Liu, PHD; Zeling Guo, MB; 
Sifan Chen, MD, PHD; Zilun Li, MD, PHD; Guangqi Chang , MD

BACKGROUND: Although glycoursodeoxycholic acid (GUDCA) has been associated with the improvement of metabolic disor-
ders, its effect on atherosclerosis remains elusive. This study aimed to investigate the role of GUDCA in the development of 
atherosclerosis and its potential mechanisms.

METHODS AND RESULTS: Human THP-1 macrophages were used to investigate the effect of GUDCA on oxidized low-density 
lipoprotein–induced foam cell formation in vitro. We found that GUDCA downregulated scavenger receptor A1 mRNA expres-
sion, reduced oxidized low-density lipoprotein uptake, and inhibited macrophage foam cell formation. In an in vivo study, 
apolipoprotein E–deficient mice were fed a Western diet for 10 weeks to induce atherosclerosis, and then were gavaged once 
daily with or without GUDCA for 18 weeks. Parameters of systemic metabolism and atherosclerosis were detected. We found 
that GUDCA improved cholesterol homeostasis and protected against atherosclerosis progression as evidenced by reduced 
plaque area along with lipid deposition, ameliorated local chronic inflammation, and elevated plaque stability. In addition, 16S 
rDNA sequencing showed that GUDCA administration partially normalized the Western diet–associated gut microbiota dys-
biosis. Interestingly, the changes of bacterial genera (Alloprevotella, Parabacteroides, Turicibacter, and Alistipes) modulated by 
GUDCA were correlated with the plaque area in mice aortas.

CONCLUSIONS: Our study for the first time indicates that GUDCA attenuates the development of atherosclerosis, probably at-
tributable to the inhibition of foam cell formation, maintenance of cholesterol homeostasis, and modulation of gut microbiota.
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Atherosclerosis is the vicious culprit behind most 
cardiovascular disease (CVD), which persists as 
the leading cause of adult morbidity and mor-

tality worldwide.1 Atherosclerosis is recognized as a 
consequence of metabolic disorders, and choles-
terol imbalance is associated with the development 
of atherosclerosis.2–4 While current treatment with 
cholesterol-lowering compounds such as statins have 
prevented nearly half of CVD events, the substantial 

risk of CVD events remains.5,6 To date, the mechanism 
of atherosclerosis remains largely unknown.

Microbiota play an important role in regulation of 
host physiology.7,8 Most recently, increasing evidence 
suggests that dysbiosis of gut microbiota is closely re-
lated to the development of atherosclerosis. For exam-
ple, the composition and relative abundances of gut 
microbiota in patients with atherosclerotic cardiovas-
cular disease (ASCVD) differ from health controls.9 Oral 
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supplementation of live probiotics is demonstrated to 
ameliorate atherosclerosis in atherosclerosis-prone 
mice.10,11 Moreover, changes in gut microbiota are 
shown to impact the host cholesterol metabolism,4 
intestinal permeability,12 inflammatory reaction,13 and 
immune response,14 all of which are essential for the 
development of atherosclerosis. Collectively, the above 
evidence indicates that modulation of the gut micro-
biota may serve as a potent therapeutic target for 
atherosclerosis.

As one set of gut microbiota–derived metabo-
lites, bile acid has been reported to be an imperative 
modulator of gut microbiota and functionally regu-
lates numerous metabolic pathways in the host.15–17 
Ursodeoxycholic acid (UDCA), a secondary bile acid 
derived from gut microbial 7α/β-dehydrogenation 
conversion of chenodeoxycholic acid in the intes-
tine, has been shown to exhibit multiple biological ef-
fects such as reducing circulating total cholesterol,18 
suppressing foam cell formation,19,20 and protecting 

against cardiovascular dysfunction.21,22 Yet its clini-
cal utility is hampered by poor aqueous solubility.23 
Glycoursodeoxycholic acid (GUDCA), a glycine-
conjugated form of UDCA, which is the main metabo-
lite (up to 79.8%) derived from the oral administration 
of UDCA, is considered to be more hydrophilic and 
less toxic.24,25 Previously, GUDCA was known with 
neuroprotection attributable to its antiapoptosis, anti-
inflammatory, and antioxidant effects.26 However, 
its effects on metabolic disorders have been rarely 
explored. Interestingly, a recent study reported that 
GUDCA may act as an intestinal farnesoid X receptor 
antagonist, and substantially attenuated body weight 
gain and restored glucose intolerance as well as insu-
lin resistance in a diet-induced obesity mice model, 
without disorders in bile acid metabolism and liver 
injury.27 Additionally, increased serum concentration 
of GUDCA was associated with a decrease in hemo-
globin A1c as well as waist circumference in patients 
with type 2 diabetes mellitus.28 The above evidence 
suggests a potential metabolic beneficial effect of 
GUDCA. Taken together, it is reasonable to assume 
that GUDCA may exhibit a protective effect on ath-
erosclerosis. However, the potential role of GUDCA 
in atherosclerosis has not been investigated so far.

Hence, in line with this hypothesis, the potential role 
and associated mechanism of GUDCA in atheroscle-
rosis were investigated in this study. Given the fact that 
foam cell formation plays a crucial role in the progres-
sion of atherosclerosis, we first explored the effect of 
GUDCA on oxidized low-density lipoprotein (oxLDL)-
induced macrophage foam cells. Then, the impact of 
GUDCA on systemic metabolism and the progression 
of atherosclerosis were studied in an atherogenic-
prone murine model. Finally, the changes of gut mi-
crobiota modulated by GUDCA and the possible 
association with atherosclerosis were further analyzed. 
To the best of our knowledge, this is the first study ex-
ploring the effects and mechanisms of GUDCA on the 
progression of atherosclerosis.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Cell Culture and Experimental Conditions
Human THP-1 monocytes were obtained from 
National Collection of Authenticated Cell Cultures 
(Shanghai, China), and were cultured in RPMI-1640 
medium (Gibco, Beijing, China) containing 10% fetal 
bovine serum (Gibco, Paisley, Scotland, UK) at 37℃ in 
a 5% CO2 atmosphere. Cells were used up to passage 
15. THP-1 monocytes in 12-well plates were treated 
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with 100 nM phorbol 12-myristate 13-acetate (Sigma-
Aldrich, St. Louis, MO) for 72  hours to differentiate 
into macrophages. Then, THP-1 macrophages were 
pretreated with different concentrations of GUDCA (0, 
50, and 100 μM with 0.2% dimethylsulfoxide in final 
concentration) for 90  minutes and subsequently co-
incubated with 100  μg/mL oxLDL (Yiyuan Biotech, 
Guangzhou, China) for 24 hours to induce formation 
of foam cells.

Oil Red O Staining
THP-1 macrophages were fixed with 4% paraformalde-
hyde for 30 minutes. Then, cells were rinsed twice with 
PBS and stained with filtered Oil red O solution (Sigma-
Aldrich) at room temperature for 15 minutes, followed 
by destaining with 60% isopropyl alcohol for 5  sec-
onds. Oil red O staining was observed under a light mi-
croscope, and the intensity was measured by ImageJ 
software (National Institutes of Health, Bethesda, MD).

Lipoprotein Uptake Assay
For the lipoprotein uptake assay, THP-1 macrophages 
were pretreated with different concentrations of 
GUDCA (0, 50, and 100 μM) for 90 minutes, followed 
by coincubation with 20 μg/mL 1,10-dioctadecyl 3,3
,30,30-tetramethylindocarbocyanine-labeled oxLDL 
(Yiyuan Biotech, Guangzhou, China) for 24  hours in 
the dark at 37℃. At the end of incubation, nuclei of 
cells were stained with 40,6-diamidino-2-phenylindole 
(Thermo Fisher Scientific, Waltham, MA). Then, cells 
were washed with PBS and fixed with 4% paraformal-
dehyde for 30 minutes; 1,10-dioctadecyl 3,3,30,30-tet
ramethylindocarbocyanine-labeled oxLDL uptake was 
observed under a fluorescence microscope, and the 
intensity was measured by ImageJ software.

RNA Extraction and Quantitative 
Real-Time Reverse Transcription 
Polymerase Chain Reaction
Total RNA was isolated with RNAex Pro Reagent 
(Accurate Biology, Hunan, China), and 1 μg of total 
RNA was reversely transcribed to a cDNA template 
using Evo M-MLVRT kit (Accurate Biology, Hunan, 
China). The primer sequences were deduced from 
PrimerBank and are listed in Table 1. Quantitative 
polymerase chain reaction (PCR) was performed 
with 1 μL cDNA obtained above in 10 μL contain-
ing 5  mM primers using SYBR Green Premix Pro 
Taq HS qPCR Kit (Accurate Biology, Hunan, China) 
on the LightCycler 480 system. PCR conditions were 
as follows: 95℃ for 5 minutes, 45 cycles at 95℃ for 
10 seconds, and 60℃ for 10 seconds. PCR results 
were then normalized to the expression of GAPDH in 
the same samples.

Animal Model
All animal experiments were performed in accordance 
with the Guidelines for the Care and Use of Laboratory 
Animals and were approved by the Institutional 
Animal Care and Use Committees of the First 
Affiliated Hospital of Sun Yat-sen University (Approval 
Number: 2019-016). Because of potential confound-
ing effects of female sex,29 5-week-old male apoli-
poprotein E–deficient (ApoE-/-) mice on C57BL/6J 
background were purchased from GemPharmatech 
Co. Ltd (Nanjing, China) for our in vivo experiment. 
All mice were housed under specific pathogen-free 
conditions in a control environment (20±2℃ with a 
relative humidity of 50% to 60% and a 12-hour day/
night cycle), with free access to food and water. After 
1 week of acclimatization, all mice were fed a Western 
diet containing 45% fat (kcal/100 g) and 0.2% (wt/wt) 
cholesterol (TP26303, TROPHIC, Nantong, China) for 
10 weeks to induce the atherosclerotic model. Then, 
mice were randomly divided into 2 groups: GUDCA 
(n=7) and control (n=5), and subsequently adminis-
tered GUDCA at 50  mg/kg per day (Sigma-Aldrich; 
with a solution of 2% dimethylsulfoxide, 48% poly-
ethylene glycol 400, and 50% H2O) or its vehicle by 
daily oral gavage for another 18 weeks under Western 
diet feeding. Food intake was recorded daily, and 
body weight was monitored weekly. Fecal samples 
were collected 12  weeks after the initial interven-
tion. At the end of the study, mice were fasted for 
4 hours and blood glucose was measured from the 
tail tip with an ACCU-CHEK Performa glucose meter 
(Roche Diagnostics, Indianapolis, IN). The mice were 
then anesthetized with sodium pentobarbital (80 mg/
kg) intraperitoneally, and blood was obtained from the 
retro-orbital plexus. Liver, epididymal, and retroperito-
neal fat pads were collected and weighed. Liver index 
and adiposity index were calculated from liver weight 
or epididymal and retroperitoneal fat pads weights, 
with normalization to body weight. Tissue samples 
were frozen at −80℃ or stored in 4% paraformalde-
hyde until analysis.

Lipid Profile Analysis
Levels of total cholesterol, total triglycerides, and 
low-density lipoprotein cholesterol in plasma and 
liver, as well as total cholesterol in feces were de-
termined using commercial assay kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). 
Liver and feces homogenates were obtained by an 
electric homogenizer. In brief, liver and fecal sam-
ples were weighed and homogenized with 9-times 
volume of ethyl alcohol, then centrifuged at 15 294g 
for 5  minutes at 4℃. The supernatants from each 
mouse were applied to lipid profile analysis as men-
tioned above.
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Biochemical Indexes Analysis
The levels of alanine aminotransferase, aspartate ami-
notransferase, creatinine, and lactate dehydrogenase 
in plasma were detected by using a Chemray-240 
Automated Biochemical Analyzer (Rayto Life and 
Analytical Sciences, Shenzhen, China).

Histology and Immunohistochemistry 
Analysis
Atherosclerotic lesions were assessed as previously 
described.30 Briefly, ice-cold PBS was perfused into 
vasculature through an apical left ventricular punc-
ture; then, the aorta and heart were separated and 
removed immediately. To assess the plaque size at 
the aortic root, the samples were cut in the ascending 
aorta, and the proximal samples containing the aortic 
roots were embedded in optimal cutting temperature 

compounds. Consecutive sections (7-μm thickness) 
were collected from each mouse and processed for 
hematoxylin and eosin, Oil red O, and Masson tri-
chrome staining according to standardized protocols. 
The areas of plaque, Oil red O–positive, and collagen 
were measured using ImageJ software. In detail, the 
size of the plaque was indicated as the area between 
the lumen border and the internal elastic lamina bor-
der in the aortic root. Immunohistochemistry was 
conducted using antibodies to identify macrophages 
(F4/80, 1:50; Servicebio, Wuhan, China) on 3 con-
secutive sections. Stained sections were digitally 
captured, and the percentage of the stained area 
(the stained area per total atherosclerotic lesion area) 
was calculated. For the analysis of the liver, the tis-
sues were fixed in 4% paraformaldehyde, and sec-
tions were then stained for hematoxylin and eosin, 
Oil red O, and Sirius red. Steatosis and fibrosis were 

Table 1.  Polymerase Chain Reaction Primers Used for Amplification

Species Gene Primers

Human SR-A1 5′-GCAGTGGGATCACTTTCACAA-3′

5′-AGCTGTCATTGAGCGAGCATC-3′

CD36 5′-CTTTGGCTTAATGAGACTGGGAC-3′

5′-GCAACAAACATCACCACACCA-3′

LOX-1 5′-TTGCCTGGGATTAGTAGTGACC-3′

5′-GCTTGCTCTTGTGTTAGGAGGT-3′

GAPDH 5′-CTGGGCTACACTGAGCACC-3′

5′-AAGTGGTCGTTGAGGGCAATG-3′

Mouse MCP1 5′-CCACTCACCTGCTGCTACTCA-3′

5′-TGGTGATCCTCTTGTAGCTCTCC-3′

Interleukin-1β 5′-TGGACCTTCCAGGATGAGGACA-3′

5′-GTTCATCTCGGAGCCTGTAGTG-3′

TNFα 5′-GGTGCCTATGTCTCAGCCTCTT-3′

5′-GCCATAGAACTGATGAGAGGGAG-3′

SR-A1 5’-CGCACGTTCAATGACAGCATCC-3′

5′-GCAAACACAAGGAGGTAGAGAGC-3′

CD36 5′-GGACATTGAGATTCTTTTCCTCTG-3′

5′-GCAAAGGCATTGGCTGGAAGAAC-3′

LOX-1 5′-GTCATCCTCTGCCTGGTGTTGT-3′

5′-TGCCTTCTGCTGGGCTAACATC-3′

ABCG5 5′-AGAGGGCCTCACATCAACAGA-3′

5′-CTGACGCTGTAGGACACATGC-3′

ABCG8 5′-GGTCCTTCTGATGACATCTGGC-3′

5′-CGTCTGTCGATGCTGGTCAAGT-3′

ACAT2 5′-GAGATTGTGCCAGTGCTGGTGT-3′

5′-GTGACAGTTCCTGTCCCATCAG-3′

GAPDH 5′-TGCACCACCAACTGCTTAG-3′

5′-GATGCAGGGATGATGTTC-3′

Abbreviations: ABCG5 indicates ATP-binding cassette transporter G5; ABCG8, ATP-binding cassette transporter G8; ACAT2, acyl-CoA cholesteryl acyl 
transferases 2; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; MCP-1, monocyte chemoattractant protein 1; SR-A1, scavenger receptor A1; and 
TNFɑ, tumor necrosis factor-ɑ.
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shown as percentage of area, which were quantified 
by histomorphometry using ImageJ software.

Quantitative 16S rDNA Sequencing
Fecal samples were profiled for bacterial taxa using 
16S rDNA gene sequencing as previously reported.31 
Briefly, microbial DNA was extracted from feces sam-
ples using the FastDNA SPIN Kit (MP Biomedicals, 
Santa Ana, CA) according to the manufacturer’s pro-
tocol. Amplification and sequencing of the V4 hyper-
variable region of the 16S rRNA gene was performed 
using the validated, region-specific bacterial primers 
515F and 806R. The PCR conditions consisted of an 
initial denaturation step of 95℃ for 3 minutes; 30 cy-
cles of 98℃ for 1 minute, 98℃ for 10 seconds, 50℃ for 
30 seconds, 72℃ for 30 seconds, followed by 72℃ for 
5 minutes. Replicate amplicons were pooled and puri-
fied using the AxyPrep DNA purification Kit (AXYGEN, 
Inc, Union City, CA). Subsequently, paired-end se-
quencing was performed using the Miseq PE150 plat-
form (Illumina, San Diego, CA). Operational taxonomic 
units were picked at 97% sequence similarity using the 
Greengene bacterial database for taxonomy informa-
tion. Microbial composition at each taxonomic level 
was defined using the summarize_taxa function in 
Quantitative Insights Into Microbial Ecology. The abun-
dance of each taxon was calculated by dividing the 
sequences pertaining to a specific taxon by the total 
number of bacterial sequences for that sample.

Statistical Analysis
Data are shown as the mean± SEM or box-and-
whisker diagrams where the center line represents 
the median value, the boxes indicate the interquar-
tile ranges, and the whiskers show the minimum and 
maximum values. Normal distribution of data was as-
sessed with the Shapiro-Wilk test. Unpaired 2-tailed 
Student’s t-test or Welch’s t-test was used for com-
paring differences between control and GUDCA 
groups, depending on the distribution of these data. 
In multiple-group analysis, 1-way ANOVA was ap-
plied and followed by Dunnett’s multiple compari-
son test. Biological replicates are indicated in figure 
legends. Correlations between bacterial genera and 
atherosclerotic lesion area are shown as linear re-
gression, and the dashed lines indicate 95% CI of 
the regression line (solid line) best fit for the sample 
data. Correlation coefficient r and significance of dif-
ferences were calculated by using the nonparametric 
Spearman correlation test. Analyses were performed 
using Prism 8 (GraphPad Software, La Jolla, CA) un-
less otherwise indicated. Compositional similarity in 
gut microbiota was accessed by principal compo-
nents analysis based on the Bray-Curtis distance 

using Unweighted UniFrac Adonis analysis.32 The 
results were considered statistically significant if 
P<0.05.

RESULTS
GUDCA Inhibits Macrophage-Derived 
Foam Cell Formation
Considering the crucial role of macrophage-derived 
foam cells in the development of atherosclerosis, 
the in vitro studies were first carried out to verify if 
GUDCA plays a role in oxLDL-induced macrophage 
foam cell formation. By Oil red O staining, we found 
that GUDCA significantly decreased intracellular lipid 
content in THP-1 macrophages incubated with oxLDL 
for 24 hours (Figure 1A,C), suggesting the inhibition of 
macrophage-derived foam cell formation.

Since uptake of oxLDL is the initiating step of foam 
cell formation, we next explored whether it would be 
regulated by GUDCA. Interestingly, pretreating with 
GUDCA robustly reduced 1,10-dioctadecyl 3,3,30,
30-tetramethylindocarbocyanine-labeled oxLDL (a 
fluorescence-labeled oxLDL) area in a dose-dependent 
manner (Figure 1B,D). To further determine the possi-
ble mechanism, expressions of genes mediating the 
uptake of oxLDL particles into macrophages including 
scavenger receptor A1 (SR-A1), CD36, and lectin-like 
oxidized low-density lipoprotein receptor-1 (LOX-1) 
were analyzed. Only SR-A1 mRNA level was remark-
ably downregulated after GUDCA treatment, while the 
expressions of CD36 and LOX-1 were modestly re-
duced without statistical significance (Figure 1E).

These data indicated that GUDCA inhibited 
macrophage-derived foam cell formation, a hallmark 
of atherosclerosis, suggesting potential improvement 
of GUDCA on the development of atherosclerosis.

The Effects of GUDCA on Systemic 
Metabolism of ApoE-/- Mice
To further investigate the effects of GUDCA treatment 
on systemic metabolism, the male ApoE-/- mice fed 
a Western diet were gavaged with or without GUDCA 
for 18 weeks (Figure 2A). GUDCA showed no influ-
ence on mouse body weight (Figure  2B) and daily 
food intake between the 2 groups (Figure  2C). Yet 
the fasting blood glucose and liver weight were sig-
nificantly improved, whereas the adiposity index was 
unchanged (Figure 2D through 2F). By using Oil red 
O and Sirius red staining of liver sections, we found 
that GUDCA improved hepatic steatosis, while the 
fibrotic area was unaltered between the 2 groups 
(Figure 2G through 2I). Consistently, the levels of total 
triglycerides, total cholesterol and low-density lipo-
protein cholesterol in liver were significantly reduced 
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with GUDCA treatment, suggesting that GUDCA im-
proved lipid metabolism and subsequently prevented 
hepatic steatosis development. In addition, total cho-
lesterol and low-density lipoprotein cholesterol in 
plasma were significantly lower in GUDCA mice, while 
total triglycerides showed no difference (Figure 2J,K). 
Given that fecal output represents one of the most 
important pathways on maintenance of cholesterol 
homeostasis, we further investigated fecal choles-
terol excretion in mice. As a result, we found that 
the level of fecal cholesterol in mice administered 
GUDCA was robustly increased (Figure 2L), suggest-
ing that GUDCA promoted fecal cholesterol excre-
tion. Moreover, quantitative PCR analysis showed 

that GUDCA significantly upregulated expressions 
of ATP-binding cassette transporter G5 and G8, and 
downregulated expression of acyl-CoA cholesteryl 
acyl transferases 2 in the ileum of mice (Figure S1). 
Taken together, these data indicated that GUDCA ex-
erted a metabolic beneficial effect, especially with the 
cholesterol homeostasis, on Western diet–induced 
metabolic disorders of ApoE-/- mice.

Furthermore, the levels of alanine aminotransferase 
and aspartate aminotranferase in plasma were lower 
in mice administrated with GUDCA, while creatinine as 
well as lactate dehydrogenase were unchanged, sug-
gesting that the current dose of GUDCA was safe, with 
no obvious organ toxicity in mice (Figure S2).

Figure 1.  GUDCA inhibits macrophage-derived foam cell formation.
THP-1 macrophages were pretreated with indicated concentrations (0, 50, or 100 μM) of GUDCA, then incubated with oxLDL or 
DiI-labeled oxLDL for 24 h. A, Representative Oil red O staining in oxLDL-induced THP-1 macrophages. B, Fluorescent images of 
THP-1 macrophages incubated with DiI-labeled oxLDL. Scale bar, 100 μm. C, Quantitative analyses of Oil red O and (D) DiI-oxLDL 
positive area (representative as pixel2 per cell). E, Relative mRNA expression of genes involved in oxLDL uptake; GAPDH mRNA was 
used as internal control. Data are representative of three independent experiments and shown as mean±SEM. Statistical analyses 
were performed with 1-way ANOVA and followed by Dunnett multiple comparisons. *P<0.05, **P<0.01 and ***P<0.001 vs control. 
DiI-oxLDL indicates 1,10-dioctadecyl3,3,30,30-tetramethylindo-carbocyanine-labeled oxidized low-density lipoprotein; GUDCA, 
glycoursodeoxycholic acid; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; oxLDL, oxidized low-density lipoprotein; 
and SR-A1, scavenger receptor A1.
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Figure 2.  The effects of GUDCA in systemic metabolism of ApoE-/- mice under Western diet.
After a 10 weeks of Western diet feeding, ApoE-/- mice were randomly divided into 2 groups and subsequently treated with GUDCA 
or its vehicle for 18  weeks. A, The animal experimental design; B, body weight changes; and C, average daily food intake after 
intervention. n=5 for control, n=7 for GUDCA. D, Blood glucose was measured after 4 h of fasting at the day of euthanasia. n=4 
for control, n=6 for GUDCA. E, Liver index; and F, adiposity index were normalized to body weight. n=4 mice per groups. G, Liver 
histology by H&E (left), Oil red O (middle), and Sirius red (right) staining. Scale bar, 100 μm. H, Quantitative analysis of Oil red O area; 
and I, fibrosis area (shown as percentage of area). n=4 mice per groups, with 10 randomized high-power fields per mouse. Data are 
presented with mean±SEM. J, Liver; K, plasma; and L, stool lipid profile. n=5 for Control, n=7 for GUDCA, with three duplicates for each 
test. Data are represented as box plots, where the boxes indicate the median and the interquartile ranges and the whiskers show as 
the minimum and maximum values. Statistical analyses were performed with unpaired 2-tailed Student’s t-test with or without Welch 
correction, depending on the distribution of these data. *P<0.05, **P<0.01 and ***P<0.001 vs control. ApoE-/- indicates apolipoprotein 
E–deficient; GUDCA, glycoursodeoxycholic acid; H&E, hematoxylin and eosin; LDL-c, low-density lipoprotein cholesterol TC, total 
cholesterol; and TG, total triglycerides.
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GUDCA Administration Attenuates 
Atherosclerosis in ApoE-/- Mice

To ascertain whether GUDCA protects against ath-
erosclerosis in vivo, the plaque lesions of the aortic 
root were assessed. GUDCA administration resulted 

in a 39% reduction of plaque area in ApoE-/- mice 
(Figure 3C,G). Lipid deposition detected with Oil red 
O sections showed that GUDCA also decreased 
intravascular lipid area (Figure  3D,H). In addition, 
a higher level of collagen, which was defined by 
Masson trichrome staining, indicated that GUDCA 

Figure 3.  GUDCA administration protects against atherosclerosis in ApoE-/- mice.
A, Representative in situ; and B, Oil red O staining en-face images of aorta. C, Representative photographs of H&E; D Oil red O; and 
E, Masson trichrome staining; and F, immunohistochemistry staining of F4/80-positive macrophages in aortic root. The boxed areas 
are enlarged below. Scale bar, 100 μm. G, Quantitative analyses of plaque area; H, Oil red O area; I, collagen area; and J, F4/80-
positive area (shown as percentage of plaque area) in aortic root. n=5 for control, n=7 for GUDCA, with 3 consecutive sections per 
mice. The symbols indicate values for each mouse, with lines represent mean±SEM. K, Relative mRNA levels of genes involved in 
inflammation; and L, oxLDL uptake; GAPDH mRNA was used as internal control. n=3–4 mice per groups. Data are representative 
of 2 independent experiments and shown as mean±SEM. Significance was calculated by unpaired 2-tailed Student’s t-test with or 
without Welch correction, depending on the distribution of these data. *P<0.05, **P<0.01, and ***P<0.001 vs control. ApoE-/- indicates 
apolipoprotein E–deficient; GUDCA, glycoursodeoxycholic acid; H&E, hematoxylin and eosin; LOX-1, lectin-like oxidized low-density 
lipoprotein receptor-1; MCP1, monocyte chemoattractant protein 1; SR-A1, scavenger receptor A1; and TNFα, tumor necrosis factor-α.
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promoted the stability of the atherosclerotic plaque 
(Figure  3E,I). Furthermore, the amount of mac-
rophages was significantly reduced (Figure 3F,J), and 
the mRNA levels of monocyte chemoattractant pro-
tein 1 and interleukin-1β were downregulated in the 
aorta of GUDCA mice (Figure  3K), suggesting that 
GUDCA ameliorated the local chronic inflammation in 
mice aortas. Finally, consistent with the data in vitro, 
the mRNA level of SR-A1 in the aorta was downregu-
lated in the presence of GUDCA (Figure 3L). Taken 
together, these findings suggested that supplemen-
tation of GUDCA attenuated atherosclerosis progres-
sion in ApoE-/- mice.

GUDCA Administration Alters the 
Composition of Gut Microbiota in 
ApoE-/- Mice
As previously reported, gut microbiota is associated 
with the progression of atherosclerosis.33 Although 
bile acid represents a potent regulator of gut micro-
biota, the influence of GUDCA on gut microbiota 
under atherosclerotic condition remains unknown. 
Thus, we analyzed the fecal microbiota in ApoE-/- 
mice with or without GUDCA supplementation by 
16S rDNA gene sequencing. Compared with control 
mice, the number of operational taxonomic units, 
microbial diversity (as shown by the Shannon index) 
and evenness (as shown by chao1 estimator) were 
not changed after GUDCA intervention (Figure  4A 
through 4C). However, principal components analy-
sis showed that the cluster of gut microbiota were 
separated because of GUDCA intervention, which 
was further confirmed by an unweighted adonis test 
(Figure 4D). At the phylum level, the fecal microbiota 
of all mice was dominated by Firmicutes (38.1%), 
which were followed by Bacteroidetes (34.7%), 
whereas the relative abundance of Firmicutes phyla 
in GUDCA mice was lower than that in control 
mice (Figure 4E). Since a higher ratio of Firmicutes/
Bacteroidetes has been linked to metabolic disor-
ders,34 oral supplementation of GUDCA showed 
a modestly, albeit not significantly (P=0.2971), de-
creased Firmicutes/Bacteroidetes ratio in mice fed 
a Western diet (Figure  4F), suggesting a poten-
tial beneficial effect of GUDCA on the gut micro-
biota composition. Notably, Alloprevotella together 
with Parabacteroides genera, which belong to the 
Bacteroidetes phylum and are metabolically ben-
eficial,35 were significantly increased with GUDCA 
supplementation. On the contrary, the potentially 
harmful bacterial genera, such as Turicibacter and 
Alistipes, were remarkably depleted (Figure  4H). 
Altogether, these data showed that GUDCA repre-
sented a potent beneficial regulator to Western diet–
induced gut microbiota dysbiosis.

GUDCA-Altered Gut Microbiota Correlates 
With Atherosclerosis
To further investigate the association of the 
GUDCA-altered gut microbiota and the progres-
sion of atherosclerosis, multiple correlation analy-
ses were performed. Interestingly, GUDCA-enriched 
Parabacteroides and Alloprevotella were significantly 
negatively correlated with the plaque area in the aortic 
root (Figure  5A,B), as a positive correlation was ob-
served in the GUDCA-depleted genera Turicibacter 
and Alistipes (Figure  5C,D). These findings indicated 
that the changes of microbiota taxa associated with 
GUDCA intervention was potentially correlated with the 
improvement of atherosclerosis.

DISCUSSION
The regulatory effect of GUDCA in the progression of 
atherosclerosis has not yet been studied, though a few 
reports suggested that GUDCA may improve meta-
bolic dysfunction in mice with diet-induced obesity.27 
In the present study, we found that GUDCA inhibited 
foam cell formation, maintained cholesterol homeo-
stasis, and attenuated atherosclerosis progression. 
Moreover, the changes of gut microbiota modulated 
by GUDCA were correlated with the improvement of 
atherosclerosis. Taken together, our results for the first 
time demonstrated that GUDCA improved atheroscle-
rosis and may serve as a potential therapeutic mol-
ecule in the clinical treatment of atherosclerosis.

The formation of foam cells is a well-established 
hallmark of atherosclerosis.36 Excessive influx of 
oxLDL leads to the accumulation of esterified cho-
lesterol in macrophages and thereby aggravates the 
conversion of foam cells. Thereafter, increased foam 
cells subsequently induce intravascular lipid deposi-
tion, facilitate local chronic inflammation, and thus ac-
celerate atherosclerosis progression.36 In this process, 
the expressions of macrophage scavenger receptor 
family members (such as SR-A1, CD36, and LOX-1) are 
essential because of their unique property of mediat-
ing uptake of oxLDL. Knockdown of SR-A1 or CD36 
has been shown to efficaciously reduce the generation 
of foam cells and protect against the progression of 
atherosclerosis, which indicates that these receptors 
may act as potential therapeutic targets for atheroscle-
rosis.37,38 In the current study, we found that GUDCA 
treatment significantly reduced oxLDL uptake as well 
as neutral lipid deposition in human macrophages. In 
addition, the expression of SR-A1 was repressed in 
the presence of GUDCA in vitro and in vivo, suggest-
ing an inhibitory effect of GUDCA on SR-A1. Despite 
the fact that detailed mechanisms are not fully under-
stood, extracellular-signal–regulated kinase signaling 
is presumably responsible for the SR-A1–mediated 



J Am Heart Assoc. 2021;10:e019820. DOI: 10.1161/JAHA.120.019820� 10

Huang et al� GUDCA Ameliorates Atherosclerosis

lipids internalization.39 While the impact of GUDCA 
on extracellular-signal–regulated kinase pathway 
is still unknown, indirect evidence from UDCA, the 

nonconjugated precursor of GUDCA, is shown to 
suppress the phosphorylation of extracellular-signal–
regulated kinase in macrophages.40 Further study is 

Figure 4.  GUDCA administration alters the composition of gut microbiota in ApoE-/- mice.
Feces of each mouse were collected after 12 weeks of treatment with or without GUDCA, and analyzed by utilization of 16S rDNA 
sequencing on V4 region. A, Operational taxonomic unit abundance in the feces between control and GUDCA. B, Shannon diversity 
index; and C, the Chao1 estimator in α-diversity analysis. Data are shown as mean±SEM. D, Principal component analysis (PCA) from 
each group. The dissimilarity was calculated by using unweighted adonis test. E, Microbiota compositions at the phylum level. F, 
Representative of the Firmicutes/Bacteroidetes ratio between groups. Data are shown as mean±SEM. G, Microbiota compositions at 
the genus level. H, Disparate microbial genus between control and GUDCA mice were assessed by Metastats analysis. The symbols 
indicate values for each mouse, with bars represent mean±SEM. n=5 in Control group, n=7 in GUDCA group. *P<0.05, **P<0.01, and 
***P<0.001 vs control. ApoE-/- indicates apolipoprotein E–deficient; and GUDCA, glycoursodeoxycholic acid.
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needed to clarify the molecular mechanisms involved 
in the inhibitory effect on SR-A1 of GUDCA. Moreover, 
we found in mice aortas that GUDCA decreased mac-
rophage infiltration and downregulated mRNA levels 
of monocyte chemoattractant protein 1 and inflam-
matory cytokines such as interleukin-1β, suggesting 
that it exerted an effect of anti-inflammation. Taken all 
together, although the exact mechanism was not com-
pletely clarified, our study preliminarily demonstrated 
that GUDCA inhibited foam cell formation, ameliorated 
chronic inflammation, and protected against the pro-
gression of atherosclerosis.

Although the use of hydroxy-methylglutaryl-
coenzyme A reductase inhibitors or statins effica-
ciously reduces the incidence of ASCVD, thousands 
of patients avoid these lifesaving medications because 
of the presence of or concern about statin-associated 
adverse effects.41,42 Nowadays, ASCVD remains the 
leading cause of death globally. Accordingly, develop-
ing novel drugs targeting the regulation of cholesterol 
metabolism is imperative. In recent years, propro-
tein convertase substilisin/kexin 9 inhibitors, a novel 
cholesterol-lowering drug, were shown to strongly 
reduce cholesterol levels and have an incremental 
favorable effect on clinical outcomes in patients with 
atherosclerotic disease.43 However, numerous side 

effects such as injection-site reactions, influenza-like 
illness and myalgia have been noticed.44 In addition, 
a recent study reported that deficiency in proprotein 
convertase substilisin/kexin 9 might exacerbate he-
patic steatosis and induce liver injury attributable to 
increased uptake and accumulation of fatty acids in 
the liver.45 As an endogenous natural compound, bile 
acid has been long known as a regulator of cholesterol 
homeostasis.46 UDCA, which was approved by the US 
Food and Drug Administration and largely used in the 
treatment of hepatobiliary diseases, is associated with 
a favorable cholesterol-lowering effect.47,48 However, a 
series of “unanticipated” toxicities were noted, which 
might be partially attributed to the potency that UDCA 
might biologically convert into lithocholic acid and in-
duced DNA strand breakage.49 As a conjugated form 
of UDCA, the biological effects of GUDCA may be 
partially overlapped with UDCA. Exhilaratingly, the 
metabolic beneficial effect of GUDCA was unveiled 
lately,27,28 though whether GUDCA may impact on cho-
lesterol homeostasis remains unknown. Herein, our 
data showed that oral administration of GUDCA signifi-
cantly promoted transintestinal cholesterol excretion 
and attenuated circulating and hepatic cholesterol, 
suggesting a beneficial cholesterol-lowering effect of 
GUDCA. Additionally, GUDCA was shown to improve 

Figure 5.  GUDCA-associated gut microbiota correlated with atherosclerotic plaque area.
A, Spearman correlations between the taxa abundances of Alloprevotella; B, Parabacteroides; C, Turicibacter; 
and D, Alistipes and plaque lesion area in the aortic root. n=5 in control group, n=7 in GUDCA group.
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insulin resistance and ameliorate liver steatosis, both of 
which were supposed to be the risk factors for athero-
sclerosis. Furthermore, our data showed that the levels 
of plasma alanine aminotransferase and aspartate ami-
notranferase were lower after GUDCA administration, 
which was in line with the previous study,27 while cre-
atinine and lactate dehydrogenase were unchanged. 
These results indicated no obvious organ toxicity, at 
least in liver and renal functions, after GUDCA admin-
istration. As mentioned above, GUDCA might be an 
alternative candidate for the management of disrupted 
cholesterol homeostasis as well as ASCVD. Because 
of a lack of evidence in clinical application, the safety 
and effectiveness of GUDCA still need to be further 
determined in the future.

Modulation of gut microbiota is considered a po-
tential therapeutic target of atherosclerosis.50,51 
Numerous studies on gut microbiota has revealed that 
the alteration of the Firmicutes/Bacteroidetes ratio is 
linked to metabolic disorders.34 Additionally, the ratio 
of Firmicutes/Bacteroidetes is significantly elevated in 
ApoE-/- mice fed a Western diet52 as well as patients 
with ASCVD.53 In this study, we found that oral adminis-
tration of GUDCA modestly normalized the Firmicutes/
Bacteroidetes ratio, which implied that GUDCA exhib-
ited a beneficial effect on the Western diet–associated 
gut microbiota dysbiosis. Recently, as reported by 
Van den Bossche and colleagues,54 short-term oral 
administration of GUDCA in a dose of 500  mg/kg/
day increased the abundance of Akkermansia mu-
ciniphila in a dextran sodium sulfate–induced colitis 
mouse model. However, no change of the taxa abun-
dance of Akkermansia muciniphila was observed (data 
not shown), at least in our study; this conflict may be 
attributed to the differences in dose and pathologi-
cal state. Intriguingly, we found that GUDCA admin-
istration significantly increased the abundances of 
Alloprevotella and Parabacteroides, which were nega-
tively correlated with plaque size in mice aortas. As re-
ported previously, both were considered as metabolic 
protective bacteria, which were mainly found in the gut 
of healthy individuals55 and mostly depleted in patients 
with metabolic disorders such as ASCVD.56,57 In con-
sonance with our findings, increased Parabacteroides 
along with the improvement of atherosclerosis was 
observed in ApoE-/- mice treated with lingonberries.58 
Similarly, in rats with diet-induced hypercholesterol-
emia, treatment with atorvastatin strikingly reduced 
the cholesterol level and increased the relative abun-
dance of Parabacteroides.59 In addition, enrichment of 
Alloprevotella was associated with lower lifetime CVD 
risk among Bogulusa Heart Study participants.56 The 
above evidence strongly implies that Alloprevotella 
and Parabacteroides might somehow exhibit a ben-
eficial effect on the improvement of atherosclerosis 
associated with GUDCA. Conversely, we also found 

that Turicibacter and Alistipes were depleted after 
GUDCA treatment, along with a positive correlation to 
plaque size. In line with our observation, an increase 
of Turicibacter has been associated with imbalanced 
lipid metabolism,60 hypertension,61 and higher levels of 
trimethylamine N-oxide.62 Other than Turicibacter, evi-
dence for the involvement of Alistipes in CVD is con-
tradictory.63 Further studies are needed to illustrate 
the association between Alistipes and CVD. Taken 
together, our data suggested a probable association 
between the amelioration of atherosclerosis and the 
changes of gut microbiota after GUDCA administration.

There are several limitations in our study. First, al-
though a potential linkage was indicated in our study, 
it is still unknown whether the improved microbial con-
ditions mediate the effect of GUDCA on the prevention 
of atherosclerosis. Future studies of fecal microbiota 
transplantation in germ-free mice should be conducted 
to clarify the causal role of gut microbiota in GUDCA-
associated protection of atherosclerosis. Second, 
given that cholesterol levels might impact the micro-
bial conditions,64 it is still hard to draw a conclusion 
whether the better microbial conditions were directly 
caused by GUDCA or induced by the reduced choles-
terol level. Studies should be conducted to further in-
vestigate the direct interactions between GUDCA and 
gut microbiota. Third, even though there are numerous 
advantages of using a mouse model in gut microbiota 
studies to explore more insights into the pathological 
mechanisms of human diseases, it still has a long way 
to go in translating such results from a murine model 
to humans because of the differences between the 2 
systems.65,66 For example, the composition of gut mi-
crobiota and relative abundance of most of the domi-
nant genera are quite disparate in mice and humans.67 
Therefore, the influences of GUDCA on gut microbiota 
in human beings require further elucidation.

In summary, although there are several limitations in 
this study, we for the first time, to our knowledge, report 
that oral administration of GUDCA attenuates Western 
diet–induced atherosclerosis in ApoE-/- mice, possibly 
via inhibiting foam cell formation, improving cholesterol 
homeostasis, and remodeling gut microbiota. Although 
complete understanding of the impact of GUDCA on 
atherosclerosis still requires further investigation, the 
present study provides novel insights into protective ef-
fects of GUDCA on atherosclerosis, suggesting GUDCA 
as a potential therapeutic target in prevention/treatment 
of atherosclerotic cardiovascular diseases.
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SUPPLEMENTALMATERIAL



Relative mRNA levels of ABCG5, ABCG8 and ACAT2 in the ileum of mice. GAPDH mRNA was 

used as internal control. n= 3 mice per groups. Data are representative of two independent 

experiments and shown as mean ± standard error of mean (SEM). Statistical analyses were 

performed with unpaired two-tailed Student’s t-test with or without Welch correction, depending on the 

distribution of these data. *P<0.05, **P<0.01 and ***P<0.001 versus Control. ABCG5, ATP-binding 

cassette transporter G5; ABCG8, ATP-binding cassette transporter G8; ACAT2, Acyl-CoA cholesteryl 

acyl transferases 2

Figure S1. Gene expressions related to intestinal cholesterol excretion. 



The levels of (A) alanine aminotransferase (ALT), (B) aspartate aminotransferase (AST), (C) 

creatinine (CREA) and (D) lactate dehydrogenase (LDH) in plasma. n= 4 mice per groups. Data are 

represented as box plots, where the boxes indicate the median and the interquartile ranges and the 

whiskers show as the minimum and maximum values. Statistical analyses were performed with 

unpaired two-tailed Student’s t-test with or without Welch correction, depending on the distribution 

of these data. *P<0.05, **P<0.01 and ***P<0.001 versus Control.

Figure S2. Plasma biochemical indexes.


