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Abstract

Interindividual differences in hypolipidemic effect of simvastatin are observed in clinic, and 

metabolomic studies have uncovered the association between variations of bacterial-derived 

metabolites and therapeutic outcomes. In current study, we investigated the gut microbial-involved 

mechanisms underlying the different responses to simvastatin. Male C57BL/6J mice were given 

high-fat/cholesterol diet (HFD) 8 weeks and then orally administered simvastatin (20 mg/kg, once 

a day) for 4 weeks with or without antibiotic (100 mg/kg Imipenem : Cilastatin Sodium). We 

observed simvastatin reduced the levels of serum TC, LDL, HDL and TG in HFD-fed mice, but 

this effect was attenuated by antibiotic which altered gut microbiota composition. Subsequent 

metabolomic study indicated that gut microbiota modulation changed the serum metabolic and 

bile acid profiles in simvastatin-treated mice. Moreover, our results showed that simvastatin 

stimulated the expression of hepatic CYP7A1, CYP7B1 and Farnesoid X receptor (FXR) in HFD-

fed mice, which were impaired by gut microbiota modulation. In summary, our results revealed 

that the hypolipidemic effect of simvastatin was correlated with the composition of gut microbiota, 

and the attenuated hypolipidemic effect of simvastatin by gut microbiota modulation was 

associated with the suppression on hepatic CYP7A1, CYP7B1 and FXR proteins that regulate bile 

acids synthesis from cholesterol.
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Introduction

Simvastatin (SV) is one of the most widely used statins for reducing LDL-cholesterol (LDL-

c) and preventing cardiovascular disease (CVD) by inhibiting HMG-CoA reductase 1–3. In 

clinic, obvious variations in therapeutic benefits and LDL-c reduction upon SV therapy have 

been observed among patients, in which some “good” responders showed over 60% 

reduction in LDL-c, whereas those “poor” responders only had less than 10% reduction in 

LDL-c 4. However, the mechanisms underlying the interindividual variation in efficacy of 

SV are poorly known. Kaddurah-Daouk R et al. have conducted a series of investigations for 

deciphering the metabolic association with efficacy of SV between good and poor 

responders by using metabolomic approach5, 6. They found that several panels of 

metabolites were differently altered in good and poor responders upon SV therapy such as 

lipids, fatty acids, amino acids and gut microbiota-derived secondary bile acids. Moreover, 

they observed a strong correlation between the degree of LDL reduction and baseline levels 

of several secondary bile acids, including lithocholic acid (LCA), taurolithocholic acid 

(TLCA) and glycolithocholic acid (GLCA) which are produced by gut microbiota7. In 

addition, the different responses to SV therapy are also associated with the higher baseline 

level of coprostanol in patients, which is derived from hydroxylation of cholesterol by gut 

microbiota7. Accordingly, this evidence highlights the involvement of gut microbiota in 

affecting individual responses to SV.

It has been well recognized that gut microbiota plays critical roles in development of various 

diseases8, as well as influencing both the pharmacokinetics and pharmacodynamics of many 

drugs 9, 10. In vitro experiment coupled with metabolomics indicates that SV is degraded 

into various metabolites by human intestinal microbiota 11, while a similar study uncovered 

that the biotransformation of orally administered lovastatin could be altered in antibiotic-

treated rats compared to normal rats 12. As a result, we speculated that the different 

responses towards SV therapy were due to the differences in gut microbiota.

In current study, we compared the hypolipidemic effect of SV in high-fat/cholesterol-diet 

(HFD) fed mice with or without vancomycin treatment, as well as their metabolic impacts 

and expression of genes involved in cholesterol metabolism pathway in liver. Our results 

showed that gut microbiota modulation with antibiotic attenuated the hypolipidemic effect of 

SV in HFD fed mice. Moreover, gut microbiota modulation resulted in obvious alteration of 

serum metabolic profiles in SV-treated mice including a panel of phospholipids and bile 

acids, as well as the expression of hepatic CYP7a1 and CYP7a1 genes and their protein. Our 

current results indicated that the different responses to SV therapy was, at least partially, due 

to the variation of gut microbiota.
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Material and Methods

Chemicals

Simvastatin (SV) was purchased from MSD Pharmaceutical Company Limited (Hangzhou, 

China). TIENAM (Imipenem:Cilastatin Sodium=1:1) was obtained from Merck Sharp & 

Dohme Corp. All the primary and secondary antibodies for the western blot analysis were 

purchased from Cell Signaling Technology (USA). TRIzol reagent used for total RNA 

extraction was purchased from Sigma-Aldrich (USA). High capacity cDNA reverse 

transcription kit and SYBR Master Mix were purchased from Applied Biosystems (USA); 

RIPA Lysis Buffer was purchased from Beyotime company (China). SuperSignal West Pico 

Chemiluminescent Subatrate was purchased from Thermo Fisher Scientific (USA). The 

derivatization reagent for GC-MS analysis, N,O-Bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) with 1% trimethylchlorosilane (TMCS) was purchased from Regis (Morton 

Grove,IL, USA).

Animal experiments

Sixty male C57BL/6J mice (4-week-old) were purchased from Shanghai Laboratory Animal 

Center (Shanghai, China) and housed in a light-controlled room kept at a temperature of 

23±3°C and a relative humidity of 50±5% with free access to water and a normal standard 

chow diet. All the mice were acclimatized for 1 week prior to the experiments. Seven mice 

were randomly selected and fed with normal chow diet as the control group (Con, n=7), 

while the rest 53 mice were fed with high-fat/cholesterol-diet (HFD) for 8 weeks. Then, the 

mice were divided into four groups as follows: HFD group (HFD, n=8), antibiotic-treated 

group (AB, n=10), simvastatin-treated group (SV, n=13) and combined antibiotic and 

simvastatin treatment group (AB_SV, n=12). The mice in AB and AB_SV groups were 

orally administrated with TIENAM (100 mg/kg) once a day during experiment according to 

the reference 13. The mice in SV and AB_SV groups were treated with SV (20 mg/kg•day) 

by gavage. After another four weeks treatment, all the animals were sacrificed and the 

samples were collected and stored at −80°C for subsequent analysis.

Analysis of serum TC, TG, LDL, HDL and liver histology

The serum TC, TG, LDL, and HDL were analyzed with enzymatic assay kits according the 

manufacture’s instruction. For liver histological analysis, the liver tissue was first fixed in 

10 % (volume/volume) formaldehyde, embedded in paraffin, and stained with hematoxylin-

eosin (HE) according to the standard protocol.

Fecal DNA extraction and gut microbiota analysis

Fecal samples were collected from cecum of mice during sacrifice and frozen at −80°C until 

use. Bacterial genomic DNA was extracted with 100mg fecal samples using a fast DNA 

stool mini kit (QIAGEN, Germany) following the manufacturer’s instructions. The extracted 

DNA samples were used as template for amplification of the V3 region of 16S rRNA gene. 

The PCR amplification, pyrosequencing of PCR amplicons and quality control were 

performed on Ion PGM™ System according to reference 14. The acquired valid and 

representative sequences of each sample were against Greengenes database using nearest 
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alignment space termination algorithm15, and constructed a neighbor-joining tree with 

ARB 16. Operational taxonomic units (OTUs) were delineated at 97% similarity level with 

Mothur software. The representative sequence of each OTU was selected with the most 

abundance and subjected to RDP classifier for taxonomical assignment with a bootstrap 

cutoff of 60% 17, 18. Alpha diversity was assessed with Rarefaction analysis and the 

Shannon-Wiener index with QIIME 19. Weighted Fast UniFrac principal coordinate analysis 

(PCoA) was performed with the phylogenetic tree constructed by each OTU generated with 

QIIME 19.

Serum metabolic profiling with GC-MS and UPLC-QTOF-MS

Serum samples stored at −80 °C were thawed and vortexed for 5 s at room temperature. To a 

tube containing 10 μL of internal standard (0.1 mg/mL dulcitol), 30 μL serum sample was 

added and vortexed for 5 s. Subsequently, 120 μL of ice-cold methanol/chloroform (3:1) was 

added, the resulting mixture was vortexed for 30 s and placed at −20 °C for 20 min before 

centrifugation at 16 000 g and 4 °C for 15 min. Quality control (QC) sample pooled from 

representative serum samples of mice in every group were prepared and analyzed with the 

same procedure as that for the experiment samples in each batch. The supernatant was 

utilized for metabolic profiling with GC-MS and UPLC-QTOF-MS, respectively. The 

process of instrumental analysis and data preprocessing was described as the following:

GC-MS analysis and data preprocessing

One vial containing 90 μL of supernatant of each sample was dried under a gentle nitrogen 

stream, and 30 μL of 20 mg/mL methoxylamine hydrochloride in pyridine was subsequently 

added. The resultant mixture was vortexed vigorously for 30 s and incubated at 37 °C for 90 

min. Thirty microliters of BSTFA (with 1% TMCS) was added into the mixture, which was 

derivatized at 70 °C for 60 min prior to injection. At the same time, a blank derivatization 

sample (using deionized water instead of serum sample) was prepared in order to remove the 

background noise produced during sample preparation and GC/MS analysis. The derivatized 

serum samples were analyzed on an Agilent 7890A gas chromatography system coupled to 

an Agilent 5975C MSD system with inert Triple-Axis Detector (Agilent, CA). A HP-5MS 

fused-silica capillary column (30 m × 0.25 mm × 0.25 μm, Agilent J&W Scientific, Folsom, 

CA, USA) was utilized to separate the derivatives. Helium was used as the carrier gas at a 

constant flow rate of 1 mL/min through the column. The injection volume was 1 μL, and the 

solvent delay time was 5 min. The initial oven temperature was held at 80 °C for 2 min, 

ramped to 300 °C at a rate of 10 °C/min, and finally held at 300 °C for 6 min. The 

temperature of the injector, transfer line, and ion source (electron impact) was set to 250, 

290, and 230 °C, respectively. The collision energy was 70 eV. Mass data was acquired in a 

full-scan mode (m/z 50–600). The samples were analyzed in a random sequence.

The peak picking, alignment, deconvolution, and further processing of raw GC-MS data 

were referred to the previous published protocols 20. The final data was exported as a peak 

table file, including observations (sample name), variables (rt_mz), and peak abundances. 

The data was normalized against total peak abundances before performing univariate and 

multivariate statistics.
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UPLC-QTOF-MS analysis and data preprocessing

Another one tube containing 10 μL supernatant from each sample was dried and 

reconstituted in 100 μL acetonitrile/water (1:1, v/v) containing 1 μg/mL L-

phenylalanine-13C9,15N as internal standard prior to UPLC-QTOF-MS analysis. 

Chromatographic separation was performed on a Waters Acquity UPLC system with a BEH 

C18 column (2.1mm × 100 mm, 1.7 μm) at a flow rate of 0.4 mL/min and 50 °C column 

temperature. The injection volume was 2 μL. The mobile phases consisted of water (phase 

A) and methanol (phase B), both with 0.1% formic acid (v/v). A linear gradient elution was 

performed with the following program: 0–0.5 min, 1% B; 1.5 min, 40% B; 5 min, 80% B; 

9.3 min, 100% B; 12 min, 100% B; 12.01 min, 1% B and held to 14 min.

The eluents were analyzed on a hybrid quadrupole time-of-light mass spectrometer (Triple 

TOF 4600 system, AB Sciex, Comcord, ON, Canada) equipped with a DuoSpray ion source 

in positive ion mode. The pressures of nebulizer gas (GS1), heater gas (GS2) and curtain gas 

(CUR) were set to 50 psi, 50 psi, and 45 psi, respectively. Ionization voltage was set to 5000 

V and spray temperature was 550 °C. A typical information dependent acquisition 

comprising the acquisition of a survey TOF MS spectrum and then a MS/MS experiment 

was applied in the analysis. The TOF MS scan was operated under the high resolution 

settings with a range of 50 – 1000 m/z and an accumulation time of 250 ms. The 

declustering potential (DP) and collision energy (CE) were set at 60 V and 10 eV, 

respectively, in the positive ion mode. In the second experiment, up to 10 candidate 

precursors per scan cycle were fragmented in collision-induced dissociation (CID) by a CE 

setting at 45 ± 15 eV, and the data were collected at a range of 50 – 1000 m/z with 10 ms 

accumulation time for the products of each precursor. The software for controlling 

instrument and collecting data was Analyst TF 1.6 (AB Sciex, Comcord, ON, Canada).

The raw data of UPLC-QTOF-MS were transformed to mzXML format (ProteoWizard) and 

then processed by XCMS and CAMERA packages in R software platform. In XCMS 

package, the peak picking (method= centWave, ppm=15, peakwidth=c(5,20), snthresh=10), 

alignment (bw =6 and 3 for the first and second grouping, respectively), and retention time 

correction (method=obiwarp) were conducted. In CAMERA package, the annotations of 

isotope peak, adducts, and fragments were performed with default parameters. The final data 

was exported as a peak table file, including observations (sample name), variables (rt_mz), 

and peak abundances. The data was normalized against total peak abundances before 

performing univariate and multivariate statistics.

Statistical analysis and identification of differential variables

For multivariate statistical analysis, the normalized data from GC-MS and UPLC-QTOF-MS 

were imported to Simca-P software (version 11.0), where the data were preprocessed by UV 

scaling and mean centering before performing PCA, and PLS-DA. The model quality is 

described by the R2X or R2Y and Q2 values. R2X (PCA) or R2Y (PLS-DA) is defined as 

the proportion of variance in the data explained by the models and indicates the goodness of 

fit. Q2 is defined as the proportion of variance in the data predictable by the model and 

indicates the predictability of current model, calculated by cross-validation procedure. In 

order to avoid model over-fitting, a default 7-round cross-validation in Simca-P software was 
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performed throughout to determine the optimal number of principal components. For 

univariate statistical analysis, the Student’s t test was conducted on the normalized data. The 

variables with VIP>1 values of PLS-DA model and p<0.05 values of Student’s t test were 

identified as potential differential metabolites. Fold change was calculated as with the 

normalized peak intensity.

Structural identification of metabolites

For GC-MS data, the AMDIS software was applied to deconvolute mass spectra from raw 

GC-MS data, and the purified mass spectra were automatically matched with an in-house 

standard library including retention time and mass spectra, Golm Metabolome Database, and 

Agilent Fiehn GC/MS Metabolomics RTL Library (matching similarity larger than 70%). 

For UPLC-QTOF-MS data, the accurate m/z of precursors and product ions were matched 

against Metlin, MassBank, LipidBlast databases and in-house standard library including 

retention time, accurate precursors, and product ions.

Analysis of serum bile acids with UPLC-MS/MS

Ten μL of isotope labeled internal standards (125 ng/mL in 50 % aqueous methanol) and 90 

μL of methanol/acetonitrile (5:3, v/v) were added to 25 μL of thawed serum sample. The 

mixture was vortexed for 1 min and placed at 4 °C for 30 min prior to centrifugation at 

16000 g for 15 min (4 °C). The supernatant was dried under nitrogen stream and 

reconstituted in 50 μL of aqueous methanol (v/v). The re-dissolved solution was vortexed for 

2 min and centrifuged at 16000 g for 15 min (4 °C). The supernatant was used for detecting 

serum bile acids with UPLC-MS/MS. Chromatographic separation was performed on an 

Agilent Poroshell 120 SB-C18 column (2.7μm, 2.1mm×50mm) with a flow of 0.4 mL/min 

and 40 °C column temperature. The mobile phases consisted of water (phase A) and 

methanol (phase B), both with 10 mM ammonium acetate and 0.012% formic acid (v/v),. A 

linear gradient elution was used with the following program: 0–0.5 min, 35%B; 2.5min, 

65%B; 6.7min, 80%B; 6.71min, 100%B; 8 min, 100%B; 8.01min, 35%B and held to 10min. 

The eluents were detected by an AB Sciex TripleQuad 5500 (Comcord, ON, Canada) 

equipped with electrospray ionization (ESI) source in negative ion mode. The pressures of 

nebulizer gas (GS1), heater gas (GS2), curtain gas (CUR), and collision gas (CAD) were set 

to 50, 50, 30, and 8 psi, respectively. Ionization voltage was set to −4500 V and spray 

temperature was 550 °C. The precursors were fragmented and monitored in Multiple 

Reaction Monitoring (MRM) mode. The dwelling time was 10 ms for all transitions. The 

raw data were processed in Analyst 1.5.2 (AB Sciex, Comcord, ON, Canada). The relative 

quantification was obtained by normalized the peak area against internal standard (Cholic 

acid-D4).

Hepatic gene expression analysis with RT2 Profiler PCR Array

To test the hepatic gene expression involved in cholesterol metabolism pathway, commercial 

RT2 Profiler PCR Arrays were used for quantitation of 84 targeted genes involved in 

cholesterol metabolism pathway (Cat no. PAHS-080Z, QIAGEN, Germany). Briefly, the 

total RNA was extracted with RNeasy Mini Kit (Cat no. 74104, QIAGEN, Germany) and 

1μg of total RNA was subjected to first strand cDNA synthesis with RT2 HT First Strand Kit 

(Cat no. 330411, QIAGEN, Germany) according to the manufacturer’s instructions. The 
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synthesized cDNA samples were analyzed with RT2 Profiler PCR Arrays in triplicate on 

Bio-rad Connect (Bio-rad, USA).

Western blot

The expression of several hepatic proteins was analyzed with western blot. Briefly, the total 

proteins were extracted from about 20 mg liver tissues with 500 μL of RIPA Lysis Buffer 

(Beyotime, China) according to well-established protocols. The protein concentrations were 

determined with Pierce Coomassie Protein Assay kit (Thermo Scientific). A total of 20 μg 

protein was loaded into each lane and separated by 10% SDS-PAGE gel, and then 

transferred to a PVDF membrane (Bio-rad, USA). The membrane was then blocked with 

10% milk at room temperature. The membranes were incubated with primary antibodies 

(1:1000 dilution, Cell Signaling Technology, USA) overnight at 4°C. Then, the membranes 

were washed with TBST (20 mM Tris-HCL, 137mM NaCl, and 0.1% Tween20, pH7.5) 

three times at 10min interval. The HRP-conjugated secondary antibodies were then 

incubated for 1h at room temperature. The membranes were exposed with SuperSignal West 

Pico Chemiluminescent Subatrate (Thermo Fisher Scientific, USA) and the resulting bands 

were quantified by using Amersham Imager 600 system (General Electric Company, USA). 

GAPDH was used as a control.

Results

Antibiotic treatment attenuated the hypolipidemic effect of SV in mice

To test whether the different responses to SV treatment was associated with the differences 

in gut microbiota, mice were treated with SV for 8 weeks with or without AB intervention. 

The serum levels of TC, LDL, HDL and TG were significantly elevated in both HFD and 

AB groups indicating that AB did not affect the lipids metabolism per se. SV treatment 

significantly reduced the levels of TC, LDL, HDL and TG, while the concomitant 

administration of AB attenuated the hypolipidemic effect of SV (Fig 1), indicating that the 

hypolipidemic effect of SV was affected by gut microbiota modulation.

Antibiotic treatment altered the composition of gut microbiota

We next detected the compositional changes of gut microbiota by AB administration by 

using pyrosequencing on the V3 region of 16S rDNA of bacteria. A total of 263732 valid 

reads were obtained from 22 fecal samples after normalization to the sample with minimal 

number of valid reads, and averagely each sample had 11987±55 reads for following 

analysis. Then, OTUs were binned with acquired valid reads at 97% similarity level against 

the Greengene database 15. The Rarefaction and Shannon-Wiener curves showed that most 

of the diversities of bacteria in samples have been covered in the current sequencing depth 

(data not shown). A total of 39966 OTUs were used for phyla analysis with RDP classifier at 

a bootstrap cutoff of 60%. The most abundant phyla included Bacteroidetes (21108 OTUs, 

contributing to 52.81% of all OTUs), Firmicutes (9042 OTUs, contributing to 22.62% of all 

OTUs), Proteobacteria (7732 OTUs, contributing to 19.35% of all OTUs) and Actinobacteria 

(82 OTUs, contributing to 0.21% of all OTUs). Then, PCoA was performed to compare the 

differences of OTUs abundance among the five groups. Samples from AB and AB_SV 

groups were distinctly separated from Con, HFD and SV groups along the PC1 (42.79%), 
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which accounted for the largest proportion of total variation. Interestingly, AB_SV group 

was also separated from AB group by PC2 (15.23%) (Fig 2A). Thus, AB treatment 

significantly altered the composition of gut microbiota, and the compositional differences of 

gut microbiota may exist between AB and AB_SV groups suggesting that SV treatment may 

also exert some impacts on gut microbiota. HFD feeding resulted in the increase in 

abundance of Bacteroidetes, decrease of Firmicutes and Actinobacteria, while Proteobacteria 

kept stable. In AB and AB_SV group, Firmicutes were greatly depleted, whereas 

Bacteroidetes and Proteobacteria were increased similarly. However, Actinobacteria and 

Tenericutes were differently altered in AB and AB_SV groups. SV treatment mainly 

increased the abundance of Bacteroidetes, but reduced Firmicutes and Actinobacteria (Fig 

2B). Therefore, the composition of gut microbiota was dramatically altered by AB 

administration.

Serum metabolic profiles among groups

To describe the metabolic impacts of gut microbiota modulation on SV-treated mice, serum 

metabolic profiling was performed by using combined GC-MS and UPLC-QTOF-MS 

metabolomic approach. First, the global metabolic profiles were compared with 

unsupervised PCA, which incorporated the identified 182 serum metabolites (including 99 

from GC-MS and 83 from UPLC-QTOF-MS). It showed that samples from control group 

were distinctly separated from all the rest groups, whereas HFD and AB groups were almost 

clustered together. Most samples from SV and AB_SV groups were clearly separated (Fig 

3A). Then, a supervised PLS-DA model was constructed, in which control group was 

separated from the rest four groups by PC1, while SV and AB_SV groups were separated 

from both HFD and AB groups by PC2 (Fig 3B). The quality of the PCA and PLS-DA 

models were described in Table S1.

To further characterize the metabolic differences between SV and AB_SV groups, we 

constructed a PCA model with the four HFD feeding groups, in which SV group was clearly 

separated with the rest three groups, and the latter three groups were hardly divided (Fig 

3C). The following PLS-DA model showed that both HFD and AB groups were divided with 

SV and AB_SV groups by PC1, whereas SV and AB_SV were separated by PC2 (Fig 3D). 

Accordingly, these results indicated that HFD feeding resulted in transparent alterations in 

serum metabolic profile, and AB per se did not change it. Moreover, SV treatment 

dramatically altered the metabolic profile of HFD feeding mice, but not in AB_SV group.

To investigate the metabolic involvement in therapeutic effect of SV, the key differential 

metabolites were determined with the criteria of both VIP>1 in PLS-DA model and P<0.05 

in Student’s t test between control and HFD groups, and were also significantly restored by 

SV treatment compared to HFD group. A total of 26 key differential metabolites were 

selected and most of them were increased, except for the decrease of glycolic acid, glycerol 

and lysoPC (20:4) in HFD group. The increased differential metabolites in HFD group 

mainly belonged to monoglyceride (MG) including MG(18:1), MG(18:2), and MG(20:5), 

lysophospholipids (LysoPCs) including LysoPC(16:1), LysoPC(18:0), LysoPC(18:1), 

LysoPC(18:2) and LysoPC(20:4), phospholipids (PCs) including PC(36:7), PC(38:7), 

PC(32:2), PC(40:8), PC(34:3), PC(36:5), PC(32:1), and PC(36:3), and 
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phosphatidylethanolamines (PEs) including PE(38:4), PE(36:2) and PE(36:1), as well as 

cholesterol, phenylalanine, glycerol-3-phosphate, alanine, ribose-5-phosphate. Moreover, 

most of these metabolites were differently altered in SV and AB_SV groups, except for the 

lysoPCs that were changed with similar extent in both SV and AB_SV groups (Table 1).

In addition to the measurement of serum TC with biochemical kit, we found that the relative 

concentrations of serum free cholesterol were also significantly increased in HFD group and 

greatly reduced in SV, but not in AB_SV group detected by GC-MS. Altogether, the serum 

metabolic profile indicated that HFD resulted in dramatically metabolic alteration, which 

was effectively restored by SV, but not by AB_SV suggesting the metabolic and gut 

microbial involvement in mediating hypolipidemic efficacy of SV.

Serum bile acid profiles among groups

Since bile acids are derived from cholesterol and metabolized by gut microbiota, the 

variation of serum cholesterol level is associated with the alteration of bile acid 

metabolism 21. To investigate the involvement of bile acid metabolism in hypolipidemic 

effect of SV with or without gut microbiota modulation, we measured the levels of 16 bile 

acids in serum samples from different groups with UPLC-MS/MS. The 16 detected bile 

acids include 7 unconjugated- (CA, CDCA, DCA, LCA, HDCA, 7-MDCA, and UDCA), 5 

tauro-conjugated- (TDCA, TCA, TUDCA, THDCA, and TCDCA) and 4 glyco-conjugated 

(GUDCA, GCDCA, GDCA, and GCA) bile acids. Both CA and CDCA are the primary bile 

acids of mammalian animals. The relative concentrations of CA, TCA and GCA were 

dramatically reduced in HFD group compared to control group, in which only TCA was 

further depleted by SV treatment. However, gut microbiota modulation did not affect their 

concentrations either alone or combined with SV. In contrary, increased levels of CDCA and 

TCDCA were observed in both HFD and AB groups, whereas GCDCA was similar among 

the 5 groups. TCDCA was obviously deceased either in SV or AB_SV groups with similar 

extent, however, CDCA was only reduced by SV treatment, but not AB_SV. DCA is derived 

from CA by gut microbiota, and could be metabolized into either GDCA or TDCA. HFD 

feeding greatly depleted TDCA, but not DCA and GDCA. SV treatment reduced DCA levels 

compared to HFD group, whereas GDCA was comparable among the five groups. UDCA is 

a kind of hydrophilic bile acid which is used as a cholagogue and choleretic agent in clinic. 

In our current study, we observed that both UDCA, and its conjugated forms, GUDCA and 

TUDCA were dramatically up-regulated in HFD and AB groups, and significantly reduced 

in SV group, but not in AB_SV group. LCA is derived from CDCA by gut microbiota. We 

observed that the relative concentration of LCA was increased in HFD group compared to 

control group, and was further up-regulated in SV group, but was greatly depleted in either 

AB or AB_SV group. In addition, HFD feeding increased the concentration of serum HDCA 

and 7-MDCA, which were significantly decreased by either AB or SV treatment (Table 2).

Meanwhile, the relative abundance of the detected 16 bile acids was further analyzed. 

Generally, HFD feeding resulted in obvious changes of detected bile acids in abundance, and 

minor changes were observed in either AB or AB_SV group compared to HFD group. We 

found that the bile acids in control group mainly consisted of CA, DCA, TCA, and TDCA, 

all of which were obviously reduced in HFD group. The relative abundance of UDCA was 
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over 50% in HFD feeding groups either in presence of AB, SV or not, while LCA was 

particularly increased by SV treatment (Figure 4). Altogether, these results indicated that 

HFD feeding dramatically changed the serum bile acid profiles, which were differently 

altered in SV and AB_SV groups.

Expression analysis of hepatic genes in cholesterol metabolism pathways

Given the observed differences in hypolipidemic effect and serum bile acids profile between 

SV and AB_SV groups, we wondered whether the differences in hypolipidemic effect 

between SV and AB_SV groups were due to the transcriptional regulation on genes involved 

in cholesterol metabolism pathways. We analyzed the expression of 84 genes that are 

critically involved in cholesterol metabolism pathway with commercial RT2 Profiler PCR 

Array, among which 14 genes were excluded because of extremely low signaling in all 

samples. Since AB alone did not affect the levels of serum lipids, the gene expression 

analysis was specifically focused on samples from Con, HFD, SV and AB_SV groups. The 

transcriptional expression of 28 genes was significantly changed by HFD feeding in 

comparison with Con group, however, only a very small part of the differently expressed 

genes were reversed by SV treatment such as Apoa4, Cyp7a1, Cyp7b1, Cyp51 and Srebf1 

compared to HFD group. Among these significantly altered genes, only Cyp7b1 was 

statistically restored in AB_SV group compared to SV group, while Cyp7a1 was also 

restored by AB_SV, but without statistical significance (Fig 5). Therefore, the transcriptional 

data suggested that the attenuated hypolipidemic effect in AB_SV group was probably 

associated with the process of bile acids synthesis.

Gut microbiota modulation decreased SV-induced protein expression in regulating bile 
acids synthesis

Given the critical roles of bile acids synthesis in affecting cholesterol level, as well as the 

observed transcriptional variations of Cyp7a1 and Cyp7b1 genes among different groups, we 

further measured their expression at protein level. Our results showed that the expression of 

these two proteins were significantly down-regulated by HFD feeding. SV treatment 

obviously up-regulated the expression of both CYP7A1 and CYP7B1 proteins, and this 

effect was attenuated by gut microbiota modulation (Fig 6A–B). Farnesoid X Receptor 

(FXR) is one of the intracellular ligand-activated nuclear receptors that plays critical roles in 

maintaining cholesterol, triglyceride, glucose and bile acid homeostasis 21. To test whether 

the attenuated hypolipidemic effect of AB_SV was associated with the regulation on FXR, 

we measured the expression of FXR protein among groups. We found that HFD feeding 

resulted in dramatic suppression on FXR protein expression, and was significantly up-

regulated in SV group. However, the SV-induced up-regulation of FXR was obviously 

attenuated in AB_SV group (Fig 6A–B). Altogether, our current results indicated that the 

attenuated hypolipidemic effect of SV by gut microbiota modulation was associated with the 

suppression on CYP7A1, CYP7B1 and FXR protein expression, which regulate the bile acid 

synthesis from cholesterol.
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Discussion

Our current results showed that gut microbiota modulation by antibiotic could attenuate the 

hypolipidemic effect of SV in HFD feeding mice, and this effect was accompanied by 

obvious alterations of serum metabolic and bile acids profiles. Moreover, we found that the 

attenuated hypolipidemic effect in AB_SV mice was associated with the suppression on 

CYP7A1, CYP7B1 and FXR proteins that played critical role in bile acids synthesis.

Statins are widely used lipid-lowering drugs by inhibiting HMG-CoA reductase, while their 

LDL-C lowering effect varied greatly in clinic 4. Although it is well recognized that the 

efficacy of statins could be affected by genetic factor 22, only a small proportion of 

therapeutic variance could be explained by genetic polymorphism 23. Recent publications 

show that different responses to SV therapy correlates with the baseline variations of several 

kinds of metabolites such as amino acids 5, phospholipid metabolites 6 and some secondary 

bacterial-derived bile acids 7. Meanwhile, SV is metabolized by anaerobic bacteria in human 

fecal suspension into several SV-derived metabolites step by step 11. These results highlight 

the potential involvement of gut microbiota in affecting the hypolipidemic effect of SV. Our 

results showed that oral administration of antibiotic not only obviously altered the 

composition of gut microbiota, but attenuated the hypolipidemic effect of SV as well, 

demonstrating that different responses to hypolipidemic effect of SV was associated with the 

differences in gut microbiota. We observed that the bacterial abundance of Gram-positive 

Firmicutes phylum was greatly reduced, while Gram-negative Proteobacteria phylum was 

increased by antibiotic administration. Nevertheless, such imbalance between Gram-positive 

and negative bacteria in AB-treated mice led to the uncertainty of whether the attenuated 

lipid-lowering effect of SV was due to the reduced Gram-positive bacteria or the increased 

Gram-negative bacteria individually or jointly.

Although the metabolic profiles of different responses to SV treatment have been extensively 

investigated, these studies are mainly focused on identifying differential metabolites either at 

pre- or post-dose of SV treatment that correlate with therapeutic outcomes 5–7. In our 

current study, we adopted combined GC-MS and UPLC-QTOF-MS-based metabolomic 

approach to analyze the metabolic profiles among different groups. Our results indicated that 

the metabolic profile of SV-treated mice was distinctly different from the rest groups, and 

the metabolic impact of SV was also altered by gut microbiota modulation. Among the 

identified 26 differential metabolites, some were consistent with the previous observation in 

human subjects treated with SV. For example, the decreased free cholesterol in current SV-

treated mice was also observed in human subjects who were given SV (40mg/d) for six 

weeks 5. In addition to suppression of HMG-CoA reductase, SV can also up-regulate 

triacyglycerol lipase activity 24, which may lead to the increase of glycerol in human blood. 

Consistently, we found that the reduced glycerol by HFD feeding was restored in both SV 

and AB_SV groups.

Phospholipids PCs and PEs are critical for lipoprotein membrane structure and 

functions 25, 26. Obvious reduction of PCs and PEs are observed in good responders upon 

SV treatment 6. Consistently, our results showed that the increased PCs, PEs, and MGs in 

HFD group were significantly decreased in SV, but not in AB_SV group, suggesting that gut 

He et al. Page 11

J Proteome Res. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microbiota modulation altered the metabolism of phospholipids. LysoPCs are formed by 

hydrolysis of PCs by the enzyme of phospholipase A2 27, or lecithin:cholesterol 

acyltransferase (Lcat) which is secreted from liver 28. Interestingly, the alterations of 

LysoPCs were very similar, as well as the mRNA expression of hepatic Lcat gene in both SV 

and AB_SV groups in our current study. In addition, study indicates SV can inhibit the de 

novo synthesis of PCs by decreasing phosphocholine cytidylyltransferase activity leading to 

the decrease of plasma lipids 29. Accordingly, we postulated that gut microbiota modulation 

might impair the suppression of PCs synthesis by SV in the context of HFD feeding.

There are complex interplays between bile acids and cholesterol metabolism, which are also 

co-metabolized by gut microbiota 21. Meanwhile, primary bile acids (CA and CDCA) and 

SV are commonly metabolized by CYP3A4 30, 31, as well as the shared transporters such as 

multidrug resistance gene 1 (MDR1), P-glycoprotein, multidrug resistance-associated 

protein 2 (MRP2), and organic anion-transporting polypeptide 1B1 32, 33. Therefore, the 

variations in hypolipidemic effect of SV are associated with bile acids metabolism, and 

some bacterial-derived secondary bile acids are predictive for the extent of LDL reduction in 

SV- treated patients 7. We speculated that the attenuated hypolipidemic effect of SV by gut 

microbiota modulation might be associated with the variations in bile acids metabolism. Our 

results showed that the profile of the 16 analyzed bile acids in serum varied obviously 

among groups. LCA is derived from CDCA by intestinal bacteria of Clostridium, a genus of 

Gram-positive bacteria 34, which is identified as a marker for good response to SV 

treatment 7. We found that the increased LCA by HFD feeding was almost doubled in SV 

group, but sustained at lower concentration in AB and AB_SV groups suggesting that the 

Clostridium bacteria-derived LCA by HFD feeding was impaired by antibiotic. Interestingly, 

the relative concentrations of UDCA, GUDCA and TUDCA were increased by HFD 

feeding, and significantly reduced by SV treatment. Although a close association was 

observed between pretreatment concentrations of UDCA, GUDCA and LDL reduction in 

SV-treated patients 7, it was unclear about the roles of reduced UDCA, GUDCA and 

TUDCA in SV-treated mice. As a result, our results indicated that the attenuated 

hypolipidemic effect of SV by gut microbiota modulation accompanied with variations of 

serum bile acids, which implied that the impact of gut microbiota modulation on 

hypolipidemic effect of SV might be associated with the alterations in bile acids metabolism. 

CYP7A1 is a critical rate-limiting enzyme for bile acid synthesis from cholesterol that is 

encoded by Cyp7a1 gene 35, 36. The enhanced enzymatic production of 7-

hydroxycholesterol catalyzed by CYP7A1 has been observed in SV-treated macrophages 37. 

Our results showed that the expression of hepatic Cyp7a1 gene and its protein was 

dramatically suppressed by HFD feeding, and greatly stimulated by SV treatment, however, 

this effect was impaired in AB_SV group. Similar result was also observed in CYP7b1 gene 

and its protein, which catalyzes the “alternative” pathway of bile acid synthesis 38. FXR is 

an important nuclear receptor for regulating bile acid homeostasis via modulation of a series 

of targeted genes such as Cyp7a1, Cyp8b1, Bsep, Ntcp and so on39. On the other hand, FXR 

can be activated by either free or conjugated bile acids such as CDCA, LCA and DCA. It is 

observed that mice lacking Fxr gene have elevated LDL and total triglycerides in blood 

when they are fed with high-cholesterol diet 40. Moreover, activation of FXR by agonist or 

bile acids will lead to reduction of HDL in wide-type mice, and decrease of LDL, HDL and 
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triglycerides in hypercholesterolemia mice 41. Our current results indicated that hepatic FXR 

was stimulated by SV in the context of HFD feeding, and this effect was impaired by 

antibiotic treatment. It is reported that the activation of FXR by statins is associated with 

their diversified actions 42, however, little is known about the relationship between the 

hypolipidemic effect of statins and activation of hepatic FXR so far. Our current results 

revealed that the hypolipidemic effect of SV might be associated with the stimulation of 

hepatic FXR and FXR-regulated targeted genes, which could be impaired by gut microbiota 

modulation. Further studies are warranted to investigate the roles of activated hepatic FXR 

in mediating the hypolipidemic effect of SV, as well as the gut microbial contribution in 

affecting FXR activation and the downstream biological significance.
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Figure 1. 
Antibiotic treatment attenuated the hypolipidemic effect of SV. A-D: Serum TC, LDL, HDL 

and TG levels among groups. *P<0.05 vs Con group; #P<0.05 vs HFD group; &P<0.05 vs 

SV group. Data are mean ± S.D. Comparisons between groups were analyzed with two-

tailed Student’s t-test. Con: control group; HFD: high-fat/cholesterol diet group; AB: 

antibiotic group; SV: simvastatin (20 mg/kg) group; AB_SV: simvastatin (20 mg/kg) in the 

presence of antibiotic treatment.
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Figure 2. 
Antibiotic treatment altered the composition of gut microbiota. A: Weighted UniFrac PCoA 

plot based on OTU abundance of each mouse. Each point in the plot represents the gut 

microbiota of one mouse. B: The relative taxonomic abundance at the phylum level of gut 

microbiota among groups.
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Figure 3. 
Serum metabolic profiles among groups. A-B: The 3D PCA score plot and PLS-DA model 

of all of the five groups based on the identified metabolites in serum with combined GC-MS 

and UPLC-QTOF-MS. C-D: The 3D PCA score plot and PLS-DA model of the serum 

metabolites of the four groups, except control group.
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Figure 4. 
The relative abundance of detected serum bile acids among groups. The relative abundance 

of 16 bile acids was compared among groups which were detected by UPLC-MS/MS.
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Figure 5. 
Summary of hepatic gene expression involved in cholesterol metabolism. The expression 

analysis of genes involved in cholesterol metabolism pathway by using RT2 Profiler Array. 

Data are means±S.E.M of triplicates for each group. *indicates P<0.05 compared to Control 

group, #P<0.05 compared to HFD group, &P<0.05 compared to SV group with two-tailed 

Student’s t test.
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Figure 6. 
Expression of hepatic proteins with western blot. A: The representative bands of hepatic 

CYP7A1, CYP7B1 and FXR proteins detected with western blot (n=4). B: The statistical 

results of protein expression. Data are means±S.E.M. *indicates P<0.05 compared to 

Control group, #P<0.05 compared to HFD group, &P<0.05 compared to SV group with two-

tailed Student’s t test.
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