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SUMMARY

By a survey of metagenome-wide association studies (MWAS), we found a robust
depletion of Bacteroides cellulosilyticus, Faecalibacterium prausnitzii, and Rose-
buria intestinalis in individuals with atherosclerotic cardiovascular disease
(ACVD). From an established collection of bacteria isolated from healthy Chinese
individuals, we selected B. cellulosilyticus, R. intestinalis, and Faecalibacterium
longum, a bacterium related to F. prausnitzii, and tested the effects of these bac-
teria in an Apoe/� atherosclerosis mouse model. We show that administration of
these three bacterial species toApoe�/�mice robustly improves cardiac function,
reduces plasma lipid levels, and attenuates the formation of atherosclerotic
plaques. Comprehensive analysis of gut microbiota, plasma metabolome, and
liver transcriptome revealed that the beneficial effects are associatedwith amod-
ulation of the gut microbiota linked to a 7a-dehydroxylation–lithocholic acid
(LCA)–farnesoid X receptor (FXR) pathway. Our study provides insights into tran-
scriptional andmetabolic impact whereby specific bacteriamay hold promises for
prevention/treatment of ACVD.
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INTRODUCTION

Atherosclerotic cardiovascular disease (ACVD) is a metabolic disease characterized by dyslipidemia with

high morbidity and mortality worldwide.1,2 Increasing understanding of the gut microbiota and its effect

on host metabolism has spurred a strong interest in using the information on gut bacteria for diagnostics

purposes and using specific gut bacteria for therapeutic interventions in relation to ACVD.3 Fromentin et al.

reported that intestinal bacteria play an important role in the regulation of lipid homeostasis and athero-

sclerosis.4–8 Noteworthy, previous studies have indicated that specific intestinal bacteria may improve lipid

homeostasis via production of bacterial metabolites.9,10 Lithocholic acid (LCA), a secondary bile acid

produced by the gut microbiota, has been shown to inhibit the biosynthesis and storage of lipids via down-

regulation of genes involved in lipogenesis.11

Our previous metagenome-wide association studies (MWAS) revealed significant differences in the gut

microbiota between patients with ACVD and healthy controls,5 demonstrating a depletion of Bacteroides

cellulosilyticus, Faecalibacterium prausnitzii, and Roseburia intestinalis in patients with ACVD.5 The three

bacteria were associated with distinct ecological network structures which may represent ACVD depletion

groups.5 B. cellulosilyticus was significantly associated with decreased serum triglycerides (TG), total

cholesterol (CHOL), and low-density lipoprotein cholesterol (LDLC), and F. prausnitziiwas negatively corre-

lated with markers of insulin resistance in healthy individuals, which further suggested important impact on

cardiovascular health.12 Colonization with R. intestinaliswas reported to improved diabetes and ameliorate

intestinal inflammation by producing butyric acid in gnotobiotic mice fed a diet with high content of plant

polysaccharides.13 However, the impact of B. cellulosilyticus and F. prausnitzii on atherogenesis has not

been experimentally verified. Furthermore, it is still unclear whether supplementation with members of

both the Bacteroidota and the Firmicutes phylum would be superior to supplementation with only a single
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bacterium belonging to the Firmicutes phylum for improving lipid metabolism and preventing

atherosclerosis.

Recent developments in anaerobic culturomics have greatly increased the number of available bacteria

and genomes of members of the Bacteroidota and Firmicutes phyla from the human gut microbiota, but

because of the difficulties associated with cultivation of such anaerobic bacteria and regulatory issues, pre-

vious studies have largely investigated the effect of traditional probiotics.14

Here, we first confirmed the significant associations between B. cellulosilyticus, F. prausnitzii, and

R. intestinalis and cardiovascular risk factors in a large human cohort. Then, we investigated the possible

protective effects of B. cellulosilyticus, Faecalibacterium longum, a novel member of the genus Faecalibac-

terium closely related to F. prausnitzii,15 and R. intestinalis by intragastric administration of each bacterium

individually or in combination to an Apoe�/� atherosclerosis mouse model. Our study showed that a con-

sortium of all three bacteria may exert a persistent beneficial effect improving several risk factors for the

development of ACVD.

RESULTS

Depletion of B. cellulosilyticus, F. prausnitzii, and R. intestinalis characterizes individuals with

ACVD

We performed a reanalysis of the data obtained by analyzing a cohort consisting of 218 individuals with

ACVD and 187 healthy controls5 to confirm the depletion of B. cellulosilyticus, F. prausnitzii, and

R. intestinalis in the gut microbiota of individuals with ACVD compared to heathy individuals (Figure 1A).

Taking advantage of the large SZ-4D cohort comprising 2,183 deeply phenotyped healthy adults,16 we

identified distinct network structures of these three bacterial species in healthy individuals, with especially

B. cellulosilyticus being involved in numerous positive interactions with other gut bacterial species (Fig-

ure 1B). Genome-scale metabolic models also showed distinct distribution and abundances of potential

functions in the three species, including an increased abundance of pathways involved in pectin degrada-

tion in B. cellulosilyticus, and biosynthesis of phosphoribosylpyrophosphate, tryptophan, and trehalose in

R. intestinalis (Table S1).17 Using the SZ-4D cohort, we further identified several associations between the

three species and cardiometabolic risk factors at a false discovery rate (FDR) of 0.05 after adjusting for con-

founding factors. This analysis revealed that F. prausnitziiwas negatively correlated with serum levels of TG,

LDLC, and CHOL (Figure 1C). B. cellulosilyticus correlated negatively with blood pressure and serum TG,

and positively with high-density lipoprotein cholesterol (HDLC), and R. intestinalis correlated inversely with

the obesity-related phenotypes body fat and waist-to-hip ratio. These findings and the results of previous

studies indicated that these three bacterial species might exert positive effects in relation to preventing or

ameliorating obesity and obesity-associated diseases.

Gavage with F. longum, B. cellulosilyticus, and R. intestinalis individually or together lowers

plasma lipids levels and attenuates the formation of atherosclerotic plaque in Apoe�/� mice

We have previously reported on a large culture collection of bacterial strains isolated from human

stool samples.14 We mapped the metagenomic linkage groups (MLGs) classified as F. prausnitzii,

B. cellulosilyticus, and R. intestinalis to the sequenced member of this collection and found that these

MLGs exhibited significant matches to the strains F. longum CM04-06, closely related to F. prausnitzii,15

B. cellulosilyticus AF17-25, and R. intestinalis AM43-11.14,15 We designed a mouse experiment involving

gavage of atherosclerosis-prone mice with a single strain or a consortium of all three strains to examine

to what extent this might prevent/ameliorate the development of atherosclerosis combined with an

attempt to explain the underlying mechanisms (Figure 2A). Eight-week-old female apolipoprotein-E-defi-

cient (Apoe�/�) mice on a C57BL/6J background were fed a Western diet and gavaged orally daily with

each individual strain or a combination of all strains for a period of 127 days (�18 weeks). Wild-type

C57BL/6J and Apoe�/� mice gavaged with vehicle (PBS), following the same protocol, served as controls.

At 25 weeks of age, the mice were euthanized, and plasma was obtained for biochemical analyses and

selected tissues were dissected out for atherosclerosis assessment (Figure 2A). As expected, we observed

characteristic significant differences (p < 0.05) in plasma TG, LDLC, HDLC, and CHOL as well as the extent

of atherosclerotic lesions between wild-type C57BL/6J and Apoe�/� mice (Figures 2B–2J, Table S2).

The experiment revealed that mice gavaged with the live bacteria had better outcomes than those in the

Apoe�/� control group with respect to the mean (GSD) change of blood biochemical parameters
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Figure 1. B. cellulosilyticus, F. prausnitzii, and R. intestinalis are depleted in patients with ACVD

(A) The distribution of B. cellulosilyticus, F. prausnitzii, and R. intestinalis in ACVD cohorts. The reported p values

represent Wilcox rank-sum test between patients with ACVD and healthy controls.

(B) Network of three bacteria and other species in the large SZ-4D cohort comprising 2183 healthy individuals. Three

bacteria formed distinct ecology groups with dense sub network for B. cellulosilyticus.

(C) Three bacterial species were negatively correlated with cardiovascular risk factors in the SZ-4D cohort. Here shown as

the partial Spearman correlation between the three taxa and cardiovascular risk factors after adjusting for factors that

potentially might influence the gut microbiome at FDR < 0.1.
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(Figures 2B–2F, Table S2). Compared with the control Apoe�/� mice, Apoe�/� mice gavaged with

B. cellulosilyticus exhibited significantly decreased levels of plasma glucose (p = 0.0411; Figure 2B),

TG (p = 0.0016; Figure 2C), and LDLC (p = 0.0293; Figure 2D) corresponding to a decrease of 30.7%,

37.7%, and 23.3%, respectively. Gavage with F. longum significantly decreased TG (p = 0.0372, Figure 2C)

and LDLC (p = 0.0472, Figure 2D) corresponding to a decrease of 23.1% and 17.2%, respectively. Gavage

with R. intestinalis significantly decreased TG (p = 0.0038, Figure 2C) and increased HDLC (p = 0.0363;

Figure 2E) corresponding to changes of 34.8% and 19.0%, respectively, Gavage with the consortium of all

three strains significantly decreased TG (p = 0.0053, Figure 2C) and LDLC (p = 0.0464, Figure 2D) corre-

sponding to a decrease of 31.9% and 23.3%, respectively, but without significant differences in CHOL

(Figure 2F) and body weight (Figure S1A, Table S3). Oil-red staining of longitudinally opened aortas

(Figure 2G) and aortic sinuses (Figure 2H), and hematoxylin and eosin staining of aortic sinuses (Figure 2I),

revealed a significantly reduced formation of atherosclerotic lesions in Apoe�/� mice gavaged
iScience 26, 106960, June 16, 2023 3
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Figure 2. Gavage of Western diet-fed Apoe�/� mice with live bacteria reduces plasma lipids and attenuates atherosclerosis

(A) Diagram of the animal study design. Eight-weeks-old animals were fed a Western diet (WD) and randomly divided into six groups: mice in the C57BL/6J

and Apoe�/� control group were gavaged with an equivalent volume of vehicle (PBS), the other 4 group were respectively gavaged with live

B. cellulosilyticus, F. longum, R. intestinalis and the consortium of the three bacteria, at a daily dose of 13 109 CFU in PBS. When the mice were 25 weeks old,

gavage was terminated and the mice were sacrificed.

(B–F) Comparison of plasma glucose and lipid profiles (6–7 samples per group).

(G) Representative photomicrographs of oil red O staining and quantitative analysis of atherosclerotic plaque area in the aortas (6–8 samples per group).

(H) Representative photomicrographs of oil red O staining and quantitative analysis of area percentage of atherosclerotic lesion in the aortic sinus (4–8

samples per group). The black bar represents 500 mm.

(I) Representative photomicrographs of hematoxylin and eosin staining and quantitative analysis of atherosclerotic lesion size in the aortic sinus (4–8 samples

per group). The black bar represents 500 mm.

(J) Representative photomicrographs of Masson staining and quantitative analysis of area percentage of collagen in the aortic sinus (4–8 samples per group).

The black bar represents 500 mm. TG, triglycerides; LDLC, low-density lipoprotein cholesterol; HDLC, high-density lipoprotein cholesterol; CHOL, total

cholesterol. Two-tailed Student’s t test or Mann-Whitney U-test was used for comparison between two groups. Data are shown as meanG standard error of

the mean.
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with B. cellulosilyticus and the three bacterial strains in combination compared with the PBS gavaged

Apoe�/� mice (p < 0.05, Table S2). Gavage with B. cellulosilyticus resulted in a significant (p < 0.05)

decrease of 24.4%, 67.7%, and 25.1%, respectively, for these three parameters, whereas gavage with

all three strains resulted in a 32.1%, 47.4%, and 29.2% decrease (p < 0.05), respectively. Masson staining

of aortic sinuses (Figure 2J) revealed that mice gavaged with live R. intestinalis and the combination of all

three strains exhibited significantly attenuated collagen deposition corresponding to a reduction of

21.6% and 35.8% (p < 0.05), respectively. Whereas, gavage with individual bacteria or all three strains

together improved a number of cardiovascular risk factors in the Apoe�/� mice, gavaging with the three

strains was unable to fully reestablish the values observed in the wild-type C57BL/6J mice. The experi-

ments also demonstrated that the combination of all three strains with a dosage of each strain reduced

to one-third of the dosage used for gavage with single strains resulted in improvements to at least the

same levels for all these metabolic and histological parameters as were observed for gavage with the

single strains. Interestingly, compared to supplementation with only a single bacterium, we observed

that a number of parameters associated with cardiac performance were improved in mice gavaged

with the combination of all three bacterial strains, including decreased left ventricular volume and diam-

eter at end-systole and diastole, and increased left ventricular ejection fraction and fractional shortening

(p < 0.05; Figures S1B–S1I, Table S2).
4 iScience 26, 106960, June 16, 2023
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Gavage with F. longum, B. cellulosilyticus, and R. intestinalis individually or together

regulates expression of the farnesoid X receptor and genes involved in cholesterol

biosynthesis and circadian rhythm

To examine how gavage with each bacterial strain or the combination of bacterial strains might affect lipid

metabolism in Apoe�/� mice, expression of genes in the liver of mice at the end of the intervention was

examined by RNA-seq. Compared to Apoe�/� mice gavaged with PBS, Apoe�/� mice gavaged with the

combination of the three bacterial strains exhibited the greatest number of differentially expressed genes

with 247 being downregulated and 640 being upregulated (Figures S2A and 3A–3D).

Gene set enrichment analysis based on Gene Ontology revealed that genes that were downregulated in

mice receiving gavage with bacteria were significantly enriched (Q < 0.05) for genes involved in lipogenic

processes (lipid, fatty acids and cholesterol biosynthesis, and triglyceride metabolic processes), choles-

terol synthesis and metabolism (such as Hmgcs1, Fdps, Sc5d, and Pcsk9, FDR < 0.05), and bile acid trans-

port (including Aqp8, Insig2, Slc45a3, and Abcb11, FDR < 0.05) (Figures S2B and S2C, Tables S4–S8). More

specifically, the expression levels of mRNAs encoding enzymes involved in lipogenesis such as Elovl5,

Pnpla3, Abca2, Fasn, Acss2, Acly, and Acacb (log2 FC < -1, FDR < 0.05) were all downregulated in response

to gavage with either a single bacterium or the combination of the three bacterial species (Figure 3E).

By contrast, genes for which expression was upregulated in mice gavaged with the bacterial strains were

enriched for genes involved in lipolysis and oxidation of fatty acids (e.g. Lipe, Cpt1a, and Pnpla2, key en-

zymes for TG catabolism; Figure 3F), and surprisingly genes involved in the regulation of circadian rhythm

(Ciart, Usp2, Per3, Per2,Clock, Arntl,Noct,Dbp,Nr1d1, andNr1d2; Figure 3G) both in mice gavaged with a

single bacterial species or a combination of all three species (Figures S2B and S2C). Together, these results

indicated that apart from genes involved in general lipid metabolism, gavage with these bacterial strains

may also regulate metabolism by modulating expression of genes involved in the regulation of circadian

rhythm. However, more detailed analyses during the dark and the light cycle are needed to determine

the physiological effect of these changes in expression of the genes involved in regulation of circadian

rhythm.

The majority of the genes being differentially affected by gavage with the bacterial species are controlled

by nuclear receptors, such as Rev-erb-alpha regulating the expression of Arntl (also called Bmal1), and in

addition, both Rev-erb alpha (encoded by Nr1d1) and Rev-erb beta (encoded by Nr1d2) are important

regulator of genes involved in lipid metabolism. Expression of bothNr1d1 andNr1d2 was also significantly

increased in response to gavage (Figure S2D). Expression of nuclear bile acid receptor, farnesoid X recep-

tor (Fxr; Nr1h4), was upregulated in mice gavaged with B. cellulosilyticus or R. intestinalis. Expression of

Nr1c1 (Ppara) was upregulated in mice gavaged with R intestinalis, or the combination of all three bacterial

species (FDR < 0.5, Table S4). Finally, we observed that expression of Nr4a1 (Nur77) was upregulated both

in response to gavage with each individual bacterial strain or in response to gavage with all three bacterial

strains (Figure S2D). In conclusion, these results indicated that the improvement in metabolic performance

elicited by gavage with the three bacterial strains independently, especially B. cellulosilyticus, or combined

improved lipid metabolism by inducing expression of genes reducing the synthesis and increasing the

catabolism of lipids in atherosclerosis-prone mice.
Gavage with F. longum, B. cellulosilyticus, and R. intestinalis individually or together lowers

plasma long-chain fatty acid and increases the level of lithocholic acid

Plasma metabolites may serve as a ligand for nuclear receptors. To identify metabolite features that were

altered by gavage with bacteria improving atherosclerosis, we quantified 617 metabolites in plasma sam-

ples collected from all mice using targeted metabolomic profiling. A total of 187, 51, 184, and 169 metab-

olites exhibited significant different abundances comparing mice gavaged with B. cellulosilyticus,

F. longum, R. intestinalis, and the combination of the three species to Apoe�/� mice gavaged with PBS,

respectively (Figure 4A, p < 0.05; VIP >1; Table S9). The analysis revealed that of the metabolites that ex-

hibited increased levels after B. cellulosilyticus supplementation, bile acids (LCA and allocholic acid),

pantothenate, and methylguanosine were elevated (FDR < 0.01, VIP>1; Figures 4B, 4C, and S3A). On

the contrary, multiple lipids especially Lyso-PCs (lysophosphatidylcholines) were reduced. In mice gavaged

with F. longum, levels of a number of other lipids (e.g. carnitines, oxidized lipids, and free fatty acids) were

reduced (Figures 4C, 4D, and S3B). Similar results were obtained analyzing mice gavaged with

R. intestinalis. Moreover, the data revealed that 3-hydroxy-3-methyl butyric acid (HMB) was significantly
iScience 26, 106960, June 16, 2023 5
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Figure 3. Gavage of Western diet-fed Apoe�/� mice with live bacteria downregulates expression of genes involved in lipogenic pathways and

upregulates expression of genes involved in circadian rhythm

(A–D) Volcano plots showing transcriptome-wide changes in mRNA levels. The significantly upregulated or downregulated genes (FDR < 0.05 and the

absolute value of fold change >1) are marked in red and blue, respectively.

(E) Heatmap of genes related to biosynthesis and metabolism of lipids in mice treated with vehicle or live bacteria.

(F) Heatmap of the genes related to the regulation of circadian rhythm in mice treated with vehicle or live bacteria. The red areas represent highly expressed

genes and blue areas represent lowly expressed genes. Apoe�/� control, western diet-fed Apoe�/� mice treated with vehicle (n = 6); B, Western diet-fed

Apoe�/� mice treated with B. cellulosilyticus (n = 7); F, Western diet-fed Apoe�/� mice treated with F. longum (n = 8); R, Western diet-fed Apoe�/� mice

treated with R. intestinalis (n = 7); B,F,R, Western diet-fed Apoe�/� mice treated with the consortium of the three bacteria (n = 5).
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increased in mice gavaged with R. intestinalis (FDR = 6.52 3 10-3, VIP = 1.35; Figures 4C and 4E). For mice

gavaged with the combination of the three bacterial species, a significant enrichment of bile acids (LCA and

allocholic acid), HMB, and methylguanosine (FDR < 0.05) and decreasing levels of lipids (e.g. Lyso-PCs and

free fatty acids) were observed (Figures 4C, 4F, and S3D). Interestingly, similar trends in changes of plasma
6 iScience 26, 106960, June 16, 2023
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Figure 4. Gavage of Western diet-fed Apoe�/� mice with live bacteria changes the levels of plasma metabolites

(A) Principal component analysis of plasma metabolite profiles in mice treated with vehicle or live bacteria.

(B and D–F) Heatmap of differentially affected metabolites screened by OPLS-DA. The grids filled with graduated color indicate the relative abundance of

metabolites, and the grids filled with pure red and blue represent the correlation between metabolites and lipids. Differential metabolites were defined by a

p value smaller than 0.05 and a VIP value larger than 1. Two-tailed Student’s t test was used for comparison between two groups.

(C) Boxplots of LCA and HMB in mice treated with vehicle or bacteria.

(G) The scatterplots of linear regression of LCA with TG, LDLC, and CHOL. WT, Western diet-fed normal C57BL/6J mice treated with vehicle (n = 7); Apoe�/�

control, Western diet-fed Apoe�/�mice treated with vehicle (n = 6); B, Western diet-fedApoe�/�mice treated with B. cellulosilyticus (n = 7); F, Western diet-

fed Apoe�/� mice treated with F. longum (n = 8); R, Western diet-fed Apoe�/�mice treated with R. intestinalis (n = 7); B,F,R, Western diet-fed Apoe�/�mice

treated with the cocktail of the three bacteria (n = 5).
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metabolites were observed by comparing wild-type mice to Apoe�/�mice (Figure S4A). Thus, the changes

in 64 overlapping metabolites reflected a reduction in biosynthesis of unsaturated fatty acids and Western

diet-enriched metabolites such as lecithin, choline, and carnitine (Figures S4B and S4C).

LCA is one the most abundant secondary bile acids in humans, and is a major component of the recirculat-

ing bile acid pool.18 LCA has important roles in the prevention ofClostridium difficile outgrowth,19 and con-

trolling host metabolic and immune responses.20–23 HMB (also named 3-hydroxyisovaleric acid) is a
iScience 26, 106960, June 16, 2023 7
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byproduct of the branched-chain amino acid (BCAA) degradation pathway in R. intestinalis.24 Moreover,

we observed significant negative correlations (FDR < 0.05) among LCA, HMB, and metabolic parameters

(Figure 4G, Table S10). The effects of LCA on lipid homeostasis were further confirmed in a causal network

edge-oriented model (Figure S5). Thus, these results suggested that LCA and HMB represent metabolites

that may decrease plasma lipids and atherosclerosis in mice in response to supplementation with the three

bacterial strains.

We also examined metabolites that can be produced by the microbiota and have been reported to be

associated with cardiovascular disease (Figure S6). Among these, we observed that the levels of circulating

phenylacetylglutamine,25 isoleucine,26 glutamate,27,28 tyrosine,29 and succinic acid30,31 were significantly

diminished (FDR < 0.05, VIP >1), while the level of indole-3-acetic acid32 was increased. Overall, these re-

sults suggested that colonization with three strains also modulated the level of metabolites that directly or

indirectly may play a role in adverse cardiovascular events.
Gavage with F. longum, B. cellulosilyticus, and R. intestinalis individually or together

modulates the fecal microbiota composition

To determine the effects of supplementation on the gut microbiota, we collected high-quality meta-

genomic data (�15 Gb/sample) from 476 fecal samples at baseline and during supplementation (Fig-

ure 5A). We were unable to detect the three bacterial species at baseline for the four intervention

groups and in the Apoe�/� control mice during the experiment. Notably, there was no significant dif-

ferences of the fecal microbiota between the bacterial intervention groups and the Apoe�/� control

group at baseline (post hoc permutational multivariate analysis of variance (PERMANOVA), R2 =

0.118–0.286, Bonferroni adjusted p = 0.008–0.775; Figure 5A). Gavage with each of the individual

bacterial strains significantly (p < 1 3 10�8) increased the relative abundance of each of the three

bacteria in the feces of the gavaged Apoe�/� mice (Figure S7). Interestingly, following gavage with

all three bacteria combined, only the abundance of B. cellulosilyticus exhibited a highly significant in-

crease in abundance (p < 1 3 10�8) in Apoe�/� mice, and R. intestinalis had a slightly higher (p =

0.025) relative abundance in mice gavaged with the combination of bacterial species compared to

Apoe�/� control mice. At the end of the intervention, we detected significant differences in gut mi-

crobiota composition between the groups of Apoe�/� mice (R2 = 0.285, p = 1 3 10�4; Figure 5A). Of

these groups, mice gavaged with R. intestinalis and the combination of all strains had shifted to the

greatest extent. A general overview of bacterial taxonomic development in each time point is pro-

vided in Figure S8. The microbiome from mice gavaged with each individual bacterial species or

the combination of strains developed over time into stages that differed from that of Apoe�/� control

mice, following different and distinct trajectories according to dirichlet multinomial mixtures clus-

tering. By the end of the intervention, two major clusters were present in the control Apoe�/� control

mice. By contrast, all Apoe�/� mice gavaged with either a single bacterium or the combination with

all three bacteria followed trajectories that converged into one dominant cluster, with cluster 3 char-

acterizing mice gavaged with B. cellulosilyticus, cluster 4 characterizing mice gavaged with F. longum,

and cluster 2 characterizing mice gavaged with R. intestinalis or all three bacteria. Overall, these re-

sults indicated that supplementation with each individual strain or the combination of strains in a

distinct manner affected the overall structure of the gut microbiome.

We then used linear models to determine the relationships between the levels of bacterial taxa and lipid

levels for each mouse. We showed that among the 97 species that were above 10% prevalence, 18 were

significantly associated with lipids (termed lipid-associated taxa, q value <0.05; Figure 5B, Table S11). Of

these taxa, 11 were negatively associated, including closely related species of the Lactobacillus johnsonii

cluster33 (e.g., L. johnsonii34–38 and Lactobacillus taiwanensis), Bacteroides caecimuris,39–42 Bilophila wad-

sworthia,43–45 Alistipes inops,46 Staphylococcus nepalensis,47,48 and B. cellulosilyticus; the 7 taxa that were

positively associated included Aerococcus viridans,49 Bordetella pseudohinzii,Oscillibacter sp 1 3, and Tu-

ricimonas muris. Of the taxa associated inversely with lipid metabolism, 5 taxa have been identified to be

involved in bile acid metabolism, 5 taxa produce acetic acid, reported to modulated adiposity, and 1 taxon

was experimental shown to lower lipid content. An analysis of covariance between plasmametabolites and

gut microbiota revealed that the levels of these 11 taxa correlated with the 69 plasmametabolites including

lecithin, choline, carnitine, BCAA, and LCA that have been shown to be associated with whole body meta-

bolism (Table S12).
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Figure 5. The interventions change the fecal microbiome composition and the changes link to lipids

(A) Visualization of the fecal microbiota composition at baseline and at the endpoint of the intervention in mice receiving each individual bacterium or the

consortium of all three bacteria. Microbiota composition is represented by multidimensional scaling (genus level Aitchison distance). Before represents

baseline. After represents the end of the study. Intervention effects are symbolized by the colored arrows, with direction and length corresponding to the

shift in group centroid coordinates from each intervention group to control group. Fecal composition of all groups was not different at baseline while

microbiota composition of intervention group was different from that of control group at the end of study.

(B) Lipid-associated taxa. The b (the linear model coefficients, dot)GSE for each taxon that was significantly associated with the lipid parameter. An asterisk

before the label indicates a taxon that has been reported as having the ability for transforming bile acid and a circle before the label represents a taxon

producing acetic acid.

(C) Treatment effect on lipid-associated taxa. The coefficient bGSE represents the treatment effect on lipid associated taxa in b compared to the control

group at the end of the study. A comparison of the effects of treatment and control on growth rates of each taxon was performed using a mixed effects linear

model by interaction between weeks in the intervention and treatment (coefficient b3GSE) and a random intercept for each mouse.
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Both the relative levels and growth rate of the taxa associated inversely with lipid anabolism increased

significantly more in the gut microbiota of mice gavage with live bacteria compared to the Apoe�/� control

mice in a linear mixed-effects model (q value < 0.05; Figure 5C, Table S13). Of the taxa associated positively

with lipid anabolism, the pathogen Aerococcus viridans50 exhibited the greatest decrease in mice gavaged

with the three bacteria.

To explore unmeasured microbiota-derived metabolites previously reported to play important role in car-

diovascular disease, we determined the functional potential of the taxa from the shotgun sequencing data.

Consistent with independent blood metabolomics data, we found that the BCAA biosynthesis potential

was decreased both in mice gavaged with each bacterial strain and the combination of all strains

(FDR < 0.1; Figure S9, Table S14). B. cellulosilyticus, F. longum, and R. intestinalis are all main short-chain

fatty acid (SCFA) producers. Here, we observed that SCFA pathways, tetrapyrrole biosynthesis I (from

glutamate), pyruvate fermentation to propanoate I, phosphopantothenate biosynthesis I, and phytate

degradation I were increased in mice gavaged with each bacterial strain and the combination of all strains

(p < 0.05; Figure S9).
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To get more insight into the role of the microbiota in relation to the increase in the levels of the important

secondary bile acid, LCA, we determined the per kilobase million reads of the bai operon, known to

contribute to the conversion of primary to secondary bile acids via the 7a-dehydroxylation pathway (Fig-

ure S10A). Quantification of blood LCA levels by MS was found to be in agreement with baiGmetagenomic

transcript abundances (Figure S10B). We found that the bai operon (A-I) was overall highly abundant in

mice gavage with live bacteria compared to the Apoe�/� control mice (Kruskal-Wallis p < 0.05; Fig-

ure S10C). We confirmed the presence of the bai operon in lipid-associated taxa and taxa that increased

in response to treatment using homology sequence alignment (phmmer) and correlation analysis

(Figure S10D).
DISCUSSION

In this study, we exploited MWAS biomarkers discovered in human cohorts and conducted a systematic

survey of the literature on microbiome studies of ACVD including our previous work. This survey demon-

strated a consistent depletion of B. cellulosilyticus, F. prausnitzii, and R. intestinalis in individuals with

ACVD compared to healthy individuals. These species were also frequently reported to be enriched in

healthy individuals in other cross-sectional studies of metabolic disorders.51 Of note, the abundances of

these three bacteria correlated inversely with plasma lipid levels in 3,587 young healthy individuals.52

The robust depletion of these three bacteria indicated that administration of these bacteria might hold

a potential for treatment of ACVD. In our collection of cultivated gut bacterial species from young healthy

individuals,14 isolates of B. cellulosilyticus and R. intestinalis were available, whereas F. prausnitzii was

missing. However, as a related species with similar metabolic competences F. longum was available. We

used these three bacterial species to investigate a possible beneficial effect of supplementation using

an Apoe�/� atherosclerosis mouse model. Our results revealed that administration beneficially affected

the metabolism of the Apoe�/�mice and provided information on potential modes of actions. A schematic

summary illustrating how the bacterial produced LCA may affect hepatic gene expression and metabolism

and thereby influence atherogenesis is presented in Figure 6.

Major risk factors for ACVD/atherosclerosis are hypercholesterolemia and dyslipidemia, indicating that the

improvement of lipid metabolismmay play an important role in the prevention and treatment of cardiovas-

cular disease.53,54 F. longum treatment may improve hepatic functions by reducing fat content in the liver,55

and colonization with R. intestinalis has been reported to inhibit the development of atherosclerotic pla-

que.13 Here, we found that the levels of atherosclerotic plaque and lipid were diminished in Apoe�/�

mice after gavage with the three strains of bacteria alone or in combination, indicating a potential advan-

tage by administration of members of both the Bacteroidota and the Firmicutes phylum. Moreover, com-

bination of all three bacterial strains brings superior cardiac performance such as decreased left ventricular

volume and diameter at end-systole and diastole, and increased left ventricular ejection fraction and frac-

tional shortening.

We observed that treatment with B. cellulosilyticus, F. longum, and R. intestinalis alone or in combination

remodeled the balance of species in the gut microbiota. We identified bacteria that associated positively

or negatively with lipid levels. Of note, administration of B. cellulosilyticus, F. longum, and R. intestinalis

resulted in a transition of the gut microbiota from communities comprising taxa associated with high

levels of lipids including Aerococcus viridans, which may induce endocarditis49 to communities

comprising taxa inversely associated with lipid levels including Lactobacillus (L. taiwanensis,

L. johnsonii), Bacteroides (A. inops, B. caecimuris, and B. cellulosilyticus), and Eubacterium (Eubacterium

plexicaudatum), some of which have been extensively studied for their probiotic properties.34–38

Administration of B. cellulosilyticus, F. longum, and R. intestinalis exerted a marked effect on secondary

bile acid synthesis leading to an increase in the plasma level of LCA accompanied by an increase in taxa

with a potential for biosynthesis of LCA such as E. plexicaudatum harboring a 7a-dehydroxylation gene

cluster. The combined results of the analyses of the liver transcriptome and the plasma metabolome indi-

cated that activation of FXR mediated by the bacterial metabolite LCA reduced the expression of genes

involved in lipogenesis (such as Srebf1 and Fasn) and increased the expression of target genes involved

in lipolysis (such as Pnpla2 and Lipe) suggesting an additional mechanism for lowering lipids.11,56,57 Inter-

esting, the level of HMB was increasing greatly by administration of R. intestinalis in which HMB is pro-

duced via degradation of BCAA.24 HMB has been observed to decrease plasma cholesterol via activation

of LXR and PPARg and lowering expression of Acc and Srebf1.58 HMB supplementation in humans has
10 iScience 26, 106960, June 16, 2023
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Figure 6. Schematics illustrating how bacterially produced lithocholic acid may affect hepatic gene expression and lipid metabolism

Administration of B. cellulosilyticus, F. longum, and R. intestinalis leads to an increase in the relative abundance of LCA-producing bacteria increasing LCA

levels through the 7a-dehydroxylation pathway. The increased levels of LCA in circulation downregulate expression of genes involved in lipid biosynthesis

and upregulates genes involved in of lipid catabolism via activation of FXR.
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been reported to result in a net decrease in CHOL and LDLC, thereby reducing the risk of stroke and

heart attack.59 For trimethylamine N-oxide (TMAO) associated with atherosclerosis,60 we did not observe

significant effects of administration of the three bacteria individually or as a consortium on the levels of

TMAO (Figure S6). However, we observed that levels of circulating phenylacetylglutamine,61 and

hydroxyphenyllactic acid (4-hydroxyphenyllactate),62 all in the phenylalanine metabolism pathway,

were significantly reduced (FDR < 0.05, VIP >1) after B. cellulosilyticus gavage (Figure S6, Table S9).

We conclude that B. cellulosilyticus plays an important role in microbiota-host phenylalanine co-

metabolism.

In conclusion, this study demonstrates a protective effect of administration of B. cellulosilyticus, F. longum,

and R. intestinalis to Apoe�/� mice suggesting a potential for use of these bacteria to prevent/ameliorate

ACVD. Obviously, more studies using other animal models are needed to determine the

potential beneficial effects of supplementation B. cellulosilyticus, F. longum, and R. intestinalis in relation

to ACVD.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

Bacteroides cellulosilyticus Isolated from fecal samples of healthy

donors as reported previously

https://doi.org/10.1038/s41587-018-0008-8

Faecalibacterium longum Isolated from fecal samples of healthy

donors as reported previously

https://doi.org/10.1038/s41587-018-0008-8

Roseburia intestinalis Isolated from fecal samples of healthy

donors as reported previously

https://doi.org/10.1038/s41587-018-0008-8

Critical commercial assays

Oil red O staining Servicebio, Wuhan, China #G1016

Oil red O staining Servicebio, Wuhan, China #G1004

Hematoxylin and eosin staining Servicebio, Wuhan, China #G1003

Masson staining Servicebio, Wuhan, China #G1006

Total cholesterol Rayto, ShenZhen, China #S03042

Triglycerides Rayto, ShenZhen, China #S03027

Low-density lipoprotein cholesterol Rayto, ShenZhen, China #S03029

High-density lipoprotein cholesterol Rayto, ShenZhen, China #S03025

Glucose Rayto, ShenZhen, China #S03039

Deposited data

Raw and analyzed data This paper Available at CNSA (https://db.cngb.org/cnsa/)

of (CNGB) database under the accession code

CNP0002026

Raw and analyzed data from the

ACVD cohort and large scale

healthy cohort

(Jie et al.5), (Jie et al., 2022)63 Available at CNSA (https://db.cngb.org/cnsa/)

of (CNGB) database under the accession code

CNP0000426, CNP0000289

Software and algorithms

ImageJ� https://doi.org/10.1038/nmeth.2089 https://ImageJ.nih.gov/ij/

R Studio 4.1.0 RStudio: Integrated Development for R https://posit.co/products/open-source/rstudio/

Network edge orienting (NEO) network

cOMG This paper https://github.com/jiezhuye/cOMG

Bowtie2(v2.3.564) Langmead and Salzberg64 http://bowtie-bio.sourceforge.net/bowtie2

MetaPhlAn3 (Francesco et al., 2021)65 https://huttenhower.sph.harvard.edu/metaphlan3/

HUMAnN2 (Franzosa et al., 2018)66 https://huttenhower.sph.harvard.edu/humann

ggplot2 (Wickham, 2016)67 https://ggplot2.tidyverse.org/

PERMANOVA Anderson68 https://doi.org/10.1002/9781118445112.stat07841

DMM (Holmes, et al., 2012)69 http://code.google.com/p/microbedmm/

ShortBRED (Kaminski et al., 2015)70 https://huttenhower.sph.harvard.edu/shortbred

Experimental models: Organisms/strains

Mouse: C57BL/6J Mice Beijing Vitalstar Biotechnology Co., Ltd N/A

Mouse: Apolipoprotein E-deficient

(Apoe�/�) mice on C57BL/6J background

Beijing Vitalstar Biotechnology Co., Ltd N/A
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RESOURCE AVAILABILITY

Lead contact

Requests for further information and/or reagents and resources should be directed to and will be fulfilled

by the lead contact, Shilong Zhong (zhongsl@hotmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The public metagenomic shotgun-sequencing data for the ACVD cohort (Acvd, n = 218; control, n = 186)

have been deposited in the European Bioinformatics Institute (EBI) database under the accession code

ERP023788. The public metagenomic shotgun-sequencing data for large scale healthy cohort is available

at CNSA (https://db.cngb.org/cnsa/) of (CNGB) database under the accession code CNP0000426,

CNP0000289.71,72 Metagenomic sequencing data for all samples in this study ‘‘have been deposited

to the CNSA (https://db.cngb.org/cnsa/) of (CNGB) database under the accession code CNP0002026.

The accession numbers and DOI are listed in the key resources table.

d All original code has been deposited on GitHub (https://github.com/xxx) and is available up on request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal model

Apolipoprotein E-deficient (Apoe�/�) mice were on a C57BL/6J background. All mice were purchased from

the Beijing Vitalstar Biotechnology Co., Ltd and housed at the Guangzhou General Biomedical Technology

Co., Ltd. Eight-week-old female mice were fed Western diet (Harlan TD.88137) and water ad libitum under

a strict 12-h light cycle for 18 weeks. Mice were randomly divided into six groups: mice in the wild-type (WT)

and Apoe�/� control group were gavaged with vehicle (PBS), those in the bacteria groups were gavaged

daily with live B. cellulosilyticus, F. longum, R. intestinalis or the consortium of the three bacteria, respec-

tively, with a final total dose of 1 3 109 CFU in PBS. All animal experiments were approved by the Commit-

tee of Guangdong Provincial People’s Hospital.

METHOD DETAILS

Atherosclerotic lesion assessment

After the mice were anesthetized, the aorta segment was perfused with saline and dissected from the prox-

imal ascending aorta arch to the celiac artery and fixed in 4% paraformaldehyde. For enface lesion analysis

of aortic, the adventitial tissue was carefully removed and the aorta was opened longitudinally, stained with

oil red O (#G1016; Servicebio, Wuhan, China), pinned on a black surface and images were captured using a

digital camera.

For analysis of atherosclerotic lesion in the aortic root, samples were obtained from the portion of the

ascending aorta proximal to the aortic sinus. Five serial 10-mm-thick sections of the aortic sinus were

collected from each mouse using a cryotome (#CryoStar NX50; Thermo Fisher Scientific, Waltham, MA,

USA) and stored at - 80 �C. The frozen sections of each mice were stained with oil red O (#G1016,

#G1004, Servicebio, Wuhan, China) or hematoxylin and eosin (#G1003, Servicebio, Wuhan, China), masson

(#G1006, Servicebio, Wuhan, China). The stained sections were digitally captured using an all-in-one fluo-

rescence microscope (#Eclipse Ci; Nikon, Tokyo, Japan). The quantification of lesion area size was per-

formed with the ImageJ software.

Biochemical parameters assays

The animals were fasted overnight and blood was collected in EDTA containing tubes from the mice by

removing the eyeball using the eyeball removal method under anesthesia. The blood samples were centri-

fuged at 4 �C, 3,000 rpm for 10 min, and stored at �80 �C before measurement. The plasma levels of total

cholesterol (#S03042), triglycerides (#S03027), low-density lipoprotein cholesterol (#S03029), high-density

lipoprotein cholesterol (#S03025), and glucose (#S03039) were measured enzymatically with commercial
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kits (Rayto, ShenZhen, China) using an automated chemistry analyzer (#Chemray 800; Rayto, ShenZhen,

China) according to the manufacturer’s instructions.

Mice fecal sample DNA extraction and metagenomics shotgun sequencing

Fecal samples frommice were collected at 6 and 7 weeks of age before gavage and the first and fourth day

after gavage performedwhen themice were 8 weeks old, and when themice were 9, 11, 13, 16 and 25 weeks

of age. Fecal samples were frozen at�80 �C. DNA extraction of the stored fecal samples was performed as

previously described.73 This manual extraction protocol has been described in detail,74 and used in many

studies.5,75–78 Briefly, a frozen aliquot of fecal sample was suspended in 250 mL of guanidine thiocyanate,

0.1 M Tris (pH 7.5) and 40 mL of 10% N-lauroyl sarcosine. Then 500 mL 5% N-lauroyl sarcosine was added.

After 1h incubation, 500 mL of glass beads (0.1 mm) and 500 mL of TENP were added to the tube for vortex-

ing, followed by centrifugation. The supernatant was transferred to a new tube, and DNA was precipitated

by isopropanol.79 Metagenomic sequencing was performed on the BGISEQ-500 platform (PCR-free

without size selection, 100 bp of paired-end reads for fecal samples, and four libraries were constructed

for each lane), and quality-controlled as previously reported.80

Bacterial culture

B. cellulosilyticus, F. longum, and R. intestinalis were original isolated from fecal samples of healthy donors

as reported previously.14 In brief, the fecal sample was firstly placed into a sterile tube and transferred into

an anaerobic chamber (Bactron Anaerobic Chamber, Bactron IV-2, Shellab, USA) within 30 min after collec-

tion. Next, the sample was preincubated at 37 �C for 1 day using sterile sheep blood and then resuspended

in pre-reduced phosphate buffered saline (PBS) containing 0.1% cysteine. The resuspended sample was

plated on modified peptone-yeast extract-glucose (MPYG) agar plates supplemented with 5% sterile

sheep blood by 6–8 serial 10-fold dilutions and then incubated in an anaerobic atmosphere at 37 �C for

2–3 days. The isolated colonies were re-streaked onto MPYG blood agar for purification and then frozen

in a glycerol suspension (20%, v/v) supplemented with 0.1% cysteine at �80 �C. Lastly, the species of iso-

lates were identified by mapping 16S rRNA gene sequences with the sequences of type strains retrieved

from the EzBioCloud database (https://www.ezbiocloud.net/).

Three successfully identified bacteria were all incubated using MPYG medium under anaerobic condition

at 37 �C for 24h. After incubation, the fresh bacterial cultures were centrifuged at 4 �C in 8000 rpm for 5 min,

and then washed with sterile anaerobic PBS (supplemented with resazurin 1 mg/L). The bacteria were re-

suspended in sterile anaerobic PBS supplemented with 10% glycerol, aliquoted and stored at - 80 �C until

use. Bacterial cells for gavage were prepared by suspending them in PBS to a cell density of 5 3 109 CFU/

mL in an anaerobic atmosphere. For a combination of the three species, each species was mixed in a ratio

of the concentration by 1:1:1 and with a final total density of 5 3 109 CFU/mL. Mice were gavaged daily for

127days with 200 mL PBS containing live B. cellulosilyticus, F. longum, R. intestinalis or a combination of the

three bacterial species.

RNA preparation and sequencing

Total RNA was extracted from the liver tissues of each mouse using TRIzol (Invitrogen, Carlsbad, CA, USA)

according to themanufacturer’s instructions. About 60 mg of tissues were ground into powder under liquid

nitrogen in a 2 mL tube, mixed with 1.5 mL TRIzol and allowed to rest horizontally for 5 min. The tissue ho-

mogenate was centrifuged at 120003g at 4�C for 5 min, then the supernatant was transferred into 300 mL

chloroform/isoamyl alcohol (24:1). The sample was mixed upside down and shaken vigorously for 15s, and

then centrifuged at 120003g at 4�C for 10 min. After centrifugation, the supernatant was transferred into a

centrifuge tube with 600 mL of isopropyl alcohol to precipitate RNA and then centrifuged at 13600 rpm for

20 min at 4�C. The RNA pellet was washed twice with 1 mL 75% ethanol, centrifuged at 13600 rpm for 3 min

at 4�C, and the pellet was left to air dry for 5–10 min in a biosafety cabinet. The RNA pellet was dissolved in

25 mL–100 mL of DEPC-treated water and analyzed using a Nano Drop and an Agilent 2100 bioanalyzer

(Thermo Fisher Scientific, MA, USA).

mRNAwas isolated using oligo(dT) magnetic beads, fragmented, and cDNAwas prepared by random hex-

amer-primed reverse transcription, followed by end repair, 30 adenylation, and adapters were ligated to the

ends of 30 adenylated cDNA fragments followed by PCR amplification. The PCR products were purified us-

ing Ampure XP Beads (AGENCOURT) and dissolved in EB solution. An Agilent Technologies 2100 bio-

analyzer was used to detect the concentration and length of the library. The double-strand PCR products
18 iScience 26, 106960, June 16, 2023
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were denatured at high temperature and amplified to single strand circle DNA in the cyclization reaction

reagent. The library was amplified with phi29 (Thermo Fisher Scientific, MA, USA) to make DNA nanoball

(DNB) which had more than 300 copies of a single molecule. The DNBs were load into the patterned nano-

array and pair end 150 bases reads were generated on MGISEQ2000 platform (BGI-Shenzhen, China).

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/download.html#fastqc) was used to check

the quality of the raw data, and AdapterRemoval (https://adapterremoval.readthedocs.io/en/latest/) was

used to trim the adaptors, N bases and low-quality ends. Sequencing reads was aligned to the mouse

genome (mm10) using STAR applying default settings. Then, the qualified results of alignment were

used to estimate gene expression and read counts by Cufflinks (http://cole-trapnell-lab.github.io/

cufflinks/) and HTSeq-count (https://htseq.readthedocs.io/en/master/), respectively.
The identification of differentially expressed genes (DEGs)

The ‘‘edgeR’’ package was used to identify differentially expressed genes. Prior to downstream analysis,

the only genes having a count-per-million (CPM) values above 1 in at least six libraries were kept. The

raw counts on each gene level were then normalized by the algorithm of trimmedmean of M (TMM) values.

An adjusted p value of less than 0.05 and log2 fold change greater than 1 were used to indicate genes that

were significantly differentially expressed.
Pathway enrichment analysis of DEG

Kyoto Encyclopedia of Genes and Genomes databases (KEGG) enrichment analysis and Gene Ontology

(GO) enrichment analysis were performed using the R package ‘‘clusterProfiler’’. KEGG terms or GO terms

with adjusted p values < 0.05 were considered significantly enriched by DEGs.
Targeted metabolomic profiling

Widely targeted metabolomic profiling of plasma from each mouse was performed using an ultra-perfor-

mance liquid chromatography mass spectrometry (UPLC-MS/MS) system (UPLC, ExionLC AD, https://

sciex.com.cn/; MS, QTRAP System, https://sciex.com/) at Wuhan Metware Biotechnology. In total, 617

plasmametabolites comprising 15 classes were targeted. Briefly, the samples were thawed on ice, followed

by vortexing for 10s. Second, 300 mL pure methanol were added to 50 mL of plasma. Then, the mixture was

vortexed for 3 min and centrifuged at 12000 r/min at 4 �C for 10 min. About 200 mL supernatant were trans-

ferred to a clean centrifuge tube and centrifuged at 12000 rpm at 4 �C for 5 min, and then left in a refrig-

erator at �20 �C for 30 min. The tube was centrifuged at 12000 r/min at 4 �C for 3 min, and 150 mL of super-

natant were used for analysis.
The identification of differential plasma metabolites

The raw values of metabolites were log10-transformed and then employed to determine the metabolites

exhibiting differential abundances by orthogonal projections to latent structures discriminant analysis

(OPLS-DA). Variable important in projection (VIP), which reflects both the loading weights for each compo-

nent and the variability of the response explained by this component, was used for feature selection. The

statistical significance between two groups were conducted using a t test. A p value of <0.05 and VIP >1

were used as the screening criteria for significant differential metabolites.
Network edge orienting network

We used the network edge orienting (NEO) network81 to test the association between bacteria intervention

andmetabolic markers and plasma lipids. The local-structure edge orienting (LEO) score based on the like-

lihood of the structural equation model was used to evaluate the oriented relationship between quantita-

tive traits and markers. The candidate pleiotropic anchor (CPA) model was used to test single marker edge

orienting and the orthogonal causal anchor (OCA) model was used to test multiple markers. The likelihood-

based CPA score assessed whether the chosen model would yield a higher likelihood than the alternative

models. We used a threshold of 0.8, as the software suggested, which implies that the model likelihood

score of the causal model was 100.8 = 6.3-folds higher than that of the next best model. For the OCA score,

we used a threshold of 0.3, as suggested, which implies that the model likelihood score of the causal model

was 100.3 = 2-folds higher than that of the next best model.
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A modified NEO was used to build a local structure equation model and to obtain edge-oriented scores.

The orthogonal causal anchors (LEO.NB.OCA) (A / B) > 0.3 and candidate pleiotropic anchor

(LEO.NB.CPA) (A / B) > 0.8 indicated the regulation direction was A to B.
Metagenomic data quality control, taxonomic abundance calculation and function profile

computation

The sequencing reads were quality-controlled as described previously80 and implementation of the pipe-

line is available at https://github.com/jiezhuye/cOMG. Briefly, adapter trimming/filtering was automati-

cally processed by the BGISEQ-500 sequencing platform. The raw sequences with low quality were filtered

and trimmed by overall accuracy (OA) control The raw sequences were quality filtered and trimmed by with

overall accuracy (OA) control strategy80 using OAs1 (-Qsys = 33, -minLen = 30, -Scut = 0.9, -Qcut = 0.8). ,

Then the high-quality reads were aligned to mice reference genome GRCm39 (Genebank assembly acces-

sion: GCF_000001635.27) by bowtie2 with default parameter. The taxonomic profile was computed via

MetaPhlAn382 (default parameter) with the retained high-quality clean reads. Taxa with more than 10%

occurrence were kept for further analysis, yielding a filtered table containing 97 species. Functional

profiling was performed with HUMAnN266 with default parameter. Human metagenomic data was pro-

cessed using metagenomic linkage group (MLG) method. Detailed of MLG profiles based on the 9.9M

gene set was performed as described.5 Briefly, it clustered genes into sub-cluster based on that genes

from same specie tended to co-vary in many samples. We then estimate the relative abundance of an

MLG in all samples by using the relative abundance values of genes from this MLG.
Functional analysis of the 7a-dehydroxylation pathway

To investigate the possible link between microbial function and LCA, we constructed a Hidden Markov

Chain Models (HMM) for 8 bai gene from the 7a-dehydroxylation pathway. HMM was built based on mul-

tiple sequence alignments generated by ClustalW283 with default parameter, containing the respective

reference sequences and close homologs identified using HMMsearch.84 All reference gene sequences

were available at https://www.pathofunctions.com. Screening for baiwas performed bymapping reference

sequences against downloaded genomes shown in MetaPhlAn3 profile (>10% occurrence taxa) using

phmmer (v. 3.1b2); only top hits were recorded. Score extracted from phmmer was ploted against mice

taxa with R package pheatmap. We used ShortBRED70 to obtain gene RPKM abundances using the above

reference after removing redundancy. Function group abundance was computed as described previ-

ously.85 Briefly, we clustered genes based on their co-variance abundance across samples (Pearson corre-

lation) using theWard algorithm in the ‘hclust’ function in R.We got two gene clusters andwe kept the com-

plete one (that is, how many genes of the operon were present in the cluster). For statistical analysis, the

genes in the selected gene clusters were summed within each group or all together for the overall analysis.
Microbiome composition analysis

Multidimensional scaling was performed at the genus level based on Aitchison distance with R (base func-

tion, cmdscale) to remove composition effect. Aitchison distance is a Euclidian distance based on center

log ratio transformation of relative abundance profiles with R package compositions (clr function). PERM-

ANOVA test was performed between genus proofing (Aitchison distance) of groups at baseline and end of

the studies with R package vegan (adonis function, 9999 times permutation). Post hoc compositions were

performed between treatment group and control group at FDR <0.05. Dirichlet multinomial mixtures

(DMM) modeling was applied to detect microbiome development during intervention. DMM bins samples

on the basis of microbial community structure.69 All samples from �2 weeks to 18weeks of intervention

were included, and species profiles formed nine clusters (based on lowest Laplace approximation).
Identification of lipid associated taxa and treatment associated taxa

Simple regression between level of metabolic parameter (such as LDL, HDL, TG, CHOL) and taxa abun-

dance were used to define ‘Lipid-associated’ taxa. Because metabolic parameters were only measured

at the last time point, we also used the taxa profile at last time point.

The regression model form:

Metabolic parameter � b ðtaxa abundanceÞ:
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https://github.com/jiezhuye/cOMG
https://www.pathofunctions.com


ll
OPEN ACCESS

iScience
Article
For the shifting of each taxa, we computed two metrics for the effect of treatment. One was the abundance

difference between groups at last time point. Taxa were used for regression against the treatment and

Apoe�/� control group was treated as reference group using model:

Taxa � bðtreatmentÞ:
Growth rate of taxa. A comparison of the effects of the live bacteria group and Apoe�/� control group on

growth rates was tested with a mixed effects linear model (lme function in nlme package) predicting taxa

abundance from the interaction between months in the intervention and treatment, controlling for treat-

ment, months in the intervention, and a random intercept for each mouse. Benjamini-Hochberg adjusted

p values are reported.

The model:

Taxa � b1 ðtreatmentÞ + b2 ðmonths in interventionÞ+ b3 ðtreatment : months in interventionÞ:
The same model was applied to the functional level to determine pathway shifting between treatments.
Covariance between features of plasma metabolites and members of the gut microbiota

Simple regression between level of plasma metabolites (such as LCA) and taxa abundance were used to

qualify the associations between metabolites and taxa. Only the last time point taxa profile was used since

plasma metabolites were only measured at the last time point.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism version 7.0 (GraphPad Software; San Diego, CA). Data are

presented as mean G SD. A two-tailed Student’s t test was used for comparison between two groups with

normally distributed data, Mann-Whitney U-test was used for non-normally distributed data. A value of

p < 0.05 was considered to indicate statistical significance.
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