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Abstract

Background: Alterations in gut microbiota and blood metabolomic profiles have been
implicated in HIV infection and cardiovascular disease. However, it remains unclear whether
alterations in gut microbiota may contribute to disrupted host blood metabolomic profiles in
relation to atherosclerosis, especially in the context of HIV infection.

Methods: We analyzed cross-sectional associations between gut microbiota features and carotid
artery plague in 361 women with or at high risk of HIV(67% HIV+), and further integrated
plaque-associated microbial features with plasma lipidomic/metabolomic profiles. Furthermore, in
737 women and men, we examined prospective associations of baseline gut bacteria-associated
lipidomic and metabolomic profiles with incident carotid artery plaque over 7-year follow-up.

Results: We found two potentially pathogenic bacteria, Fusobacterium and Proteus, were
associated with carotid artery plaque; while the beneficial butyrate producer Odoribacter was
inversely associated with plaque. Fusobacterium and Proteus were associated with multiple
lipids/metabolites which were clustered into 8 modules in network. A module comprised

of 9 lysophosphatidylcholines(LPCs) and lysophosphatidylethanolamines(LPEs) and a module
comprised of 9 diglycerides were associated with increased risk of carotid artery plaque(RR[95%
Cl] = 1.34[1.09, 1.64] and 1.24[1.02, 1.51] per SD increment, respectively). Functional analyses
identified bacterial enzymes in lipid metabolism associated with these plasma lipids. In particular,
phospholipase Al and A2 are the key enzymes in the reactions producing LPCs and LPEs.

Conclusion: Among individuals with or at high risk of HIV infection, we identified altered
gut microbiota and related functional capacities in the lipid metabolism associated with disrupted
plasma lipidomic profiles and carotid artery atherosclerosis.

Graphical Abstract
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Introduction

Cardiovascular disease (CVD) has become one of the major concerns in people living with
human immunodeficiency virus (HIV) infection, since survival has significantly improved
because of successful antiretroviral therapy (ART) 12, The complicated interactions among
the effects of chronic HIV infection and host-related factors may contribute to excess risk
of CVD in people living with HIV 134 but the underlying mechanisms are not fully
understood. Emerging evidence has suggested that gut microbiota might play an important
role in the host vascular physiology (e.g., atherosclerosis), and thus may contribute to the
development of CVD 11, In addition, alterations in gut microbiota were also observed

in people living with HIV infection, and HIV-associated gut microbiota alteration might
contribute to disrupted host metabolite profiles in people living with HIV infection 12-14,
However, the role of gut microbiota in the progression of atherosclerosis and CVD remains
largely unknown in the context of HIV infection.

Our prior work has demonstrated that HIV infection is associated with new formation of
carotid artery plaque, an established subclinical atherosclerosis measure which has been
used as a validated surrogate for clinical CVD events!®. Interestingly, numerous bacteria
have been found in human carotid artery plaque tissues, which might be related to oral
bacteria that can migrate via the bloodstream 1617, A previous study in 15 patients

with atherosclerosis identified common bacteria in oral, fecal and carotid artery plaque
samples, suggesting linkages of both oral and gut microbiota with atherosclerotic plaques
18 A recent population-based study of 569 elderly Chinese also found alterations in

gut microbiota associated with carotid atherosclerosis measured by carotid intima-media
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thickness (CIMT)®. However, the association between gut microbiota and carotid artery
plaque formation remains unclear, and it is also unknown whether the association differs
depending on HIV-infection status. Furthermore, host metabolomic data have not been
well-integrated with gut microbiome in previous studies on atherosclerosis and CVD 67,
though microbiota-related metabolites have been suggested as potential mediators linking
gut microbiota and CVD 58,

Therefore, in the present study, we aimed to identify gut microbiota features (e.g., overall
diversity and individual taxa) associated with carotid artery plaque in women with HIV
infection and those without HIV infection from the Women’s Interagency HIV Study
(WIHS). We also examined associations of plaque-related gut bacteria and microbial
functional components with host plasma metabolomic profiles in these women. Moreover,
in two HIV cohorts of women (WHIS) and men (Multicenter AIDS Cohort Study, MACS),
we further examined the prospective associations of baseline gut bacteria-related metabolite
profiles with incident carotid artery plague over a median 7-year follow-up.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Study Population

The WIHS is a prospective cohort study of women with or at risk for HIV infection,

and details on study design and methods have been described previously2® . In this study,

we included 572 WIHS women whose fecal samples were collected using a home-based
self-collection kit 2%:21 during 2017-2019. Among these participants, 361 women underwent
carotid artery imaging during 2017-2019, and 435 women had metabolomic/lipidomic data
on fasting plasma samples collected during 2017-2019, at the closest WIHS core visit to the
time of stool sample collection.

In addition, we also included 398 women in the WIHS and 339 men in the MACS with
baseline metabolomic/lipidomic data and longitudinal carotid artery imaging data over

7 years2 . In brief, 737 women and men underwent carotid artery imaging for plaque
assessment at a baseline visit (2004-2006) and at a follow-up visit (2011-2013)23. After a
median follow-up of 7 years, 112 participants developed carotid artery plaques.

An expanded description of study populations, microbiome sequencing, metabolomic
profiling, assessments of carotid artery plaque and HIV variables, and statistical analyses
is provided in Supplemental Methods. The study was reviewed and approved by the
institutional review boards at all participating institutions. All participants provided written
informed consent.

Microbiome sequencing

The 16S rRNA V4 region sequencing was performed on DNA extracted from fecal samples
using MiSeq platform(lllumina, San Diego, CA). The Microbiome bioinformatics analyses,
including taxonomic assignment, a.- and B-diversity measurements, were performed using

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.
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QIIME2 pipeline2*. The functional components of the microbial community were inferred
using PICRUSt225. 84 bacterial genera, which’s average relative abundance =0.01% and
present in >10% of the study population, were included in the analyses.

Metabolomic/lipidomic profiling

Plasma metabolomic/lipidomic profiling was performed using liquid chromatography-
tandem mass spectrometry(LC-MS) at the Broad Institute Metabolomics Platform
(Cambridge, Massachusetts), as previously described?? . We included 211 lipids and 167
polar metabolites in the current analysis, and all metabolites had coefficient variation <30%
and missing rate <20%.

Carotid Artery Plague Ascertainment

High-resolution B-mode carotid artery ultrasound was used to image 8 locations in the right
carotid artery of participants: the near and far walls of the common carotid artery, carotid
bifurcation, internal and external carotid artery2®.Focal plaque measures were obtained at a
centralized reading center (University of Southern California). We defined a focal plaque as
an area with localized intima-media thickness of >1.5 mm in any of the 8 imaged carotid
artery locations?’.

Conventional CVD risk factors included body mass index(BMI), waist to hip ratio,

systolic blood pressure(SBP), diastolic blood pressure(DBP), triglycerides, total cholesterol,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, fasting glucose,
Hemoglobin Alc, anti-cholesterol and anti-hypertensive medication?8. Assessments of HIV
infection and other variables are described in Supplemental Methods.

Statistical analysis

Gut microbiota and prevalent carotid artery plaque.—We first examined cross-
sectional associations of gut microbiota features with carotid artery plaque among 361
women with corresponding data available. LefSe29 was used to identify gut bacterial genera
associated with prevalent carotid artery plaque. We then used logistic regression models and
linear regression models to examine the multivariate-adjusted associations, adjusting for age,
race, study site, antibiotics use, income, education, BMI, current smoking status, marijuana
use and HIV status. CSS normalization was conducted for the genus level abundance of
taxonomic units before the analyses. In addition, we also applied Analysis of Composition
of Microbiomes (ANCOM?2)30, adjusting for aforementioned covariates. We controlled the
false discovery rate(FDR) at 10%.

Gut microbiota and plasma lipidomic and metabolomic profiles .—We then
examined cross-sectional associations of plaque-associated genera with plasma lipidomic
and metabolomic profiles among 435women. Spearman correlation was employed to
estimate correlation coefficients of identified genera with lipidomic and polar metabolomic
profiles. Network analysis was conducted using a weighted correlation network analysis
implemented in the WGCNA R package 31.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.
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Baseline lipidomic/metablomic profiles and incident carotid artery plaque.—
We examined the prospective associations of bacteria-associated lipidomic/metablomic
profiles with incident carotid artery plaque over 7 years among 737 women and men free
of carotid artery plaque at baseline. Poisson regression models were used to estimate risk
ratios(RRs) and 95% confident interval(95% CI) of incident carotid artery plaque per SD
increment of metabolite/lipid module scores and individual lipids and polar metabolites,
adjusting for age, sex, race, study site, education, smoking status, ART use, CD4 counts,
HIV viral load, crack cocaine use, injected drug use, and hepatitis C virus infection.

Gut microbiota functional components and plasma lipidomic and
metabolomic profiles.—Centered-log-ratio transformation was applied to the PICRUSt2
predicted enzymes. Linear regression models were applied to examine associations of
enzymes with metabolite modules, after controlling for the aforementioned covariates. An
enrichment test was performed for the 1486 annotated enzymes at EC level 11l enzyme
category, with FDR q <0.10 as cut off. Associations among the functional enzymes, plaque
related genera, and metabolite modules were examined using linear regression models with
multivariable adjustment for the aforementioned covariates.

The Benjamini-Hochberg false discovery rate (FDR) method was used for the multiple
testing correction. Statistical analyses were performed using R 4.0.1. unless otherwise
stated. Detailed methods for all the Omics data and statistical analyses are described in
Supplemental Methods.

Gut Microbiome and Carotid Artery Plaque

Table S1 shows characteristics of the 361 participants (264 without plaque and 97 with
plague), who were included in the analysis of the association between gut microbiome and
carotid artery plaque. As expected, compared with participants without plaque, participants
with plague were older and more likely to have higher levels of CVD risk factors. The
demographic and socioeconomic characteristics among participants with and without HIV
infection were generally similar and comparable, consistent with the WIHS study design
(data not shown). The majority of HIV-infected individuals reported of ART use (93% and
94% respectively, in the participants with/without plaque group), while a large proportion of
HIV-infected individuals had undetectable HIV-1 viral load (72% and 78 % respectively).

We first examined associations of gut bacterial community a-diversity and p-diversity

with carotid artery plaque. Three a-diversity indices (Shannon index, Chao-1 Index and
Simpson’s Index) were not significantly different between participants with and without
plaque (all P>0.05, Figure S1A and S1B). We did not find significant association between
B-diversity measured by Bray-Curtis dissimilarity and plaque status (Figure S1C; R? <0.1, P
>0.05, PERMANOVA analysis).

In taxonomy analyses, the LefSe indicated that carotid artery plaque was associated with
enriched Fusobacterium and Proteus, and depleted Odoribacter and Adlercreutzia (All
LDA score >3, Figure 1A). We then focused on these four plaque-associated genera in
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the subsequent regression analyses. After multivariate adjustment, there were significant
differences in the CSS transformed abundance of Fusobacterium, Proteus, Odoribacter

and Adlercreutzia between women with and without plaque (Figure 1B). Higher levels

of Fusobacterium and Proteus were associated with elevated odds of carotid artery plaque
(OR [95% Cl1]=1.62 [1.22, 2.15] and 1.28 [1.01, 1.62], respectively, per SD increment in
the CSS transformed abundance) while higher levels of Odoribacterwas associated with
lower odds of plaque (OR[95% CI]=0.70[0.53,0.91]) (Figure 1C). A Marginal significant
association between Adlercreutziaand carotid artery plaque was observed in the multivariate
linear regression (P=0.086) and the logistic regression models (P=0.093). In addition, we
also examined the associations between carotid artery plaque and all bacterial genera using
ANCOM2, after multivariate adjustment. Consistently, Fusobacterium was significantly
enriched (detection level 0.7) while Odoribacterwas significantly depleted (detection level
0.6), in participants with carotid artery plaque compared to participants without plaque. We
identified that Fusobacterium nucleatum was the most abundant species of Fusobacterium
genus (accounting for 95.3%), while for other plaque-associated genera, the amplicon
sequence variants (ASVs) were not classified into known species.

In the stratified analyses by HIV infection status, we observed consistent LefSe results
(Figure 1A), and found an additional carotid artery plaque-associated genera, Pediococcus,
in the strata of women without HIV infection. However, Pediococcuswas a minor taxa (the
average relative abundance was only 0.01%), and the association was not significant in the
linear regression model after multivariate adjustment. For the four plaque-associated genera,
no effect modifications by HIV infection were observed (All P interaction >0.05, Table S2).

We then examined associations of these 4 plaque-associated genera with conventional
CVD risk factors (e.g., obesity measures, blood pressure, glycemic traits, and blood
lipids). We did not find many significant correlations between these plaque-associated
genera and conventional CVD risk factors, except for a moderate positive correlation
between Fusobacterium and DBP (r=0.26, P=0.001), a moderate inverse correlation between
Odoribacterand SBP (r=-0.23, P=0.009), and a moderate inverse correlation between
Adlercreutzia and HbAlc (r=—0.16, P=0.047) (Figure S2). After further adjustment for
conventional CVD risk factors in the regression models (Figure S3 and S4A), the
association between Fusobacterium and carotid artery plaque was attenuated but remained
significant (Fusobacterium, OR=1.47 [95% Cl, 1.07, 2.03] per SD increment in the CSS
transformed abundance, P=0.018), and the association between Odoribacter and plaque
became marginally significant (Odoribacter, OR=0.76 [95% ClI, 0.56, 1.02], P=0.073). Our
further analysis indicated that the attenuation might be driven by further adjustment for
blood pressure (Figure S4B), which is in line with the observed moderate correlations of
Fusobacterium and Odoribacter with blood pressure.

Since medication use has been reported to influence gut microbiota composition32, we also
examined associations of antihypertensive medication use, anti-diabetes medication use and
lipid-lowering medication use with the identified four gut microbial genera. We did not
observe any significant differences in these four genera between users and non-users of
these medications (all P > 0.05, Figure S5A, S5B, and S5C). In the stratified analyses by
HIV status, we observed consistent results (all P >0.05). The observed associations between
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these four microbial genera and plaque did not change materially after further adjusted for
medication use in logistic regression models (Figure S6).

In addition, we also examined associations of these 4 plaque-associated genera with HIV-
related factors (e.g., CD4 count, HIV viral load and ART use). We found an increasing trend
of Proteus abundance across women without HIV, with aviremic HIV (undetectable viral
load <20 copies/mL), and viremic HIV (viral load >20 copies/mL) (P=0.037, Figure S7).

Carotid Artery Plaque-associated Gut Microbial Genera and Host Plasma Metabolite
Profiles

We next examined the cross-sectional associations between carotid artery plaque-associated
gut microbial genera and host plasma lipidomic/metabolomic profiles among 435
participants who had both gut microbiome and host plasma metabolome data available.
Fusobacterium and Proteus, which were positively associated with plaque, showed
significant correlations with overall lipidomic and metabolomic profiles measured by top
principal component scores, while Odoribacterand Adlercreutzia, which were inversely
associated with plaque, were not correlated with overall lipidomic or metabolomic profiles
(Figure S8). Consistent results were observed for the correlations between individual plasma
metabolites and plaque-associated gut microbial genera. As shown in Figure 2A and 2B,
Fusobacterium was significantly correlated with 55 lipids (out of total 211 lipids) and 78
polar metabolites (out of total 167 polar metabolites). Proteus was correlated with 17 lipids
and 43 polar metabolites. There were 17 lipids and 39 polar metabolites correlated with both
genera. Odoribacterand Adlercreutzia were not significantly correlated with any of lipids or
polar metabolites.

We then performed network analysis based on these lipids and metabolites which

were significantly associated with Fusobacterium and/or Proteus. Among these 55
microbiota-associated lipids, 41 lipids were clustered into 4 modules, including a module
comprised of 9 lysophosphatidylcholines and lysophosphatidylethanolamines (LPC &

LPE module), a module of 9diglycerides (DG module), a module comprised of 13
Sphingomyelins and phosphatidylcholines (SM & PC module), and a module comprised of
10 phosphatidylcholines plasmalogen (PC-P module) (Table S3A). Among 82 microbiota-
associated polar metabolites, 55 metabolites were clustered into 4 modules, including a
module comprised of 5 acylcarnitines (CARs), a module of 7 amino acids, a module of

29 metabolites which mostly have Methyl and Acetyl groups, and a module of 14 mixed
metabolites which belong to different pathways (Table S3B). As expected, Fusobacterium
and Proteus showed significant correlations with these 8 lipid and metabolite modules, while
Odoribacterand Adlercreutzia showed few correlations with these modules (Figure 2C). The
network plots (Figure 3A and 3B) illustrate the correlations of Fusobacterium and Proteus
with each of lipids and polar metabolites in these 8 modules.

We also examined the correlations of Fusobacterium and Proteus with plasma lipids/
polar metabolites stratified by HIV status and the correlation coefficients were generally
consistent between women with and without HIV infection (Figure S9).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.
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Gut microbiota-associated Host Plasma Metabolite profiles and Risk of Carotid Artery
Plagque

We further examined the associations between microbiota-associated host plasma metabolite
profiles (modules) and risk of incident carotid artery plaque using a prospective dataset of
women and men with and without HIV infection in the WIHS and MACS22 .

Among 737 participants, 112 participants developed carotid artery plaques over a median
7-year follow-up. The 8 lipid and metabolite modules were constructed using the baseline
lipidomic and metabolomic data in this study sample and then linked with incident plaque.
Consistent with the positive associations of Fusobacterium and Proteus with prevalent
carotid artery plaque, the LPC &LPE module and the DG module, which were positively
correlated with Fusobacterium and Proteus, also showed positive associations with incident
plague (RR=1.36 [95% CI, 1.09, 1.69] and 1.30 [1.06, 1.60], respectively, per SD increment
in the module score; both FDR P< 0.05), after adjusting for demographic and behavioral
variables (Model 1) (Table 1). These associations did not change materially after further
adjustment for HIV-related variables and clinical variables (Model 2). In addition, most

of the individual lipids and metabolites within the LPC &LPE module and the DG

module were also significantly associated with risk carotid artery plaque (Table S4).

After further adjustment for conventional CVD risk factors including blood pressure, total
cholesterol, high-density lipoprotein cholesterol, BMI, antihypertensive medication use, and
lipid-lowering medication use in the model, the associations between carotid artery plaque
and metabolite modules were attenuated but remained significant (LPC &LPE module,
RR=1.28 [95% Cl, 1.00, 1.64] per SD increment in the module score, P=0.047; DG module,
RR=1.25[1.01, 1.57], P=0.045).

Associations between these metabolite modules and risk of carotid artery plague were
consistent between those with and without HIV infection, and no effect modifications by
HIV infection were observed (all P for interaction > 0.05, Table 1). Results were generally
consistent between women and men, except for the PC-P module. The PC-P module was
marginally associated with increased risk of carotid artery plaque in women, but not in men
(P for interaction =0.028 and 0.066 in Model 1 and Model 2, respectively; Table S5).

Gut Microbiome Functional Components and the Potential Mechanism

Since the DG and LPC & LPE lipid modules were associated with both gut bacteria
(Fusobacterium and Proteus) and risk of carotid artery plaque, we then examined microbial
functional components to better understand the potential mechanisms and interrelationship
between specific plaque-associated bacteria genera and host plasma lipidomic profiles.

The GMB functional profiles were obtained using PICRUSt2, and a total of 1486 known
enzymes with specific Enzyme Commission (EC) numbers were annotated and included in
the functional analyses. We first examined associations between host plasma DG and LPC
& LPE modules and the 1486 known enzymes. After controlling for the demographic,
behavioral, clinical variables and HIV specific variables, we identified 337 enzymes
associated with DG module and 198 enzymes associated with LPC & LPE module (all
FDR P<0.1). We then performed enrichment tests at EC enzyme category level 111, and
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found that the DG module was associated with the enrichment of enzymes belonging

to three categories (i.e., EC 2.3.1 Transferring groups other than aminoacyl groups, EC
3.1.1 Carboxylic-ester hydrolases, and EC 3.2.1 Glycosidases that hydrolyse O-/S-glycosyl
compounds ; all FDR P< 0.1, Table S6A), while the LPC &LPE module was associated with
the enrichment of enzymes belonging to one specific category (EC 3.1.1 Carboxylic-ester
hydrolases; FDR P< 0.1, Table S6B).

We thus focused on the Carboxylic-ester hydrolases category as it was associated with

both LPC&LPE and DG lipid modules and many enzymes under this category are involved
in the lipid metabolism (e.g., Phospholipase Al and A2, etc.). In our study, 12 enzymes
were detected under the Carboxylic-ester hydrolases category and most of these enzymes
showed moderate- to- high correlations with each other (Figure 4). After multivariate
adjustment, we found 9 and 8 enzymes out of the 12 Carboxylic-ester hydrolases were
positively associated with Fusobacterium and Proteus, respectively. Consistently, many of
these enzymes were also positively associated with the LPC &LPE module and DG module
(Figure 4). For example, Phospholipase Al and A2 (EC 3.1.1.32 and EC 3.1.1.4) are known
as representative enzymes in this hydrolases family, which can hydrolyze phospholipids
such as phosphatidylcholine (PC) and Phosphatidylethanolamine (PE) and produce LPC and
LPE33’34.

Discussion

To the best of our knowledge, this is the first study to examine the relationship between

gut microbiota and subclinical atherosclerosis in the context of HIV infection. Several
previous studies have examined the associations of gut microbiota with atherosclerosis and
CVD in human populations without HIV infection and yield various results 6.7:3-11 A
case-control study of Chinese in Shanghai reported lower gut microbiome a-diversity in 70
patients with coronary artery disease compared to 98 healthy controls 2 , while one smaller
study in Tibetan Chinese found a lower a-diversity Simpson index in 12 patients with
non-stenosis coronary heart disease (CHD) but not in those with CHD (n=18), comparted

to healthy controls (n=23)10 . A relatively larger case-control study in Han Chinese did

not find significant differences in gut microbiome a-diversity between 218 patients with
atherosclerotic cardiovascular disease and 187 healthy controls 7, which is in line with

our results. Alterations of various bacterial taxa in CVD groups have also been reported

in these case-control studies’-2-10, but only few results are consistent across studies (e.g.,
depleted Roseburia genus in individuals with CVD) . A recent population-based study in
569 elderly Chinese found several gut bacterial genus (e.g., Faecalicatena and Libanicoccus)
associated with subclinical atherosclerosis measured by CIMTS. In addition, one study from
Sweden (n=25) found that Collinsellawas enriched in patients with symptomatic carotid
atherosclerotic plaques (n=12) whereas Roseburiaand Eubacterium were enriched in healthy
controls (n=13) 11 . However, we did not find these previously reported bacteria associated
with carotid artery plaque in our study of 361 women with or at high risk of HIV infection.
The inconsistency among these studies might be due to various CVD outcomes studied (e.g.,
clinical CVD vs. subclinical atherosclerosis measured by CIMT or plaque), relatively small
sample sizes in most studies, and differences in participant characteristics. Race/ethnicity,
geographic location, and environmental and behavior factors may influence the human gut
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microbiome and its relationship with human health and disease 35-37. In particular, HIV
infection has been associated with increased risk of carotid artery plaque, and alterations

of gut microbiome 12, although this study found little evidence for the potential effect
modification of HIV infection on the relationship between gut microbiome and carotid artery
plaque.

Fusobacterium is a Gram-negative anaerobic genus commonly residing in oral cavity

and gastrointestinal tract 1838, Higher level of gut Fusobacterium nucleatum, the most
abundant species of this genus (accounting for 95.3% of Fusobacterium in our study),

has been associated with inflammatory bowel disease 3%and intestinal tumorigenesis 49,

and thus considered as a marker for the early gut microbial dysbiosis 38 . Although

the association between gut Fusobacterium and CVD has not been reported before,
Fusobacterium nucleatum was detected in human carotid artery plague tissues 16-18 . Our
findings provide new evidence supporting that both gut and oral Fusobacterium might be
potential sources of Fusobacterium in carotid artery plague 18. We also found that gut
Fusobacterium was associated with multiple plasma lipids and metabolites, especially higher
levels of LPCs, LPEs and DGs which were further found to be associated with increased risk
of carotid artery plaque. Interestingly, our microbial functional analysis identified several
microbial enzymes, which are involved in the lipid metabolism, associated with these lipid
profiles as well as gut Fusobacterium. In particular, Phospholipase Al and A2 are the key
enzymes in the reactions producing LPCs and LPEs from PCs and PEs, respectively33:34,
Both LPCs and LPEs are phospholipids in the cell membrane and may play a role in cell
signaling and immune modulating 4%, and LPCs have been found to induce endothelial cell
activation during early atherosclerosis thus may contribute to the development of CVD*2 .
Taken together, these results suggest a potential link between higher abundance of gut
Fusobacterium and related microbial functions in the lipid metabolism and alternations of
host plasma lipid profiles associated with atherosclerosis and CVD. However, it should be
noted that both host factors (e.g., genetics, dietary intake) and gut microbiota may contribute
to host plasma lipid profiles since these lipids are not gut microbiota dependent metabolites.
In addition, the mechanisms underlying these associations remains unclear.

As Gram-negative bacteria, members of the Proteus genus (e.g., Proteus mirabilis, Proteus
vulgaris) are inflammation inducers 43 and clinically recognized as a cause of urinary-tract
infections and bacteremia®*4%, Similar to Fusobacterium, although no previous studies have
linked gut Proteus with atherosclerosis or CVD, Proteus species have been identified in
human coronary plaque tissues 46 . A recent experimental study found that the Proteus
mirabilis may interact with atherosclerotic plaques in human coronary arteries via dendritic
cell-specific intercellular adhesion molecule-3-grabbing non-integrin, and higher abundance
of Proteus mirabilis was found in the hearts from atherosclerotic mice compared to control
mice 47. These previous results are in line with our findings, and all suggest a potential
involvement of Proteus in the atherosclerotic plaque formation. Moreover, we found similar
but relative weaker associations of gut Proteus, compared to gut Fusobacterium, with
microbial functions in the lipid metabolism and alternations of host plasma lipid profiles
(e.g., LPCs, LPEs, and DGs) associated with carotid artery atherosclerosis, though the
underlying mechanisms warrants further investigation. Interestingly, our results also suggest
that HIV infection and progression might be associated with increased levels of gut Proteus,

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 12

but did not observe significant effect modification by HIV on the association between
Proteus and plaque. Further studies are needed to elucidate the potential biological link
between HIV infection and Proteus and its potential impacts on atherosclerosis and CVD.

Our study also identified two genera, Odoribacter and Adlercreutzia, inversely associated
with carotid artery atherosclerosis. As a butyrate-producing genus, Odoribacterin gut
has been favorably correlated with SBP in pregnant women 48, potentially related to

the production of butyrate which may have beneficial effects on anti-inflammation and
cardiometabolic health.#® Consistently, we also observed an inverse correlation between
Odoribacter and SBP, a well-known risk factor for atherosclerotic plaques and CVD.

Of note, the observed association between Odoribacter and plaque was attenuated after
further adjustment for blood pressure, suggesting that the beneficial association between
Odoribacter and carotid artery atherosclerosis might be partially explained by blood
pressure.

Adlercreutziais an obligately anaerobic coccobacillus, and members of this genus (e.g.,
Adllercreutzia equolifaciens) are known to play a role in the breakdown of isoflavones

and the production of equol®®. Few studies has linked gut Adllercreutzia with human
cardiometabolic health, but equol, which serves as a phytoestrogen, has been shown to have
beneficial effects on both vasodilation and nitric oxide metabolism that may have a favorable
impact on vascular health51:52, Thus, the observed inverse associations of gut Odoribacter
and Adlercreutzia with carotid artery atherosclerosis might be related to some beneficial
metabolites produced by these bacteria (e.g., butyrate, equol) 48:51.52 Unfortunately,
butyrate, equol or other related metabolites were not captured by our lipidomics/
metabolomics, and we did not find any significant associations of these two bacteria with
plasma lipids or metabolites measured in this study. Nevertheless, our data together with
previous findings suggest potential cardiometabolic benefits of Odoribacter, Adlercreutzia
and related bacterial metabolites, and studies are needed to test the potential of these bacteria
as probiotics in the prevention of atherosclerosis and CVD.

Our study has several limitations. The associations of gut microbiota with host plasma

lipid and metabolite profiles and carotid artery plague were examined in a cross-sectional
dataset of women with or at high risk of HIV. However, using a longitudinal dataset of

both women and men with or at high risk of HIV, we found that baseline plasma gut
microbiota-related lipid profiles were significantly associated with incident carotid artery
plaque over 7 years. Due to the limitation of the 16S sequencing data, our analyses focused
on the bacterial genus level, and for some plaque-associated genera, we were unable to
assign the ASVs into specific known species. Our lipidomics/metabolomics measured a total
of 387 lipid species and polar metabolites in plasma, however, levels of these metabolites
were semi-quantified without absolute values. Our methoddid not capture some microbial
metabolites, such as short-chain fatty acids which need to be measured using a different
method 3. Targeted methods on the identified lipids and metabolites are warranted to
validate our findings and better understand the underlying biological mechanisms. In our
metabolic analyses, we did not control for kidney function measures, since some metabolites
are excreted via the kidneys. The microbial functional component data should be interpreted
with caution, although the inferred functional contents by PICRUSt2 have been shown to be
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robust, particularly for the human gut microbiome®*. Due to the nature of our observational
study design, causal inference could not be established without further evidence. In vivo
experimental studies are needed, such as fecal microbiota transplantation in gem-free
atherosclerosis animal models.

In summary, this study identified alterations in gut microbiota, specifically the enrichment
of Fusobacterium and Proteus, and the depletion of Odoribacterand Adlercreutzia, were
associated with carotid artery atherosclerosis in women with or at high risk of HIV.
Notably, higher levels of gut Fusobacterium and Proteus were also associated with multiple
plasma lipid and metabolite profiles, especially higher levels of LPCs, LPEs and DGs
which were associated with progression of carotid artery atherosclerosis over time. We also
found several bacterial enzymes in the lipid metabolism (e.g., Phospholipase Al and A2)
associated with plasma lipid metabolite levels (e.g., LPCs and LPESs), suggesting a potential
contribution of gut microbiota to host plasma lipid profiles associated with carotid artery
atherosclerosis. Our study contributes to the increasing body of gut microbiota studies on
atherosclerosis and CVD by extending the relationship among gut microbiota, host lipid/
metabolite profiles, and CVD to a significantly under-studied group, people living with
HIV infection, with high CVD burden. Our study also supports the concept of a potential
therapeutic role of modulating the gut microbiota and related bacterial metabolites in the
prevention of atherosclerosis and CVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgment

The authors gratefully acknowledge the contributions of the study participants and dedication of the staff at the
MWCCS sites.

Sources of Funding

This study was supported by the National Heart, Lung, and Blood Institute (NHLBI) RO1HL140976. Other related

funding sources included KO1HL129892, RO1HL126543, R01 HL132794, RO1HL083760 and RO1HL095140 from
the NHLBI, R01MDO011389 from the National Institute on Minority Health and Health Disparities, U01 Al035004

and the Einstein-Rockefeller-CUNY Center for AIDS Research (P30A1124414) funded by the National Institute

of Allergy and Infectious Diseases , Einstein Cancer Research Center (P30CA013330) funded by National Cancer

Institute, and the Feldstein Medical Foundation Research Grant to Q.Q.

Data in this manuscript were collected by the Women’s Interagency HIV Study (WIHS) and the Multicenter AIDS
Cohort Study (MACS), now the MACS/WIHS Combined Cohort Study (MWCCS).

The contents of this publication are solely the responsibility of the authors and do not represent the official views
of the National Institutes of Health (NIH). MWCCS (Principal Investigators): Atlanta CRS (Ighovwerha Ofotokun,
Anandi Sheth, and Gina Wingood), U01-HL146241; Baltimore CRS (Todd Brown and Joseph Margolick),
U01-HL146201; Bronx CRS (Kathryn Anastos and Anjali Sharma), U01-HL146204; Brooklyn CRS (Deborah
Gustafson and Tracey Wilson), U01-HL146202; Data Analysis and Coordination Center (Gypsyamber D’Souza,
Stephen Gange and Elizabeth Golub), U01-HL146193; Chicago-Cook County CRS (Mardge Cohen and Audrey
French), U01-HL146245; Chicago-Northwestern CRS (Steven Wolinsky), U01-HL146240; Northern California
CRS (Bradley Aouizerat, Jennifer Price, and Phyllis Tien), U01-HL146242; Los Angeles CRS (Roger Detels

and Matthew Mimiaga), U01-HL146333; Metropolitan Washington CRS (Seble Kassaye and Daniel Merenstein),
U01-HL146205; Miami CRS (Maria Alcaide, Margaret Fischl, and Deborah Jones), U01-HL146203; Pittsburgh
CRS (Jeremy Martinson and Charles Rinaldo), U01-HL146208; UAB-MS CRS (Mirjam-Colette Kempf, Jodie
Dionne-Odom, and Deborah Konkle-Parker), U01-HL146192; UNC CRS (Adaora Adimora), U01-HL146194. The
MWCCS is funded primarily by the National Heart, Lung, and Blood Institute (NHLBI), with additional co-funding

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 14

from the Eunice Kennedy Shriver National Institute Of Child Health & Human Development (NICHD), National
Institute On Aging (NIA), National Institute Of Dental & Craniofacial Research (NIDCR), National Institute Of
Allergy And Infectious Diseases (NIAID), National Institute Of Neurological Disorders And Stroke (NINDS),
National Institute Of Mental Health (NIMH), National Institute On Drug Abuse (NIDA), National Institute Of
Nursing Research (NINR), National Cancer Institute (NCI), National Institute on Alcohol Abuse and Alcoholism
(NIAAA), National Institute on Deafness and Other Communication Disorders (NIDCD), National Institute

of Diabetes and Digestive and Kidney Diseases (NIDDK), National Institute on Minority Health and Health
Disparities (NIMHD), and in coordination and alignment with the research priorities of the National Institutes of
Health, Office of AIDS Research (OAR). MWCCS data collection is also supported by UL1-TR000004 (UCSF
CTSA), UL1-TR003098 (JHU ICTR), UL1-TR001881 (UCLA CTSI), P30-Al-050409 (Atlanta CFAR), P30-
Al-073961 (Miami CFAR), P30-Al-050410 (UNC CFAR), P30-Al-027767 (UAB CFAR), and P30-MH-116867
(Miami CHARM).

Nonstandard Abbreviations and Acronyms

CvD Cardiovascular disease

HIV human immunodeficiency virus

ART antiretroviral therapy

CIMT carotid intima-media thickness

ASV amplicon sequence variant

BMI body mass index

SBP blood pressure

DBP diastolic blood pressure

LPC lysophosphatidylcholines

LPE lysophosphatidylethanolamines

DG diglycerides

WIHS Women’s Interagency HIV Study

MACS Multicenter AIDS Cohort Study
References

1. Kaplan RC, Hanna DB, Kizer JR. Recent Insights Into Cardiovascular Disease (CVD) Risk Among
HIV-Infected Adults. Curr HIV/AIDS Rep. 2016; 13: 44-52. [PubMed: 26910597]

2. Hemkens LG, Bucher HC. HIV infection and cardiovascular disease. Eur Heart J. 2014; 35: 1373-
1381. [PubMed: 24408888]

3. Thienemann F, Sliwa K, Rockstroh JK. HIV and the heart: The impact of antiretroviral therapy: A
global perspective. 2013; 34: 3538-3546b.

4. Brown TT, Gleshy MJ. Management of the metabolic effects of HIV and HIV drugs. 2012; 8:
11-21.

5. Brown JM, Hazen SL. The gut microbial endocrine organ: bacterially derived signals driving
cardiometabolic diseases. Annu Rev Med. 2015; 66: 343-359. [PubMed: 25587655]

6. Zhu S, Xu K, Jiang Y, Zhu C, Suo C, Cui M, Wang Y, Yuan Z, Xue J, Wang J, et al.
The gut microbiome in subclinical atherosclerosis: a population-based multi-phenotype analysis.
Rheumatology (Oxford). 2021; .

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 15

.Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, Zhong H, Liu Z, Gao Y, Zhao H, et al. . The gut

microbiome in atherosclerotic cardiovascular disease. Nat Commun. 2017; 8: 845-017-00900-1.

. Ahmad AF, Dwivedi G, O’Gara F, Caparros-Martin J, Ward NC. The gut microbiome

and cardiovascular disease: current knowledge and clinical potential. American journal of
physiology.Heart and circulatory physiology. 2019; 317: H923-H938. [PubMed: 31469291]

. Zhu Q, Gao R, Zhang Y, Pan D, Zhu Y, Zhang X, Yang R, Jiang R, Xu Y, Qin H. Dysbiosis

signatures of gut microbiota in coronary artery disease. Physiological Genomics. 2018; 50: 893—
903. [PubMed: 30192713]

LiuF, Fan C, Zhang L, Li Y, Hou H, Ma Y, Fan J, Tan Y, Wu T, Jia S, Zhang Y. Alterations of Gut
Microbiome in Tibetan Patients With Coronary Heart Disease. Frontiers in Cellular and Infection
Microbiology. 2020; 10: .

Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D, Backhed F,

Nielsen J. Symptomatic atherosclerosis is associated with an altered gut metagenome. Nature
Communications. 2012; 3: .

Wang Z, Usyk M, Sollecito CC, Qiu Y, Williams-Nguyen J, Hua S, Gradissimo A, Wang T, Xue
X, Kurland 13, et al. Altered Gut Microbiota and Host Metabolite Profiles in Women With Human
Immunodeficiency Virus. Clin Infect Dis. 2020; 71: 2345-2353. [PubMed: 31748797]
Vazquez-Castellanos JF, Serrano-Villar S, Jimenez-Hernandez N, Soto Del Rio MD, Gayo S, Rojo
D, Ferrer M, Barbas C, Moreno S, Estrada V, et al. Interplay between gut microbiota metabolism
and inflammation in HIV infection. ISME J. 2018; 12: 1964-1976. [PubMed: 29789624]

Wang Z, Qi Q. Gut microbial metabolites associated with HIV infection. Future Virol. 2019; 14:
335-347. [PubMed: 31263508]

Hanna DB, Post WS, Deal JA, Hodis HN, Jacobson LP, Mack WJ, Anastos K, Gange SJ,
Landay AL, Lazar JM, et al. HIV Infection Is Associated With Progression of Subclinical Carotid
Atherosclerosis. Clin Infect Dis. 2015; 61: 640-650. [PubMed: 25904369]

Chhibber-Goel J, Singhal V, Bhowmik D, Vivek R, Parakh N, Bhargava B, Sharma A. Linkages
between oral commensal bacteria and atherosclerotic plaques in coronary artery disease patients.
npj Biofilms and Microbiomes. 2016; 2: .

Figuero E, Sanchez-Beltran M, Cuesta-Frechoso S, Tejerina JM, Del Castro JA, Gutiérrez
JM, Herrera D, Sanz M. Detection of periodontal bacteria in atheromatous plaque by nested
polymerase chain reaction. J Periodontol. 2011; 82: 1469-1477. [PubMed: 21453047]

Koren O, Spor A, Felin J, Fék F, Stombaugh J, Tremaroli V, Behre CJ, Knight R, Fagerberg B, Ley
RE, Backhed F. Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc Natl
Acad Sci U S A. 2011; 108: 4592-4598. [PubMed: 20937873]

Bacon MC, von Wyl V, Alden C, Sharp G, Robison E, Hessol N, Gange S, Barranday Y,

Holman S, Weber K, Young MA. The Women’s Interagency HIV Study: an observational cohort
brings clinical sciences to the bench. Clin Diagn Lab Immunol. 2005; 12: 1013-1019. [PubMed:
16148165]

Wang Z, Zolnik CP, Qiu Y, Usyk M, Wang T, Strickler HD, Isasi CR, Kaplan RC, Kurland 1J, Qi
Q, Burk RD. Comparison of Fecal Collection Methods for Microbiome and Metabolomics Studies.
Front Cell Infect Microbiol. 2018; 8: 301. [PubMed: 30234027]

Moon JY, Zolnik CP, Wang Z, Qiu Y, Usyk M, Wang T, Kizer JR, Landay AL, Kurland 1J, Anastos
K, Kaplan RC, Burk RD, Qi Q. Gut microbiota and plasma metabolites associated with diabetes in
women with, or at high risk for, HIV infection. EBioMedicine. 2018; .

Qi Q, Hua S, Clish CB, Scott JM, Hanna DB, Wang T, Haberlen SA, Shah SJ, Gleshy MJ, Lazar
JM, et al. Plasma Tryptophan-Kynurenine Metabolites Are Altered in Human Immunodeficiency
Virus Infection and Associated With Progression of Carotid Artery Atherosclerosis. Clin Infect
Dis. 2018; 67: 235-242. [PubMed: 29415228]

Hanna DB, Guo M, Biizkova P, Miller TL, Post WS, Stein JH, Currier JS, Kronmal RA, Freiberg
MS, Bennett SN, et al. HIV infection and carotid artery intima-media thickness: Pooled analyses
across 5 cohorts of the NHLBI HIV-CVD collaborative. Clin Infect Dis. 2016; 63: 249-256.
[PubMed: 27118787]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 16

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm
EJ, Arumugam M, Asnicar F, et al. Reproducible, interactive, scalable and extensible microbiome
data science using QIIME 2. Nat Biotechnol. 2019; 37: 852-857. [PubMed: 31341288]

Douglas GM, Maffei VVJ, Zaneveld J, Yurgel SN, Brown JR, Taylor CM, Huttenhower C, Langille
MGI. PICRUSt2: An improved and extensible approach for metagenome inference. bioRxiv. 2019;
672295.

Hanna DB, Post WS, Deal JA, Hodis HN, Jacobson LP, Mack WJ, Anastos K, Gange SJ,

Landay AL, Lazar JM, et al. HIV Infection Is Associated with Progression of Subclinical Carotid
Atherosclerosis. 2015; 61: 640—650.

Touboul P-, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, Csiba L, Desvarieux
M, Ebrahim S, Hernandez Hernandez R, et al. Mannheim carotid intima-media thickness and
plaque consensus (2004-2006-2011). 2012; 34: 290-296.

Hanna DB, Lin J, Post WS, Hodis HN, Xue X, Anastos K, Cohen MH, Gange SJ, Haberlen

SA, Heath SL, et al. Association of Macrophage Inflammation Biomarkers With Progression of
Subclinical Carotid Artery Atherosclerosis in HIV-Infected Women and Men. J Infect Dis. 2017,
215: 1352-1361. [PubMed: 28199691]

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C. Metagenomic
biomarker discovery and explanation. Genome Biol. 2011; 12: R60-2011-12-6-r60.

Mandal S, Van Treuren W, White RA, Eggesbg M, Knight R, Peddada SD. Analysis of
composition of microbiomes: a novel method for studying microbial composition. Microb Ecol
Health Dis. 2015; 26: 27663-27663. [PubMed: 26028277]

Langfelder P, Horvath S. WGCNA: An R package for weighted correlation network analysis. BMC
Bioinform. 2008; 9: .

Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Manneras-Holm L, Stahlman M, Olsson

LM, Serino M, Planas-Feélix M, et al. Metformin alters the gut microbiome of individuals with
treatment-naive type 2 diabetes, contributing to the therapeutic effects of the drug. Nat Med. 2017,
23: 850-858. [PubMed: 28530702]

Richmond GS, Smith TK. Phospholipases A 1. International Journal of Molecular Sciences. 2011;
12: 588-612. [PubMed: 21340002]

Bansal P, Gaur SN, Arora N. Lysophosphatidylcholine plays critical role in allergic airway disease
manifestation. Scientific Reports. 2016; 6: .

Rothschild D, Weissbrod O, Barkan E, Kurilshikov A, Korem T, Zeevi D, Costea Pl, Godneva

A, Kalka IN, Bar N, et al. Environment dominates over host genetics in shaping human gut
microbiota. Nature. 2018; 555: 210-215. [PubMed: 29489753]

Deschasaux M, Bouter KE, Prodan A, Levin E, Groen AK, Herrema H, Tremaroli V, Bakker GJ,
Attaye |, Pinto-Sietsma SJ, et al. Depicting the composition of gut microbiota in a population with
varied ethnic origins but shared geography. Nat Med. 2018; 24: 1526-1531. [PubMed: 30150717]
He Y, Wu W, Zheng HM, Li P, McDonald D, Sheng HF, Chen MX, Chen ZH, Ji GY, Zheng ZD, et
al. Regional variation limits applications of healthy gut microbiome reference ranges and disease
models. Nat Med. 2018; 24: 1532-1535. [PubMed: 30150716]

Huh J-, Roh T-. Opportunistic detection of Fusobacterium nucleatum as a marker for the early gut
microbial dysbiosis. BMC Microbiology. 2020; 20: .

Strauss J, Kaplan GG, Beck PL, Rioux K, Panaccione R, Devinney R, Lynch T, Allen-Vercoe E.
Invasive potential of gut mucosa-derived fusobacterium nucleatum positively correlates with IBD
status of the host. Inflamm Bowel Dis. 2011; 17: 1971-1978. [PubMed: 21830275]

Flanagan L, Schmid J, Ebert M, Soucek P, Kunicka T, Liska V, Bruha J, Neary P, Dezeeuw

N, Tommasino M, et al. Fusobacterium nucleatum associates with stages of colorectal neoplasia
development, colorectal cancer and disease outcome. Eur J Clin Microbiol Infect Dis. 2014; 33:
1381-1390. [PubMed: 24599709]

O’Donnell VB, Rossjohn J, Wakelam MJO. Phospholipid signaling in innate immune cells. J Clin
Invest. 2018; 128: 2670-2679. [PubMed: 29683435]

Li X, Fang P, Li Y, Kuo Y-, Andrews AJ, Nanayakkara G, Johnson C, Fu H, Shan H, Du F, et al.
Mitochondrial reactive oxygen species mediate lysophosphatidylcholine-induced endothelial cell
activation. Arterioscler Thromb Vasc Biol. 2016; 36: 1090-1100. [PubMed: 27127201]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 17

Hamilton AL, Kamm MA, Ng SC, Morrison M. Proteus spp. as putative gastrointestinal pathogens.
Clin Microbiol Rev. 2018; 31: .

Armbruster CE, Mobley HLT. Merging mythology and morphology: The multifaceted lifestyle of
Proteus mirabilis. Nature Reviews Microbiology. 2012; 10: 743-754. [PubMed: 23042564]
Pearson MM, Sebaihia M, Churcher C, Quail MA, Seshasayee AS, Luscombe NM, Abdellah

Z, Arrosmith C, Atkin B, Chillingworth T, et al. Complete genome sequence of uropathogenic
Proteus mirabilis, a master of both adherence and motility. J Bacteriol. 2008; 190: 4027-4037.
[PubMed: 18375554]

Ott SJ, El Mokhtari NE, Musfeldt M, Hellmig S, Freitag S, Rehman A, Kiihbacher T, Nikolaus S,
Namsolleck P, Blaut M, et al. Detection of diverse bacterial signatures in atherosclerotic lesions of
patients with coronary heart disease. Circulation. 2006; 113: 929-937. [PubMed: 16490835]
Xue'Y, Li Q, Park CG, Klena JD, Anisimov AP, Sun Z, Wei X, Chen T. Proteus mirabilis

Targets Atherosclerosis Plagues in Human Coronary Arteries via DC-SIGN (CD209). Frontiers in
Immunology. 2021; 11: .

Gomez-Arango LF, Barrett HL, Mcintyre HD, Callaway LK, Morrison M, Dekker Nitert M,
SPRING Trial Group. Increased Systolic and Diastolic Blood Pressure is Associated with Altered
Gut Microbiota Composition and Butyrate Production in Early Pregnancy. Hypertension. 2016; 68:
974-981. [PubMed: 27528065]

Sanchez-Rodriguez E, Egea-Zorrilla A, Plaza-Diaz J, Aragon-Vela J, Mufioz-Quezada S, Tercedor-
Sanchez L, Abadia-Molina F. The gut microbiota and its implication in the development of
atherosclerosis and related cardiovascular diseases. Nutrients. 2020; 12: .

Toh H, Oshima K, Suzuki T, Hattori M, Morita H. Complete genome sequence of the equol-
producing bacterium Adlercreutzia equolifaciens DSM 19450T. Genome Announcements. 2013;
1.

Wang Z, Zhao Y. Gut microbiota derived metabolites in cardiovascular health and disease. Protein
and Cell. 2018; 9: 416-431. [PubMed: 29725935]

Herrington D. Role of estrogens, selective estrogen receptor, modulators and phytoestrogens in
cardiovascular protection. Can J Cardiol. 2000; 16: 5E-9E.

Zheng X, Qiu 'Y, Zhong W, Baxter S, Su M, Li Q, Xie G, Ore BM, Qiao S, Spencer MD, Zeisel
SH, Zhou Z, Zhao A, Jia W. A targeted metabolomic protocol for short-chain fatty acids and
branched-chain amino acids. Metabolomics. 2013; 9: 818-827. [PubMed: 23997757]

Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Clemente JC,
Burkepile DE, Vega Thurber RL, Knight R, et al. Predictive functional profiling of microbial
communities using 16S rRNA marker gene sequences. Nat Biotechnol. 2013; 31: 814-821.
[PubMed: 23975157]

Kaslow RA, Ostrow DG, Phair JP, Detels R, Polk BF, Rinaldo CR Jr. The multicenter aids cohort
study: Rationale, organization, and selected characteristics of the participants. 1987; 126: 310-318.
Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets.
Bioinformatics. 2011; 27: 863-864. [PubMed: 21278185]

Amir A, McDonald D, Navas-Molina JA, Kopylova E, Morton JT, Xu ZZ, Kightley EP, Thompson
LR, Hyde ER, Gonzalez A, Knight R. Deblur rapidly resolves single-nucleotide community
sequence patterns. mSystems. 2017; 2: .

DeSantis TZ, Hugenholtz P FAU, Larsen N, Larsen N FAU, Rojas M, Rojas M FAU, Brodie EL,
Brodie EL FAU, Keller K, Keller K FAU, Huber T, Huber T FAU, Dalevi D, Dalevi D FAU, Hu P,
Hu P FAU, Andersen GL, Andersen GL. Greengenes, a chimera-checked 16S rRNA gene database
and workbench compatible with ARB.

Zhao W, Wang X, Deik AA, Hanna DB, Wang T, Haberlen SA, Shah SJ, Lazar JM, Hodis HN,
Landay AL et al. Elevated Plasma Ceramides Are Associated With Antiretroviral Therapy Use and
Progression of Carotid Artery Atherosclerosis in HIV Infection. Circulation. 2019.

Paynter NP, Balasubramanian R, Giulianini F, Wang DD, Tinker LF, Gopal S, Deik AA, Bullock
K, Pierce KA, Scott J, et al. Metabolic predictors of incident coronary heart disease in women.
Circulation. 2018; 137: 841-853. [PubMed: 29459470]

Hodis HN, Mack WJ, LaBree L, Selzer RH, Liu C-, Liu C-, Azen SP. The role of carotid arterial
intima - Media thickness in predicting clinical coronary events. 1998; 128: 262-269.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al. Page 18

62. Kaplan RC, Kingsley LA, Gange SJ, Benning L, Jacobson LP, Lazar J, Anastos K, Tien PC,
Sharrett AR, Hodis HN. Low CD4+ T-cell count as a major atherosclerosis risk factor in HIV-
infected women and men. 2008; 22: 1615-1624.

63. Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for microbial marker-
gene surveys. Nat Methods. 2013; 10: 1200-1202. [PubMed: 24076764]

64. Otasek D, Morris JH, Bougas J, Pico AR, Demchak B. Cytoscape Automation: empowering
workflow-based network analysis. Genome Biol. 2019; 20: 185-019-1758-4.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 19

Highlights

In women with or at high risk of HIV, carotid artery plaque is associated with
enrichment of gut microbial genera Fusobacterium and Proteus, and depletion
of Odoribacterand Adlercreutzia.

Gut Fusobacterium and Proteus are associated with multiple plasma lipids
such as lysophosphatidylcholines (LPCs) and lysophosphatidylethanolamines
(LPEs), and diglycerides (DGS).

The circulating levels of microbial-associated lipidomic LPCs & LPEs and
DG modules are prospectively associated with increased risk of carotid artery
plaque.

Several microbial functional enzymes in the lipid metabolism are associated
with circulating levels of plasma lipids, as well as gut Fusobacterium and
Proteus. In particular, phospholipase Al and A2 are the key enzymes in

the reactions producing LPCs and LPEs from phosphatidylcholines and
phosphatidylethanolamines.
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Figure 1. Differentially abundant genera according to carotid artery plaque status.
(A) Taxonomic Linear discriminative analysis (LDA) effect size (LefSe) analysis by carotid

artery plaque status, in unstratified samples (n=361), HIV negative samples (n=120), and
HIV positive samples(n=241)

(B) Means and 95% Cls of CSS transformed abundance of gut bacterial genera, by carotid
artery plaque status. P value were estimated in the linear regression models, adjusting

for age, race, study site, antibiotics use, income, education, BMI, current smoking status,
marijuana use and HIV status.

(C) Associations between genera and plaque status. Data are odds ratios (ORs) and 95%
confidence intervals (CIs) for carotid artery plaque per standard deviation increment of CSS
transformed abundance of gut bacterial genera, adjusting for aforementioned covariates.
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Figure 2. Associations of plaque-associated bacterial genera with host plasma lipidomic and
metabolomic profiles.

(A) The number of significant correlations between plaque-associated genera and lipids
(FDR p < 0.05). The Venn diagrams depict overlaps between the Fusobacterium/Proteus
correlated lipids.

(B) The number of significant correlations between plaque-associated genera and polar
metabolites (FDR p < 0.05). The Venn diagrams depict overlaps between the Fusobacterium/
Proteus correlated polar metabolites.

(C) Correlations between bacterial genera and the 8 modules of lipids and metabolites.
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Figure 3. Network analysis of plaque-associated bacterial genera, host plasma lipidomic and
metabolomic profiles.

(A) Network plot illustrating the Fusobacterium and Proteus correlated lipids modules. The
color of node reflects the module of each metabolites and the grey edges indicate the
weighted correlation coefficients among metabolites. Red/green lines indicate the significant
positive/inverse correlations between bacterial genera and metabolites.

(B) Network plot illustrating the Fusobacterium and Proteus correlated polar metabolites
modules.
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Abbreviations: LPC, lysophosphatidylcholine ; LPE, lysophosphatidylethanolamine; DG,

diglyceride; SM, Sphingomyelin; PC, phosphatidylcholine; PC-P, phosphatidylcholines
plasmalogen.
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Figure 4. Associations between Gut microbiota functional enzymes, specific bacteria genera, and

host metabolomics modules.

The Spearman correlation heatmap include 12 microbial functional enzymes under
carboxylic-ester hydrolases category. Associations between the 12 microbial functional
enzymes and the plaque-related bacterial genera Fusobacterium/Proteus, were estimated by
linear regression models after adjustment for age, race, study site, antibiotics use, income,
education, BMI, current smoking status, marijuana use and HIV status. Associations
between the 12 enzymes and lipidomics DG module and LPC & LPE module were also
estimated by linear regression models, adjusting for aforementioned covariates.
Abbreviations: LPC, lysophosphatidylcholine ; LPE, lysophosphatidylethanolamine; DG,

diglyceride;
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Table 1.

Associations of Metabolite Modules with Risk of Carotid Artery Plaque

Page 25

All (n= 737) HIV + (n= 520) HIV - (n= 217) b for
Module RR 95%CI  pvalue RR 95%CI  pvalue RR 95%CI  pvalue Interaction
LPC & LPE (1.00 - ) (1.02- (0.80 -
module Model1 1.36 169) 0007 * 131 167) 0034 139 243) 0.244 0.414
(1.05- (0.99 - (0.83-
Model2 132 1.65) 0018 128 166) 0056 145 2.55) 0.189 0.379
(1.06- ) (1.03- (0.71-
DG module Model1 1.30 1.60) 0011% 130 165) 0030 112 176) 0.634 0.957
(1.05- (1.05- (0.74 -
Model2 129 159) 0017 134 170) 0016 118 188) 0.496 0.943
SM & PC (1.02- (0.94 - (1.04-
module Model1 124 152) 0035 117 145) 0173 179 3.06) 0.034 0.136
(1.02- (0.93- (1.08-
Model2 125 1.54) 0029 117 147) 0179 189 332) 0.026 0.127
(0.85- (0.81- (0.80-
PC-Pmodule  Model1 105 1.28) 0673 102 130) 0858 131 212) 0.281 0.354
(0.88 - (0.81- (0.78 -
Model 2 1.08 133) 0472 103 131) 0826 129 212) 0.319 0.415
Acylcarnitine (0.86 - (0.91- (0.56 -
module Model1 1.06 1.30) 0589 115 145) 0232 087 136) 0.536 0.546
(0.88 - (0.91- (0.58 -
Model2 108 1.33) 0462 115 144) 0247 091 143) 0.672 0.563
Amino acid (0.66 - (0.70 - (0.39-
module Model1 083 1.03) 0094 089 114) 0357 067 115) 0.150 0.987
(0.60 - (0.70 - (0.39-
Model 2 0.86 1.08) 0195 090 115) 0382 068 119) 0.179 0.973
(0.92- (0.88 - (0.62-
Model1 114 1.42) 0239 111 140) 0372 116 214) 0.646 0.636
Methyl and (0.92- (0.89 - (0.62 -
Acetyl module  Model 2 114 141) 0245 112 142) 0325 116 217) 0.643 0.632
(0.83- (0.82- (0.57-
Mixed module ~ Model1 1.06 1.37) 0631 110 148) 0519 104 191) 0.889 0.499
(0.82- (0.80 - (0.55 -
Model 2 1.05 1.36) 0688 108 145) 0610 102 190) 0.948 0.574

The data are adjusted risk ratios (RR) and 95% CI of carotid artery plaque per standard deviation increment in metabolite modules (inverse-normal

transformed).

Model 1: Adjusted for age, sex, race, study site, education, and Smoking status.

Model 2: Further adjusted for ART use, CD4 counts, HIV viral load, crack cocaine use, injected drug use, hepatitis C virus infection.

*
FDR P<0.05. FDR correction was not applied in Model 2 or stratification analyses by HIV infection status.

Abbreviations: LPC, lysophosphatidylcholine ; LPE, lysophosphatidylethanolamine; DG, diglyceride; SM, Sphingomyelin; PC-P,

phosphatidylcholines plasmalogen; CAR, acylcarnitines.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 August 01.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Study Population
	Microbiome sequencing
	Metabolomic/lipidomic profiling
	Carotid Artery Plaque Ascertainment
	Statistical analysis
	Gut microbiota and prevalent carotid artery plaque.
	Gut microbiota and plasma lipidomic and metabolomic profiles .
	Baseline lipidomic/metablomic profiles and incident carotid artery plaque.
	Gut microbiota functional components and plasma lipidomic and metabolomic profiles.


	Results
	Gut Microbiome and Carotid Artery Plaque
	Carotid Artery Plaque-associated Gut Microbial Genera and Host Plasma Metabolite Profiles
	Gut microbiota-associated Host Plasma Metabolite profiles and Risk of Carotid Artery Plaque
	Gut Microbiome Functional Components and the Potential Mechanism

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.



