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Plasma endocannabinoidome and fecal microbiota
interplay in people with HIV and subclinical
coronary artery disease: Results from the Canadian
HIV and Aging Cohort Study

Ralph-Sydney Mboumba Bouassa,1,2,9 Giada Giorgini,3,9 Cristoforo Silvestri,3,4 Chanté Muller,3

Nayudu Nallabelli,3 Yulia Alexandrova,1 Madeleine Durand,5 Cécile Tremblay,5 Mohamed El-Far,5

Carl Chartrand-Lefebvre,5 Marc Messier-Peet,5 Shari Margolese,6 Nicolas Flamand,3 Cecilia T. Costiniuk,2,7

Vincenzo Di Marzo,3,4,8,10,* and Mohammad-Ali Jenabian1,10,11,*
SUMMARY

Chronic HIV infection is associated with accelerated coronary artery disease (CAD) due to chronic inflam-
mation. The expanded endocannabinoid system (eCBome) and gut microbiota modulate each other and
are key regulators of cardiovascular functions and inflammation. We herein investigated the interplay be-
tween plasma eCBome mediators and gut microbiota in people with HIV (PWH) and/or subclinical CAD
versus HIV-uninfected individuals. CAD was determined by coronary computed tomography (CT) angiog-
raphy performed on all participants. Plasma eCBome mediator and fecal microbiota composition were
assessed by tandem mass spectrometry and 16S rDNA sequencing, respectively. HIV infection was
associated with perturbed plasma eCBome mediators characterized by an inverse relationship between
anandamide and N-acyl-ethanolamines (NAEs) versus 2-AG and 2-monoacylglycerols (MAGs). Plasma tri-
glyceride levels were positively associated with MAGs. Several fecal bacterial taxa were altered in
HIV�CAD+ versus controls and correlated with plasma eCBome mediators. CAD-associated taxonomic
alterations in fecal bacterial taxa were not found in PWH.

INTRODUCTION

Despite the success of antiretroviral therapy (ART) to suppress HIV viral replication, people with HIV (PWH) suffer from premature age-related

comorbidities, due to a persistent and chronic inflammatory status known as ‘‘inflamm-aging.’’ This results in accelerated comorbidities,

notably atherosclerosis and coronary artery disease (CAD), which are the leading causes of non-acquired immunodeficiency syndrome

(AIDS)-related morbidity and mortality.1–5 It is estimated that by 2030, at least 78% of PWH will have subclinical or clinical CAD, which is

now amajor cause of death in this population.6,7 Besides traditional cardiovascular risk factors (particularly tobacco smoking), and the relative

toxicities associated with long-term exposure to ART, chronic inflammation and persistent immune activation associated with HIV are consid-

eredmajor contributors to the development of atherosclerotic plaques, a critical factor in the establishment of CAD.6,7 Indeed, PWH typically

exhibit systemic inflammation characterized by constant immune cell activation, resulting in persistent elevated levels of circulating pro-in-

flammatory and profibrotic cytokines such as interleukin (IL)-1b, IL-6, tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-g),

soluble TNF receptor family (sTNFR), monocyte chemotactic factor (CCL2), soluble cluster of differentiation (sCD163 and sCD14), and

intercellular adhesion molecule 1 (ICAM-1).6 This chronic inflammatory state contributes to the dysfunction of vascular endothelial cells,

abnormal lipid metabolism, hypercoagulation, inflammation, and fibrosis of vascular coronary tissues that promote the development of
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2Infectious Diseases and Immunity in Global Health Program, Research Institute of the McGill University Health Centre, Montreal, QC, Canada
3Research Center of the Institut Universitaire de Cardiologie et Pneumologie de Québec (CRIUCPQ), Université Laval
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atheroma plaques and ultimately result in CAD.6 Thus, reducing chronic inflammation could be a promising strategy for the management of

CAD in PWH.8

Over the past few decades, the expanded endocannabinoid (eCB) system, also known as the ‘‘endocannabinoidome’’ (eCBome), has gained

increasing interest, in particular because of its involvement inmodulating several biological functions in the human body, including inflammation,

lipid metabolism, and cardiovascular functions.9–14 The eCB system includes the G-protein-coupled receptors (GPCRs), cannabinoid receptor

type 1 (CB1R) and 2 (CB2R), and their endogenous ligands, the eCBs, anandamide (N-arachidonoylethanolamine; AEA), and

2-arachidonoylglycerol (2-AG). The eCBome also includes eCB-like lipid congeners from the N-acylethanolamine (NAE) and the monoacylgly-

cerol (MAG) families and their GPCRs as well as other receptors, including the peroxisome-proliferator-activated nuclear receptor family and

ligand-activated ion channels.10,11,15 AEA and 2-AG and their respective congeners are primarily known to exert pro-homeostatic proper-

ties.10–13,16–19 However, elevated circulating AEA and 2-AG levels have been associated with atherosclerosis in mouse models, where CB1 acti-

vation was suggested to lead to activation of inflammatory myeloid cells20–23 and to coronary vascular dysfunction in observational studies con-

ducted in obese humans.9,24–31 In contrast, other eCBome lipid members have been found to produce anti-atherosclerotic effects, often by

functioning at non-CB1 receptors and through anti-inflammatory mechanisms.32 These observations suggest that perturbations in circulating

levels of AEA and 2-AG, and by extension their structural congeners, may serve as biomarkers of cardiovascular disease.

Besides the eCBome, the gut microbiota plays a pivotal role in the context of cardiovascular diseases.33–37,32,38 Indeed, gut microbiota

alteration promotes increased production of generally pro- and anti-atherogenic metabolites such as trimethylamine (which is converted

to trimethylamine N-oxide [TMAO] in the liver) and short-chain fatty acids (SCFAs), or secondary bile acids (BAs), respectively.32,38 TMAO

release into the systemic circulation has been linked to coronary plaques, peripheral artery disease, the severity of CAD, including stroke,

myocardial infarction, and death.39–41 While bacterially derived SCFAs may promote or attenuate high blood pressure depending on the

GPCR pathway activated32,38, they are generally considered to be beneficial in the context of cardiovascular health,38,42 similar to secondary

BAs.43–45 However, given the variability within these classes of molecules and the fact that they are able to modulate several signaling

pathways, their relationship with CAD is complex and requires further studies. On the other hand, eCBomemediators produce various effects

on the composition of gut microbiota, as does the pharmacological and genetic manipulation of the eCBome.46–51 As such, NAEs and

2-MAGs have been demonstrated to directly alter the gut microbiota composition both in vitro and in vivo.46–51 In addition, pharmacological

blockade of the CB1 receptor in obesemice alters gutmicrobiota composition and attenuates inflammation.49 Accordingly, desensitization of

CB1 in Mgll�/� mice, as a consequence of the overproduction of 2-AG, results in protection from diet-induced obesity in association with

changes to the gut microbiome, including the inhibition of high-fat-diet-induced increases of Lactobacillaceae.50

HIV infection results in gut microbiota dysbiosis, which in turn drives immune activation and increased levels of pro-inflammatory

cytokines.52 Furthermore, a recent observational study has shown an altered eCBome profile along with elevated levels of inflammatory

mediators, concomitant to reduced levels of AEA and some of its NAE congeners, whereas 2-AG levels were not affected by the HIV status,

suggesting a differential impact of HIV on circulating eCBome mediator metabolism in PWH.53 However, the interplay between gut micro-

biota and circulating eCBome lipids in PWH, notably in the context of subclinical CAD, remain to be uncovered.

Understanding the alterations of circulating eCBome lipids and of gut bacteria occurring in individuals with early clinical precursors of CAD

may allow for the identification of a signature profile associated with premature forms of this condition in PWH. The present study aims

to assess the association between changes in plasma levels of the eCBs AEA and 2-AG and their congeners as well as of gut microbiota

composition with subclinical CAD in PWH.

RESULTS

Study participants

Characteristics of study participants are summarized in the Tables 1, S1, and S2. A total of 208 participants (175males, 84.13%),median age (IQR)

56 years, were included in the study, including n= 156 PWH and n= 52 HIV� as control group. Themedian time fromHIV diagnosis was 19 years

(SEM) and median duration of ART was 15 years (SEM) (Table S2). The HIV+ group had more current tobacco smokers and cannabis smokers

compared to HIV� (31% versus 13%, p = 0.031, and 26% versus 7.7%, p = 0.006, for tobacco and cannabis smoking, respectively). Most of

the study participants were under statin treatment with equal proportions among HIV+ and HIV� groups. PWH had lower levels of total choles-

terol (4.75 versus 5.07mmol/L, p= 0.039), low-density lipoproteins (LDL) (2.61 versus 3.06mmol/L,p= 0.002), and high-density lipoproteins (HDL)

(1.18 versus 1.36 mmol/L, p = 0.004) compared to the HIV� controls, whereas HIV+ participants had higher levels of triglycerides (1.70 versus

1.35 mmol/L, p = 0.050) and insulin (76 versus 55 pmol/L, p = 0.013) as described in Table 1. Compared to CAD� participants, CAD+ individuals

weremore likely to have a family history of CAD (51%versus 41%,p=0.039), being current tobacco smokers (36% versus 17%,p=0.001), beingon

statin therapy (28%versus 14%,p=0.007), with a higher Framingham score (10 versus 8,p=0.018), andwith higher triglycerides levels (1.81 versus

1.38mmol/L, p= 0.037).Within CAD+ individuals, there were no significant difference in total plaque volume, volume of low attenuation plaque,

and calcium score between PWH and HIV� participants (Table S1). Finally, within HIV+ participants, there were no significant difference in the

duration of HIV diagnosis, ART initiation, and ART regimen between CAD+ and CAD� participants (Table S2).

Plasma levels of the endocannabinoids N-arachidonoylethanolamine and 2-arachidonoylglycerol and their congeners in

study participants

Twomain groupsof eCBs and eCB-like lipids were assessed in all study participants. The first group corresponded to theN-acylethanolamines

(NAE) group, which encompasses the eCB anandamide (N-arachidonoylethanolamine: AEA) and its congeners, including
2 iScience 27, 110456, August 16, 2024



Table 1. Characteristics of the study participants according to the HIV status and subclinical coronary artery disease

HIV+

N = 156

HIV�
N = 52 p valuea

CAD+

N = 109

CAD�
N = 99 p valuea

HIV+CAD+

N = 87

HIV+CAD�
N = 69

HIV�CAD+

N = 22

HIV�CAD�
N = 30 p valueb

Characteristics

Sex [n (%)] <0.001 0.4 0.001

Female 15 (9.6) 18 (35) 14 (14) 18 (18) 7 (8.0) 8 (12) 8 (36) 10 (33)

Male 141 (90) 34 (65) 94 (86) 81 (82) 80 (92) 61 (88) 14 (64) 20 (67)

Age at study visit (years)

[Median (IQR)]

56 (52–62) 58 (52–64) 0.2 59 (53–63) 55 (50–60) <0.001 57 (52–62) 55 (51–60) 63 (59–69) 55 (50–58) <0.001

HIV status [n (%)] NA 0.11 NA

HIV� NA NA 22 (20) 30 (30) NA NA NA NA

HIV+ NA NA 87 (80) 69 (70) NA NA NA NA

CAD status [n (%)] 0.11 NA NA

CAD� 69 (44) 30 (58) NA NA NA NA NA NA

CAD+ 87 (56) 22 (42) NA NA NA NA NA NA

CMV-IgG status [n (%)] <0.001 0.6 <0.001

Negative 16 (10) 25 (48) 19 (17) 22 (22) 8 (9.2) 8 (12) 11 (50) 14 (47)

Positive 124 (79) 19 (37) 78 (72) 65 (66) 69 (79) 55 (80) 9 (41) 10 (33)

Unknown 16 (10) 8 (15) 12 (11) 12 (12) 10 (11) 6 (8.7) 2 (9.1) 6 (20)

Diabetes [n (%)] 0.3 0.5 0.3

No 137 (88) 48 (92) 95 (87) 90 (91) 74 (85) 63 (91) 21 (95) 27 (90)

Yes 18 (12) 3 (5.8) 12 (11) 9 (9.1) 12 (14) 6 (8.7) 0 (0) 3 (10)

Unknown 1 (0.6) 1 (1.9) 2 (1.8) 0 (0) 1 (1.1) 0 (0) 1 (4.5) 0 (0)

Family history of

premature CAD [n (%)]

0.8 0.039 0.2

No 70 (45) 26 (50) 42 (39) 54 (55) 32 (37) 38 (55) 10 (45) 16 (53)

Yes 75 (48) 22 (42) 56 (51) 41 (41) 47 (54) 28 (41) 9 (41) 13 (43)

Unknown 11 (7.1) 4 (7.7) 11 (10) 4 (4) 8 (9.2) 3 (4.3) 3 (14) 1 (3.3)

Sexual orientation [n (%)] <0.001 0.041 <0.001

Bisexual 12 (7.7) 0 (0) 7 (6.4) 5 (5.1) 7 (8.0) 5 (7.2) 0 (0) 0 (0)

Heterosexual 38 (24) 40 (77) 32 (29) 46 (46) 15 (17) 23 (33) 17 (77) 23 (77)

Homosexual (MSM) 106 (68) 12 (23) 70 (64) 48 (48) 65 (75) 41 (59) 5 (23) 7 (23)

Ethnicity [n (%)] 0.19 0.0042 0.009

Caucasian 128 (82) 48 (92) 99 (90.8) 77 (77) 78 (89.6) 50 (72.4) 21 (95.4) 27 (90)

Asian 3 (1.9) 0 (0) 3 (2.7) 0 (0) 3 (3.4) 0 (0) 0 (0) 0 (0)

Black/Caribbean 16 (10.2) 1 (1.9) 5 (4.5) 12 (12) 4 (4.5) 12 (17) 1 (4.5) 0 (0)

Black/African 1 (0.6) 1 (1.9) 0 (0) 2 (2) 0 (0) 1 (1.4) 0 (0) 1 (3.3)

(Continued on next page)
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Table 1. Continued

HIV+

N = 156

HIV�
N = 52 p valuea

CAD+

N = 109

CAD�
N = 99 p valuea

HIV+CAD+

N = 87

HIV+CAD�
N = 69

HIV�CAD+

N = 22

HIV�CAD�
N = 30 p valueb

Latino 8 (5.1) 2 (3.8) 2 (1.8) 8 (8) 2 (2.2) 6 (8.6) 0 (0) 2 (6.6)

History of tobacco smoking

[n (%)]

0.031 0.001 0.004

Current smoker 49 (31) 7 (13) 39 (36) 17 (17) 34 (39) 15 (22) 5 (23) 2 (6.7)

Ex-smoker 58 (37) 21 (40) 42 (39) 37 (37) 33 (38) 25 (36) 9 (41) 12 (40)

Never smoked 48 (31) 24 (46) 27 (25) 45 (45) 19 (22) 29 (42) 8 (36) 16 (53)

Unknown 1 (0.6) 0 (0) 1 (0.9) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0)

Cigarette packs-years

[Median (IQR)]

6

(0–26)

1

(0–13)

0.017 12

(0–27)

1

(0–15)

<0.001 13 (1–30) 1 (0–16) 5 (0–19) 0 (0–5) <0.001

Cannabis use [n (%)] 0.006 >0.9 0.10

Active user 41 (26) 4 (7.7) 24 (22) 21 (21) 23 (26) 18 (26) 1 (4.5) 3 (10)

Former user 12 (7.7) 8 (15) 11 (10) 9 (9.1) 7 (8.0) 5 (7.2) 4 (18) 4 (13)

Non-user 103 (66) 40 (77) 74 (68) 69 (70) 57 (66) 46 (67) 17 (77) 23 (77)

Alcohol units per week

[Median (IQR)]

1 (0–6) 4 (1–6) 0.13 2 (0–6) 3 (0–6) 0.6 1 (0–6) 2 (0–6) 3 (0–7) 4 (1–6) 0.5

Type of alcohol drinker [n (%)] 0.11 0.068 0.2

Do not drink 48 (31) 12 (23) 33 (30) 27 (27) 27 (31) 21 (30) 6 (27) 6 (20)

Ex-drinker 9 (5.8) 0 (0) 7 (6.4) 2 (2.0) 7 (8.0) 2 (2.9) 0 (0) 0 (0)

Excessive drinker 11 (7.1) 2 (3.8) 10 (9.2) 3 (3.0) 8 (9.2) 3 (4.3) 2 (9.1) 0 (0)

Social drinker 88 (56) 38 (73) 59 (54) 67 (68) 45 (52) 43 (62) 14 (64) 24 (80)

Illicit drug use ever [n (%)] 70 (45) 14 (27) 0.023 49 (45) 35 (35) 0.2 43 (49) 27 (39) 6 (27) 8 (27) 0.070

Illicit drug use current [n (%)] 49 (31) 4 (7.7) <0.001 32 (29) 21 (21) 0.2 31 (36) 18 (26) 1 (4.5) 3 (10) 0.002

Statin use [n (%)] 0.7 0.007 0.065

No 115 (74) 42 (81) 73 (67) 84 (85) 56 (64) 59 (86) 17 (77) 25 (83)

Yes 36 (23) 9 (17) 31 (28) 14 (14) 27 (31) 9 (13) 4 (18) 5 (17)

Unknown 5 (3.2) 1 (1.9) 5 (4.6) 1 (1.0) 4 (4.6) 1 (1.4) 1 (4.5) 0 (0)

BMI [n (%)] 0.053 0.11 0.068

Healthy weight (18.5–25) 67 (43) 13 (25) 49 (45) 31 (31) 42 (48) 25 (36) 7 (32) 6 (20)

Underweight (under 18.5) 7 (4.9) 1 (1.9) 5 (4.6) 3 (3.0) 4 (4.6) 3 (4.3) 1 (4.5) 0 (0)

Overweight (over 25) 76 (49) 34 (65) 49 (45) 61 (62) 36 (41) 40 (58) 13 (59) 21 (70)

Unknown 6 (3.8) 4 (7.7) 6 (5.5) 4 (4.0) 5 (5.7) 1 (1.4) 1 (4.5) 3 (10)

Systolic blood pressure (mmHg)

[Median (IQR)]

126

(112–134)

123

(117–132)

0.8 124

(111–136)

126

(117–133)

>0.9 124

(111–137)

126

(114–133)

120

(110–130)

126

(120–132)

0.9

(Continued on next page)
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Table 1. Continued

HIV+

N = 156

HIV�
N = 52 p valuea

CAD+

N = 109

CAD�
N = 99 p valuea

HIV+CAD+

N = 87

HIV+CAD�
N = 69

HIV�CAD+

N = 22

HIV�CAD�
N = 30 p valueb

Framingham score

[Median (IQR)]

9 (6–13) 8 (7–13) 0.5 10 (7–14) 8 (5–12) 0.018 9 (6–14) 8 (5–13) 12 (7–15) 7 (6–12) 0.063

Fasting glucose (mmol/L)

[Median (IQR)]

5.00

(4.5–5.6)

4.9

(4.4–5.4)

0.3 5.0

(4.5–5.6)

5.00

(4.5–5.4)

0.4 5.10

(4.57–5.73)

5.00

(4.50–5.43)

4.90

(4.40–5.43)

4.95

(4.55–5.32)

0.5

Hb_A1c [Median (IQR)] 5.31

(5.07–5.7)

5.3

(5.09–5.52)

0.8 5.36

(5.10–5.60)

5.3

(4.96–5.60)

0.3 5.35

(5.10–5.70)

5.30

(5.00–5.70)

5.37

(5.25–5.50)

5.30

(4.81–5.52)

0.7

Total cholesterol (mmol/L)

[Median (IQR)]

4.75

(4.16–5.38)

5.07

(4.6–5.47)

0.039 4.77

(4.16–5.47)

4.99

(4.32–5.35)

0.2 4.67

(4.12–5.50)

4.88

(4.26–3.20)

4.98

(4.66–5.44)

5.22

(4.57–5.67)

0.2

LDL (mmol/L) [Median (IQR)] 2.61

(2.05–3.2)

3.06

(2.68–3.52)

0.002 2.63

(2.08–3.21)

2.92

(2.32–3.37)

0.082 2.54

(1.91–3.20)

2.76

(2.26–3.20)

3.00

(2.68–3.39)

3.12

(2.73–3.57)

0.007

HDL (mmol/L) [Median (IQR)] 1.18

(0.97–1.4)

1.36

(1.18–1.56)

0.004 1.20

(0.97–1.45)

1.24

(1.03–1.45)

0.4 1.16

(0.95–1.42)

1.21

(1.01–1.39)

1.35

(1.18–1.58)

1.38

(1.14–1.51)

0.026

LDL:HDL ratio [Median (IQR)] 2.16

(1.63–2.88)

2.21

(1.83–2.87)

0.3 2.15

(1.61–2.95)

2.19

(1.75–2.86)

0.7 2.16

(1.57–2.95)

2.16

(1.71–2.83)

2.14

(1.83–2.67)

2.22

(1.82–2.89)

0.8

Triglyceride (mmol/L)

[Median (IQR)]

1.70

(1.02–2.28)

1.35

(0.93–1.96)

0.050 1.81

(1.02–2.22)

1.38

(0.97–2.07)

0.037 1.92

(1.07–2.50)

1.45

(0.97–2.04)

1.41

(0.92–1.91)

1.31

(0.95–2.10)

0.022

Insulin (pmol/L) [Median (IQR)] 76

(46–140)

55

(46–77)

0.013 71

(42–127)

71

(50–112)

0.7 75 (42–141) 76 (55–126) 58 (45–81) 53 (46–72) 0.081

HIV, human immunodeficiency virus; CAD, coronary artery disease; CMV-IgG, immunoglobulin G specific for cytomegalovirus; BMI, body mass index; Hb-A1c, hemoglobin A1c; LDL, low-density lipoprotein;

HDL, high-density lipoprotein; mmHg.
aFisher’s exact test; Mann–Whitney U test.
bFisher’s exact test for count data; Kruskal-Wallis rank-sum test; Significant values are presented in bold.
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Table 2. Endocannabinoids and endocannabinoid-like lipids in participants according to their HIV and subclinical coronary artery disease status

HIV+

[Median

(pmol/mL)

(IQR)]

HIV�
[Median

(pmol/mL)

(IQR)]

p valuea

(HIV+ vs.

HIV�)

CAD+

[Median

(pmol/mL)

(IQR)]

CAD�
[Median

(pmol/mL)

(IQR)]

p valuea

(CAD+ vs.

CAD�)

N-acyl-ethanolamines (NAEs)

AEA 0.01042

(0.007–0.013)

0.01277

(0.008–0.015)

0.018 0.01029

(0.007–0.013)

0.01151

(0.008–0.014)

NS

EPEA 0.0001417

(0.000–0.0002)

0.000199

(0.00014–0.0003)

<0.0001 0.00014

(0.000–0.00019)

0.0001821

(0.00011–0.00025)

0.013

LEA 0.001595

(0.00122–0.0021)

0.001844

(0.0014–0.0024)

0.017 0.001636

(0.0012–0.0021)

0.001650

(0.00127–0.0023)

NS

DHEA 0.002214

(0.0017–0.0027)

0.002471

(0.0019–0.0031)

0.032 0.002117

(0.0016–0.0027)

0.002474

(0.0018–0.0028)

0.028

PEA 0.001404

(0.0011–0.0019)

0.0015

(0.0011–0.0022)

NS 0.00139

(0.0011–0.0018)

0.001499

(0.0011–0.0021)

NS

OEA 0.007316

(0.0056–0.0089)

0.00779

(0.0063–0.0096)

NS 0.00733

(0.0054–0.0091)

0.007322

(0.0062–0.0091)

NS

SEA 0.007776

(0.0063–0.0101)

0.007936

(0.0067–0.0096)

NS 0.007851

(0.00633–0.0099)

0.007746

(0.0066–0.0098)

NS

DPA-EA(n-6) 0.0007618

(0.00054–0.00102)

0.0009496

(0.00069–0.00116)

0.013 0.0007417

(0.00052–0.00104)

0.0008668

(0.00060–0.00112)

NS

DPA-EA(n-3) 0.0002728

(0.00018–0.00036)

0.0002330

(0.00019–0.00031)

NS 0.0002712

(0.00019–0.00036)

0.0002657

(0.00018–0.00032)

NS

Monoacylglycerols (MAGs)

2-AG 0.1257

(0.0392–0.2462)

0.07797

(0.030–0.1844)

0.096 0.1276

(0.04143–0.2476)

0.07844

(0.0327–0.2028)

NS

2-EPG 0.002059

(0.00131–0.00378)

0.001590

(0.00092–0.00283)

0.015 0.002064

(0.00127–0.00361)

0.001812

(0.00111–0.00326)

NS

2-DHG 0.008028

(0.00511–0.01411)

0.006415

(0.00482–0.01016)

0.079 0.008037

(0.00507–0.01399)

0.007394

(0.00477–0.01153)

NS

2-LG 0.1026

(0.05948–0.1611)

0.06861

(0.04553–0.1050)

0.0004 0.09859

(0.05738–0.1478)

0.08395

(0.05469–0.1438)

NS

2-DPG 0.02282

(0.01427–0.03388)

0.01647

(0.01124–0.02428)

0.0035 0.02119

(0.01416–0.03397)

0.01943

(0.01328–0.03082)

NS

2-OG 0.1101

(0.06536–0.1615)

0.06698

(0.04853–0.1208)

0.0007 0.1125

(0.06672–0.1542)

0.08480

(0.05154–0.1419)

0.031

(Continued on next page)

ll
O
P
E
N

A
C
C
E
S
S

6
iS
cie

n
ce

2
7
,
1
1
0
4
5
6
,
A
u
g
u
st

1
6
,
2
0
2
4

iS
cience
A
rticle



Table 2. Continued

HIV+

[Median

(pmol/mL)

(IQR)]

HIV�
[Median

(pmol/mL)

(IQR)]

p valuea

(HIV+ vs.

HIV�)

CAD+

[Median

(pmol/mL)

(IQR)]

CAD�
[Median

(pmol/mL)

(IQR)]

p valuea

(CAD+ vs.

CAD�)

Polyunsaturated fatty acid (PUFA)

SDA 0.3499

(0.1522–0.6470)

0.3495

(0.1069–0.4985)

NS 0.3821

(0.1608–0.6518)

0.3426

(0.1114–0.5579)

NS

EPA 0.4504

(0.2895–0.6602)

0.4531

(0.3370–0.6911)

NS 0.4242

(0.2793–0.6251)

0.4610

(0.3473–7186)

NS

DHA 1.592

(1.055–2.415)

1.462

(1.208–2.248)

NS 1.480

(1.072–2.077)

1.730

(1.193–2.564)

NS

AA 2.555

(1.973–3.382)

2.277

(1.871–2.797)

NS 2.290

(1.933–3.059)

2.555

(2.017–3.258)

NS

DPA n-3 0.1640

(0.1013–0.2294)

0.1319

(0.08607–0.1716)

0.014 0.1500

(0.09297–0.2288)

0.1525

(0.1028–0.1997)

NS

DPA n-6 0.6415

(0.4080–0.9033)

0.5606

(0.3961–0.7755)

NS 0.5680

(0.3696–0.8391)

0.6485

(0.4224–0.9030)

NS

LA 19.98

(14.62–26.11)

18.99

(13.18–24.46)

NS 19.66

(13.89–23.75)

19.98

(14.94–27.42)

NS

AEA, N-arachidonoylethanolamine; EPEA, N-eicosapentaenoylethanolamine; LEA, N-linoleoylethanolamine; DHEA, N-docosahexaenoylethanolamine; PEA, N-palmitoylethanolamine; OEA, N-oleoyletha-

nolamine; SEA, N-stearoylethanolamine; DPA-EA(n-6), N-docosapentaenoylethanolamine n-6; DPA-EA(n-3), N-docosapentaenoylethanolamine n-3; 2-AG, 2-arachidonoylglycerol; 2-EPG, 2-eicosapentae-

noylglycerol; 2-DHG, 2-docosahexaenoylglycerol; 2-LG, 2-linoleoylglycerol; 2-DPG, 2-docosapentaenoylglycerol n-3; 2-OG, 2-oleoylglycerol; SDA, stearidonic acid; EPA, eicosapentaenoic acid; DHA, doco-

sahexaenoic acid; AA, arachidonic acid; DPA-u 3, docosapentaenoic acid n-3; DPA-u 6, docosapentaenoic acid n-6; LA, linoleic acid; PUFA, polyunsaturated fatty acid; HIV, human immunodeficiency virus;

CAD, coronary artery disease.
aMann-Whitney U test; Significant values are presented in bold; NS: Not significant.

ll
O
P
E
N

A
C
C
E
S
S

iS
cie

n
ce

2
7
,
1
1
0
4
5
6
,
A
u
g
u
st

1
6
,
2
0
2
4

7

iS
cience

A
rticle



ll
OPEN ACCESS

iScience
Article
N-eicosapentaenoylethanolamine (EPEA), N-linoleoylethanolamine (LEA), N-docosahexaenoylethanolamine (DHEA), N-palmitoylethanol-

amine (PEA), N-oleoylethanolamine (OEA), N-stearidonoylethanolamine (SEA), N-docosapentaenoylethanolamine n-6 [DPA-EA(n-6)],

and N-docosapentaenoylethanolamine n-3 [DPA-EA(n-3)]. The second group was composed of 2-monoacylglycerols (MAGs), including

the eCB 2-arachidonoylglycerol (2-AG) and its congeners, 2-eicosapentaenoylglycerol (2-EPG), 2-docosahexaenoylglycerol (2-DHG),

2-linoleoylglycerol (2-LG), 2-docosapentaenoylglycerol n-3 (2-DPG), and 2-oleoylglycerol (2-OG). We also analyzed the levels of polyunsatu-

rated fatty acids (PUFAs), including stearidonic acid (SDA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), arachidonic acid (AA),

n-3 docosapentaenoic acid (DPA n-3), n-6 docosapentaenoic acid (DPA n-6), and linoleic acid (LA). The changes in the plasma levels of these

lipids are detailed in Tables 2 and 3. Overall, we observed a peculiar pattern with an inverse relationship in plasma levels between NAEs and

MAGs (including the twoeCBsAEAand 2-AG), withNAEsbeingmost significantly elevated inHIV� individuals aswell as inCAD�participants

and MAGs being most significantly elevated in HIV+ and in individuals with CAD (Table 2).

N-acylethanolamines

AEA (p= 0.018), EPEA (p< 0.0001), LEA (p= 0.017), DHEA (p= 0.03), andDPA-EA(n-6) (p= 0.013) were significantly lower in PWH compared to

HIV� participants, and the other NAEs followed the same pattern but without statistically significant differences (Table 2). When considering

only CAD, AEA and several other NAE lipids [LEA, PEA, OEA, DPA-EA(n-6)] were lower in CAD+ compared to CAD� individuals, but without

reaching the statistical significance. However, EPEA and DHEA, which were significantly lower in HIV+ compared to HIV� individuals, were

similarly lower in CAD+ compared to CAD� individuals (p = 0.01 and p = 0.03, respectively, Table 2). Within HIV+ participants, EPEA (p =

0.04), DHEA (p = 0.018), and PEA (p = 0.03) were significantly elevated in HIV+CAD� compared to HIV+CAD+ subgroup, whereas AEA

and its other congeners did not show any statistical difference (Table 3). Within HIV� participants, no significant difference was observed

in the plasma concentrations of AEA and its congeners between participants with and without CAD (Table 3). On the other hand, most of

the NAEs, including AEA (p = 0.02), EPEA (p < 0.0001), LEA (p = 0.02), DHEA (p = 0.02), and DPA-EA(n-6) (p = 0.02), were significantly reduced

in the HIV+CAD+ compared to the HIV�CAD� controls (Table 3). The other congeners of AEA followed the same pattern, but without reach-

ing statistical significance. Several NAEs were either significantly reduced (EPEA [p = 0.005], DHEA [p = 0.02]) or tended to be so [LEA, PEA,

and DPA-EA(n-6)] in the HIV+CAD+ compared to HIV�CAD+ participants (Table 3). Finally, only EPEA (p = 0.01) was significantly reduced in

HIV+CAD� compared to the HIV�CAD� individuals (Table 3).

Monoacylglycerols

Contrary to what was observed for NAEs, 2-EPG (p = 0.02), 2-LG (p = 0.0004), 2-DPG (p = 0.0035), and 2-OG (p = 0.0007) were significantly

elevated in HIV+ versus HIV� participants, with a tendency of elevated plasma levels of 2-AG and 2-DHG (p = 0.09 and p = 0.07, respec-

tively) (Table 2). When considering only CAD status, although all MAGs had the tendency to be increased in CAD+ compared to CAD�
participants, only 2-OG reached statistical significance (p = 0.03, Table 2). Although plasma levels of 2-AG and several of its congeners

were elevated in the HIV+CAD+ compared to the HIV+CAD�individuals, here again, only 2-OG (p = 0.02) reached statistical significance

(Table 3). When comparing HIV+CAD+ versus HIV�CAD+, all MAGs, including 2-AG (p = 0.04), 2-EPG (p = 0.02), 2-LG (p = 0.004), 2-DPG

(p = 0.01), 2-OG (p = 0.001), and 2-DHG (p = 0.08), were elevated in HIV+CAD+ participants (Table 3). The same pattern was maintained

for several MAGs between the HIV+CAD+ versus the HIV�CAD� subgroup, with 2-EPG (p = 0.04), 2-LG (p = 0.006), 2-DPG (p = 0.03), and

2-OG (p = 0.003) being significantly elevated in HIV+CAD+ participants (Table 3). The 2-LG (p = 0.02) and 2-DPG (p = 0.04) were

significantly elevated in the HIV+CAD� compared to the HIV�CAD+ group, and only 2-LG (p = 0.04) was significantly elevated in the

HIV+CAD� compared to HIV�CAD� subgroup. Within HIV� participants, no significant pattern was observed in the plasma levels of

MAGs (Table 3).

Polyunsaturated fatty acids

Overall, no particular pattern was observed in the plasma levels of PUFAs when considering either the HIV or CAD status only; nevertheless,

DPA n-3 was significantly elevated in HIV+ versus HIV� participants (p = 0.02) (Table 3). In addition, DPA n-3 (p = 0.04), AA (p = 0.04), and

DPA n-6 (p = 0.06) were significantly, or tended to be, elevated in the HIV+CAD� compared to the HIV�CAD+ subgroup. DPA n-3 only

tended to be elevated in the HIV+CAD+ compared to the HIV�CAD+ subgroup (p = 0.07), as well as in the HIV+CAD� compared to the

HIV�CAD� subgroup (p = 0.09) (Table 3).

Changes in fecal microbiota in people with HIV and subclinical coronary artery disease

Gut microbiota profiles were assessed in stool samples from a subset of study participants (n = 107) for whom the stool specimens were avail-

able includingHIV+CAD+ (n= 39), HIV+CAD� (n= 26), HIV�CAD+ (n= 19), and HIV�CAD� (n= 23). Beta diversity of the gutmicrobiota was

assessed by principal-component analysis (PCA) at the family and genus taxonomic levels, which did not result in separate clusters based on

the CAD or HIV status (Figure S1). Similarly, principal coordinates analysis (PCoA) followed by PERMANOVA was not able to distinguish be-

tween the CAD� and CAD+ groups (Figure 1A). However, although the HIV� and HIV+ groups largely overlapped, PERMANOVA analysis

identified significant differences between the groups (p < 0.001; Figure 1B). Similarly, when the participants were separated into four groups

based on their HIV and CAD status, once again, the centroids overlapped significantly, and subsequent PERMANOVA found a significant

difference (p < 0.001; Figure 1C). However, an additional post-hoc analysis failed to identify differences between the individual groups. As
8 iScience 27, 110456, August 16, 2024



Table 3. Comparison of endocannabinoids and endocannabinoid-like lipids in participants according to their HIV and subclinical coronary artery disease status

HIV+CAD+

[Median

(pmol/mL)

(IQR)]

HIV+CAD�
[Median

(pmol/mL)

(IQR)]

HIV�CAD+

[Median

(pmol/mL)

(IQR)]

HIV�CAD�
[Median

(pmol/mL)

(IQR)]

Kruskal-Wallis

p-valueb

p valuea

HIV+CAD+

vs.

HIV+CAD�

p valuea

HIV�CAD+

vs.

HIV+CAD+

p valuea

HIV+CAD+

vs.

HIV�CAD�

p valuea

HIV�CAD+

vs.

HIV+CAD�

p valuea

HIV�CAD�
vs.

HIV+CAD�

p valuea

HIV�CAD�
vs.

HIV�CAD+

N-Acyl-ethanolamines (NAEs)

AEA 0.01013

(0.00771–0.01299)

0.01083

(0.00843–0.01373)

0.01277

(0.00811–0.01591)

0.01289

(0.00877–0.01556)

0.08 NS NS 0.017 NS NS NS

EPEA 0.0001271

(0.00008–0.00019)

0.0001691

(0.00011–0.00022)

0.0001899

(0.00013–0.00033)

0.0002102

(0.00016–0.00028)

0.0002 0.042 0.005 <0.0001 NS 0.01 NS

LEA 0.001600

(0.00122–0.00201)

0.001572

(0.00121–0.00215)

0.001973

(0.00129–0.00244)

0.001810

(0.00151–0.00251)

NS NS 0.097 0.023 NS NS NS

DHEA 0.002041

(0.00156–0.00269)

0.002474

(0.00182–0.00285)

0.002471

(0.00203–0.00361)

0.002449

(0.00182–0.00294)

0.013 0.018 0.015 0.018 NS NS NS

PEA 0.001310

(0.00105–0.00171)

0.001567

(0.00114–0.00215)

0.001605

(0.00114–0.00266)

0.001415

(0.00111–0.00226)

0.07 0.034 0.081 NS NS NS NS

OEA 0.007319

(0.00534–0.00883)

0.007156

(0.00620–0.00896)

0.007792

(0.00653–0.00956)

0.007516

(0.00614–0.00974)

NS NS NS NS NS NS NS

SEA 0.007905

(0.00632–0.00993)

0.007637

(0.00647–0.0101)

0.007636

(0.00673–0.01002)

0.008204

(0.00673–0.00933)

NS NS NS NS NS NS NS

DPA-

EA(n-6)

0.0007078

(0.00051–0.00096)

0.0008175

(0.00057–0.00106)

0.0009199

(0.00063–0.00124)

0.009608

(0.00073–0.00114)

NS NS 0.084 0.013 NS NS NS

DPA-

EA(n-3)

0.0002827

(0.00021–0.00037)

0.0002667

(0.00017–0.00034)

0.0002195

(0.00018–0.00033)

0.0002555

(0.00021–0.00032)

NS NS NS NS NS NS NS

Monoacylglycerols (MAGs)

2-AG 0.1379

(0.0469–0.2718)

0.1137

(0.03273–0.2015)

0.08092

(0.02381–0.1474)

0.07473

(0.03152–0.2059)

0.054 NS 0.046 NS NS NS NS

2-EPG 0.002119

(0.00147–0.00407)

0.001875

(0.00112–0.00332)

0.001532

(0.00067–0.00265)

0.001625

(0.00105–0.00291)

0.013 NS 0.020 0.044 NS NS NS

2-DHG 0.008514

(0.00543–0.01448)

0.007654

(0.00456–0.01386)

0.006264

(0.00396–0.01257)

0.006815

(0.00495–0.01006)

0.067 NS 0.083 NS NS NS NS

2-LG 0.1161

(0.06012–0.1759)

0.09692

(0.05930–0.1531)

0.06595

(0.0400–0.1017)

0.07304

(0.04693–0.1052)

0.0006 NS 0.003 0.007 0.023 0.044 NS

2-DPG 0.02376

(0.01518–0.03679)

0.02071

(0.01370–0.03207)

0.01735

(0.01115–0.2057)

0.01634

(0.01179–0.02667)

0.006 NS 0.011 0.027 0.046 NS NS

2-OG 0.1193

(0.08917–0.1754)

0.08959

(0.05410–0.1522)

0.06698

(0.04404–0.1125)

0.06825

(0.04893–0.1250)

0.0002 0.022 0.001 0.002 NS NS NS

Polyunsaturated fatty acid (PUFA)

SDA 0.3953

(0.1637–0.6952)

0.3109

(0.1110–0.5700)

0.3459

(0.06879–0.5529)

0.3543

(0.1216–0.5104)

NS NS NS NS NS NS NS

(Continued on next page)
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Table 3. Continued

HIV+CAD+

[Median

(pmol/mL)

(IQR)]

HIV+CAD�
[Median

(pmol/mL)

(IQR)]

HIV�CAD+

[Median

(pmol/mL)

(IQR)]

HIV�CAD�
[Median

(pmol/mL)

(IQR)]

Kruskal-Wallis

p-valueb

p valuea

HIV+CAD+

vs.

HIV+CAD�

p valuea

HIV�CAD+

vs.

HIV+CAD+

p valuea

HIV+CAD+

vs.

HIV�CAD�

p valuea

HIV�CAD+

vs.

HIV+CAD�

p valuea

HIV�CAD�
vs.

HIV+CAD�

p valuea

HIV�CAD�
vs.

HIV�CAD+

EPA 0.4187

(0.2756–0.6269)

0.4707

(0 0.3151–0.7074)

0.4242

(0.2932–0.6046)

0.4605

(0.3490–0.7243)

NS NS NS NS NS NS NS

DHA 1.485

(1.055–2.041)

1.753

(1.056–2.573)

1.413

(1.165–2.279)

1.509

(1.204–2.282)

NS NS NS NS NS NS NS

AA 2.313

(1.939–3.361)

2.604

(2.045–3.426)

2.095

(1.868–2.623)

2.370

(1.888–3.014)

NS NS NS NS 0.042 NS NS

DPA n-3 0.1564

(0.09885–0.2371)

0.1650

(0.1067–0.2016)

0.1218

(0.07622–0.1623)

0.1369

(0.09649–0.1859)

0.024 NS 0.072 NS 0.039 0.095 NS

DPA n-6 0.6200

(0.3665–0.8680)

0.6630

(0.4300–0.9827)

0.4597

(0.3610–0.6601)

0.6084

(0.4110–0.8268)

NS NS NS NS 0.0628 NS NS

LA 19.62

(14.34–24.14)

20.31

(14.88–28.83)

19.73

(12.36–23.45)

18.83

(14.59–25.04)

NS NS NS NS NS NS NS

AEA, N-arachidonoylethanolamine; EPEA, N-eicosapentaenoylethanolamine; LEA, N-linoleoylethanolamine; DHEA, N-docosahexaenoylethanolamine; PEA, N-palmitoylethanolamine; OEA, N-oleoyletha-

nolamine; SEA, N-stearoylethanolamine; DPA-EA(n-6), N-docosapentaenoylethanolamine n-6; DPA-EA(n-3), N-docosapentaenoylethanolamine n-3, 2-AG, 2-arachidonoylglycerol; 2-EPG, 2-eicosapentae-

noylglycerol; 2-DHG, 2-docosahexaenoylglycerol; 2-LG, 2-linoleoylglycerol; 2-DPG, 2-docosapentaenoylglycerol n-3; 2-OG, 2-oleoylglycerol; SDA, stearidonic acid; EPA, eicosapentaenoic acid; DHA, doco-

sahexaenoic acid; AA, arachidonic acid; DPA-u 3, docosapentaenoic acid n-3; DPA-u 6, docosapentaenoic acid n-6; LA, linoleic acid; PUFA, polyunsaturated fatty acid; HIV, human immunodeficiency virus;

CAD, coronary artery disease.
aMann-Whitney U test; significant values are presented in bold; NS: not significant.
bKruskal-Wallis rank-sum test.
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Figure 1. Principal coordinate analysis (PCoA) and Shannon alpha-diversity index representation of gut microbiotas from study participants according

to HIV and coronary artery disease (CAD)

(A) PCoA analysis according to CAD status. Red dots correspond to participants without CAD, whereas blue dots correspond to CAD+ participants.

(B) PCoA analysis according to HIV status. Red dots correspond to HIV� participants, whereas blue dots correspond to HIV+ participants.

(C) PCoA analysis integrating both HIV andCAD status. Red dots correspond to HIV�CAD�participants, blue dots correspond to HIV+CAD� participants, green

dots correspond to HIV�CAD+ participants, and purple dots correspond to HIV+CAD+ participants.

(D) Shannon alpha-diversity index representation. The graph on the left corresponds to the CAD status. The graph in the middle corresponds to HIV status. The

graph on the right corresponds to both HIV and CAD status.
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it might be expected from the aforementioned findings, no differences in Shannon alpha diversity were identifiedwhen comparing the CAD�
and CAD+, the HIV�, and HIV+ groups, nor the four groups based on their HIV and CAD status (Figure 1D).

The abundance of different families and genera of the fecal microbiota of the study participants was then determined to identify taxa that

were differentially abundant in the four study groups. We globally observed an alteration of profiles of the bacterial families found in

HIV�CAD� controls in favor of an increase in their proportion in HIV�CAD+ (although not statistically significant for most of them), whereas

the abundance of most of these bacterial families was drastically reduced in HIV+CAD+ (Table 4). Indeed, compared to healthy

HIV�CAD�controls, HIV�CAD+ carried significantly more Marinifilaceae (p = 0.03) and almost significantly more Sutterellaceae (p =

0.08); the other bacterial families also followed the same trend, but without reaching the statistical significance. On the other hand, Bacter-

oidaceae (p = 0.01), Ruminococcaceae (p = 0.0003),Monoglobaceae (p = 0.03), Sutterellaceae (p = 0.017), andMarinifilaceae (p = 0.007) were

found to be significantly depleted in HIV+CAD+ compared to HIV�CAD+ (Table 4). Similarly, Bacteroidaceae (p = 0.03), Ruminococcaceae

(p = 0.03),Marinifilaceae (p = 0.022), andMonoglobaceae (p = 0.07) were also significantly depleted in HIV+CAD� compared to HIV�CAD+

(Table 4). Regarding the different genera of bacterial microbiota, a similar trend to what was observed for bacterial families was also found;

with increased abundance in HIV�CAD+ compared to HIV�CAD� healthy controls and reversal of this trend in HIV+CAD+. Indeed,
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Table 4. Changes in the abundance of bacterial families and genera of the fecal microbiota in PWH with subclinical coronary artery disease

HIV�CAD+

vs.

HIV�CAD�

HIV+CAD�
vs.

HIV�CAD�

HIV+CAD+

vs.

HIV�CAD�

HIV+CAD�
vs.

HIV�CAD+

HIV+CAD+

vs.

HIV�CAD+

HIV+CAD+

vs.

HIV+CAD�
Family [difference of means (95% family-wide confidence level range)]

Bacteroidaceae 9.65

(�14.29 to 33.61)

�15.61

(�37.73 to 6.51)

�16.60

(-36.92–3.71)

�25.27*

(�48.59 to �1.94)

�26.26*

(�47.88 to �4.64)

�0.99

(�20.56 to 18.57)

Ruminococcaceae 17.08

(�6.56 to 40.74)

�7.64

(�29.44 to 14.16)

�17.68

(�37.57 to 2.20)

�24.72*

(�47.98 to �1.47)

�34.77***

(�56.23 to �13.30)

�10.04

(�29.44 to 9.36)

Monoglobaceae 7.05

(�17.28 to 31.40)

�15.23

(�37.67 to 7.20)

�16.67

(�-37.13 to 3.79)

�22.29*

(�46.21 to 1.63)

�23.72*

(�45.81 to �1.64)

�1.43

(�21.40 to 18.53)

Sutterellaceae 19.26

(�1.64 to 40.16)

6.55

(�12.71 to 25.82)

�2.51

(�20.08 to 15.06)

�12.70

(�33.25 to 7.84)

�21.77*

(�40.74 to �2.80)

�9.07

(�26.21 to 8.07)

Marinifilaceae 23.43*

(1.74‒‒45.11)

�0.31

(�20.29 to 19.67)

�1.51

(�19.73 to 16.72)

�23.74*

(�45.05 to �2.43)

�24.93**

(�44.61 to �5.26)

�1.19

(�18.98 to 16.59)

Genus [difference of means (95% family-wide confidence level range)]

Bacteroides 9.65

(�14.29 to 33.61)

�15.61

(�37.73 to 6.51)

�16.60

(�36.92 to –3.71)

�25.27*

(�48.59 to �1.94)

�26.26*

(�47.88 to �4.64)

�0.99

(�20.56 to 18.57)

Butyricimonas 16.99*

(0.01‒‒33.97)

3.82

(�11.84 to 19.50)

1.57

(�12.82 to –15.96)

�13.16

(�29.63 to 3.36)

�15.42*

(�30.74 to �0.10)

�2.25

(�16.12 to 11.60)

CAG-56 0.39

(�20.19 to 20.97)

�23.37**

(�42.38 to �4.36)

12.70

(�30.15 to 4.75)

�23.76*

(�43.80 to �3.72)

�13.09

(�31.67 to 5.48)

10.67

(�6.13 to 27.48)

Faecalibacterium 20.41

(�2.67 to 43.49)

�7.10

(�28.41 to 14.21)

�16.78

(�36.35 to 2.79)

�27.51**

(�40.99 to �5.04)

�37.19***

(�58.02 to �16.36)

�9.67

(�28.53 to 9.17)

Flavonifractor 12.81

(�3.00 to 28.63)

6.06

(�8.54 to 20.67)

�3.72

(�17.14 to 9.69)

�6.74

(�22.15 to 8.65)

�16.53*

(�30.81 to �2.25)

�9.78

(�22.71 to 3.13)

Lachnospira 28.49**

(6.37‒‒50.61)

�0.82

(�21.24 to 19.59)

�7.42

(�26.17 to 11.33)

�29.32**

(�50.85 to �7.79)

�35.91***

(�55.87 to �15.96)

�6.59

(�24.65 to 11.46)

Lachnospiraceae_UCG-001 27.96**

(7.82‒‒48.10)

�2.81

(�21.41 to 15.77)

�10.61

(�27.68 to 6.46)

�30.78***

(�50.38 to �11.17)

�38.57***

(�56.75 to 20.40)

�7.79

(�24.23 to 8.65)

Lachnospiraceae_UCG-004 19.32

(�0.58 to 39.23)

1.03

(�17.34 to 19.41)

�10.22

(�27.10 to 6.65)

�18.29

(�37.67 to 1.08)

�29.54***

(�47.51 to 11.58)

�11.25

(�27.51 to 5.00)

Lachnospiraceae_NK4A136_group 12.90

(�11.13 to 36.95)

�15.85

(�37.78 to 6.62)

�10.15

(�30.55 to 10.23)

�28.48*

(�51.90 to �5.07)

�23.06*

(�44.76 to �1.36)

5.42

(�14.21 to 25.06)

Oscillibacter 22.09*

(0.78‒‒43.41)

1.32

(�18.36 to 21.01)

�6.75

(�24.83–11.32)

�20.77*

(�41.53 to �0.02)

�28.85***

(�48.09 to �-9.61)

�8.07

(�25.48 to 25.06)

Roseburia 23.14

(�0.63 to 46.92)

�7.01

(�28.97 to 14.94)

�6.42

(�26.59 to 13.74)

�30.15**

(�53.31 to �7.00)

�29.56**

(�51.02 to �8.10)

0.58

(�18.83 to 20.01)

(Continued on next page)
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Table 4. Continued

HIV�CAD+

vs.

HIV�CAD�

HIV+CAD�
vs.

HIV�CAD�

HIV+CAD+

vs.

HIV�CAD�

HIV+CAD�
vs.

HIV�CAD+

HIV+CAD+

vs.

HIV�CAD+

HIV+CAD+

vs.

HIV+CAD�
Anaerosporobacter �1.59

(�15.44 to 12.24)

�16.04**

(�28.82 to �3.25)

�13.33*

(�25.08 to 1.59)

�14.44*

(�27.92 to 0.96)

�11.74

(�24.23 to �0.75)

2.71

(�8.60 to 14.01)

Blautia �26.14*

(�50.62 to �1.65)

�18.63

(�41.24 to 3.97)

�14.14

(�34.91 to 6.61)

7.51

(�16.33 to 31.34)

11.99

(�10.10 to 34.09)

4.48

(�15.51 to 24.48)

Fusicatenibacter �15.59

(�38.62 to 7.44)

�13.71

(�34.98 to 7.55)

�34.55***

(�54.08 to �15.02)

1.87

(�20.54 to 24.29)

�18.96

(�39.74 to 1.82)

�20.83*

(�39.64 to 2.03)

Erysipelotrichaceae_UCG-003 �10.17

(�33.84 to 13.48)

�16.95

(�38.80 to 4.89)

�21.91*

(�41.98 to �1.84)

6.77

(�29.81 to 16.26)

�11.73

(�33.09 to 9.61)

�4.96

(�24.28 to 14.36)

Romboutsia �6.74

(�30.59 to 17.11)

�17.80

(�39.83 to 4.21)

�24.21*

(�44.43 to �3.97)

�11.06

(�34.28 to 12.15)

�17.46

(�38.98 to 4.06)

�6.39

(�25.87 to 13.08)

Subdoligranulum �12.34

(�36.42 to 11.72)

�24.62*

(�46.84 to �2.39)

�24.80*

(�45.22 to �4.39)

�12.27

(�35.70 to 11.16)

�12.45

(�34.18 to 9.26)

�0.18

(�19.84 to 19.47)

Alloprevotella 3.98

(�17.60 to 25.56)

13.15

(�6.76 to 33.08)

21.43*

(3.13‒‒39.73)

9.17

(�11.83 to 30.19)

17.45

(�2.02 to 36.93)

8.27

(�9.35 to 25.90)

Catenisphaera 2.22

(�15.79 to 20.22)

7.46

(�9.16 to 24.09)

16.84*

(1.57‒‒32.12)

5.24

(�12.28 to 22.78)

14.63

(�1.62 to 30.88)

9.38

(�5.32 to 24.09)

Stool specimens were collected from HIV+CAD+ (n = 39), HIV+CAD� (n = 26), HIV�CAD+ (n = 19), and HIV�CAD� (n = 23).

Tukey multiple comparison of means 95% family-wide confidence level. Results are displayed as difference of means alongside the range (lower and upper values) of the 95% family-wide confidence level.

Significant values are shown in bold (*p < 0.05; **p < 0.01; ***p < 0.001).
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HIV�CAD+ carried significantly more Butyricimonas (p = 0.049), Lachnospira (p = 0.005), Lachnospira_UCG-001 (p = 0.002), Oscillibacter

(p = 0.04), and Roseburia (p = 0.05) and showed trends toward harboring significantly more Lachnospira_UCG-004 (p = 0.06) and

Sutterella (p = 0.08) compared to HIV�CAD� (Table 4). On the other hand, Bacteroides (p = 0.0105), Butyricimonas (p = 0.04), Faecalibacte-

rium (p < 0.00001), Flavonifractor (p = 0.02), Lachnospira (p < 0.00001), Lachnospira_UCG-001 (p < 0.00001), Lachnospira_UCG-004

(p < 0.001), Lachnospira_NK4A136_group (p = 0.03), Oscillibacter (p < 0.001), and Roseburia (p < 0.001) were found to be significantly

depleted in HIV+CAD+ compared to HIV�CAD+, and Sutterella (p = 0.06) followed the same trend without reaching statistical significance

(Table 4). Another pattern of altered proportion of bacterial genera in the fecal microbiota of HIV+CAD+participants was also observed, with

a decrease in the abundance of several genera with HIV infection and with subclinical CAD. Indeed, compared to HIV�CAD�, HIV+CAD+

participants carried significantly less Fusicatenibacter (p < 0.0001), Anaerosporobacter (p = 0.02), Erysipelotrichaceae_UCG-003 (p = 0.03),

Romboutsia (p = 0.01), and Subdoligranulum (p = 0.01) (Table 4). Fluctuations in some genera were also found to be driven by the

presence of CAD within PWH and also in HIV� individuals. HIV+CAD+ individuals had a significantly lower abundance of Fusicatenibacter

than HIV+CAD� (p = 0.02). In addition, HIV�CAD+ carried significantly less abundant Blautia than HIV�CAD� (p = 0.03). Moreover, HIV

infection alone was also associated with a decrease in bacterial genera, with HIV+CAD� carrying significantly less abundant Anaerosporo-

bacter (p = 0.008) and Subdoligranulum (p = 0.02) than HIV�CAD� (Table 4). Finally, two genera of the fecal microbiota showed a different

pattern from the others, with a significant increase in abundance of Alloprevotella (p = 0.01) and Catenisphaera (p = 0.02) in HIV+CAD+

compared to HIV�CAD� (Table 4).

Correlations between plasma eCBome mediator levels, the composition of fecal microbiota, and clinical parameters of the study
participants

To assess whether plasma levels of eCBs and their congeners were associated with clinical parameters related to HIV infection and CAD, cor-

relation analyses were performed. Total cholesterol levels were positively associated with plasma levels of LEA in the whole study populations

(Figures 2 and S2–S4), whereas in CAD+ and HIV+CAD+ individuals this parameter was also associated with SEA (Figures 2 and S4). Interest-

ingly, when considering the whole study population, CAD+, or HIV+CAD+ status, triglyceride levels were positively associated with plasma

levels of several MAGs, including 2-OG, 2-LG, 2-EPG, and 2-DPG (Figures 2, S2, and S4) along with 2-AG and 2-DHG in the HIV+ group

(Figures S3). In HIV+CAD+ participants, plasma levels of several MAGs were associated with both duration of HIV infection and duration

of ART, whereas plasma levels of NAEs PEA and DPA-EA(n-6) were negatively associated with these measures (Figure 2). Plasma levels of

PEA were positively associated with two major clinical parameters of CAD, including the total plaque volume and the volume of low atten-

uation plaque, as well as the volume of fat near the right coronary artery, while being negatively correlated with epicardial fat attenuation

(Figures 2 and S4). In HIV+CAD+ participants, 2-AG showed the inverse profile of what was observed for PEA for all these clinical measures

(Figure 2). Like 2-AG, plasma levels of 2-DHG were also negatively associated with these major clinical parameters of CAD (Figure 2). Finally,

among NAEs, only PEA levels were associated negatively with MAG levels, regardless of HIV or CAD status (Figures 2 and S2–S4).

Correlation analysis revealed unique interactions between the gut microbiota and the circulating eCBome depending on the analyzed

study group (Figures 2 and S2–S4). In the whole study population, the family Monoglobaceae was negatively associated with SEA, OEA,

2-AG, and 2-DPG, whereas the families Bacteroidaceae and Sutterellaceae were negatively associated with 2-LG and 2-OG, with the former

bacterial family positively associated with HbA1C levels and the latter one negatively associated with triglyceride levels (Figures S2). All these

associations were lost within the HIV+ and CAD+ groups, except for the negative association between Sutterellaceae and 2-OG in HIV+ in-

dividuals (Figures S3 and S4). Importantly, in CAD+ only Bacteroidaceaewas positively associated with PEA as well as right coronary artery fat

volume, total plaque volume, and low attenuation plaque volume, while being negatively associated with epicardial fat attenuation

(Figures S4). In HIV+CAD+ participants, Bacteroidaceae was also positively associated with total plaque volume and low-attenuation plaque

volume (Figure 2). At the genus level, again in the whole study population, Blautia was positively associated with the NAEs, including AEA,

LEA, OEA, and DHEA, whereas Flavonifractorwas negatively associated with the 2-MAGs, including 2-AG, 2-DHG, 2-LG, and 2-OG as well as

triglyceride and insulin levels (Figures S2). Again, no such associations were observed in the HIV+ and CAD+ groups, with Blautia instead

being positively correlated with AEA levels in HIV+ (Figures 2, S3, and S4). Bacteroides was positively associated with total plaque volume

and volume of low attenuation plaque, whereas Catenisphaera was negatively associated with these (Figures 2 and S4).

In contrast, within the HIV+ group, only the family Marinifilaceae was found to have significant negative associations with several

NAEs (AEA, EPEA) and 2-MAGs (2-LG, 2-OG, and 2-EPG) (Figures S3). However, Marinifilaceae was negatively associated only with

EPEA in HIV+CAD+ participants (Figure 2). At the genus level while Butyricimonas was similarly negatively associated with several

2-MAGs (2-LG, 2-OG, 2-DPG, and 2-DHG), all these associations were lost in HIV+CAD+ participants (Figures 2 and S3). In contrast, CAG-

56was positively associated with several of the same 2-MAGs (2-OG, 2-EPG, 2-DPG) as well as triglycerides (Figures S3). Again, none of these

associations were observed in the CAD+ and HIV+CAD+ groups (Figure 2). Instead, while in CAD+ participants, Fusicatenibacter was

uniquely found to be negatively associated with the 2-MAGs, 2-LG, 2-OG, 2-EPG, 2-DPG, and triglyceride levels (Figures S4), all these asso-

ciations were lost in HIV+ individuals (Figures 2 and S3). Finally, while Bacteroides correlated positively with total plaque volume and volume

of low attenuation plaque, these CAD-related parameters correlated negatively with Catenisphaera (Figures 2 and S4).

DISCUSSION

The primary goal of this study was to determine whether the plasma levels of the two eCBs, AEA and 2-AG, and their NAE and 2-MAG con-

geners, respectively, were associated with subclinical CAD in PWH.We also assessed the association between this expanded eCB system, or
14 iScience 27, 110456, August 16, 2024



Figure 2. Heatmaps of Spearman correlations between plasma eCBome, fecal microbiota, clinical data, and risk factors associated to coronary artery

disease (CAD) among HIV+CAD+ participants

Correlations areperformedusing the cor.test R function,withBonferroni correction. Positive andnegative correlations are displayed inblue and red, respectively, with

color intensity being proportional to the coefficient’s value. The ordinate axis on the right represents the scale of coefficients of the Spearman correlation. The two-

abscissa axis represents plasma eCBome, fecal microbiota, clinical data, and risk factors associated with CAD. The significance level for p values was set at <0.05.

Nota bene: the correlations betweenmicrobial families and genus and other variables have been performed only on a subset of study participants fromwhom the

stool specimens have been collected.
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eCBome, and the gut microbiota in a subset of the study participants. Overall, we observed a peculiar pattern in plasma levels of eCBome

mediators, with an inverse relationship between plasma NAE and MAG levels in PWH and HIV� individuals. Globally, PWH exhibited lower

levels of AEA and its NAE congeners and higher levels of 2-AG and its MAG congeners. On the other hand, HIV� individuals displayed

higher levels of AEA and several others NAEs and lower levels of several MAGs compared to PWH. When comparing the eCBome mediator

plasma levels based on the CAD+ status, decreased levels of NAEs, EPEA and DHEA, and higher levels of only one MAG (2-OG)

were observed compared to CAD� individuals. The similar inverse balance between NAEs and MAGs was also observed within PWH,

with HIV+CAD+ individuals exhibiting lower levels of NAEs and higher levels of 2-OG compared to HIV+CAD� participants. Interestingly,

PEA was the only eCBome mediator that showed a positive association with total atheroma plaque volume and low-attenuation plaque in

individuals with subclinical CAD. In HIV+CAD+ individuals, this positive association with PEA and the two main subclinical CADmarkers con-

trasted with the negative correlation between PEA and duration of HIV infection and duration of ART. A potential gut microbiota signature

profile reflecting subclinical CADwas also characterized as shown by the positive association between Bacteroidaceae family and the Bacter-

oides genus (the likely driver for correlations observed for Bacteroidaceae to which it belongs), with both total atheroma and low-attenuation

plaque volume. However, within HIV� individuals, no significant differences in the plasma levels of eCBome lipids were observed when

comparing individuals with CAD and those without CAD. These findings, apart from confirming the different behavior of alterations in the

circulating levels of NAEs and MAGs as documented in some previous human studies,54–56 indicate for the first time that HIV infection

and CAD are associated with similar alterations in eCBome mediators.

When comparing our finding of the absence of association between all other eCBome mediators and markers of subclinical CAD, with

previous data showing that some NAEs or 2-MAGs are instead related to such markers in overweight individuals with overt CAD and without

HIV24,30,31,57, it is tempting to speculate that such changes are the consequence rather than the early cause (or marker) of clinical or acute CAD

or of the transition into these conditions from subclinical CAD. Overall, these findings suggest that chronic HIV infection, but not subclinical

CAD per se, significantly alters the circulating eCBome profile signature in PWH and that this alteration affects differentially the two main

classes of eCBome mediators, NAEs and MAGs.

We found significantly lower plasma levels of AEA and several of its congeners including EPEA, LEA, DHEA, and DPA-EA(n-6) in PWH

compared to HIV� control group. Our results are in line with the plasma profile of some NAEs depicted in a recent observational study,

also showing lower concentrations of circulating AEA and OEA in PWH compared to HIV� controls.53 These findings provide additional sup-

portive evidence of the capacity of chronic HIV infection to significantly alter lipid metabolism globally6,7 and particularly the class of lipids

belonging to the eCBome, such as NAEs.53 One possible way by which chronic HIV could lower the levels of AEA and other NAEs would be by

disrupting the activity of the main enzymes involved in the metabolism of these lipids.53 Indeed, the majority of NAEs, including AEA, are

biosynthesized from the hydrolysis of cell membrane precursors, theN-acyl-phosphatidylethanolamines (NAPEs), mainly through the activity

of NAPE-specific phospholipase D (NAPE-PLD).15 In parallel, NAEs in humans are mainly hydrolyzed by two isoforms of fatty acid amide hy-

drolase (FAAH-1 and -2).15 Thus, it could be envisioned that HIV could enhance degradation of NAEs by these enzymes and therefore reduce

their circulating levels. Such a possibility has been validated in an animal model demonstrating that the HIV glycoprotein gp120 enhances the

activity of FAAH, thus reducing the tissue concentrations of AEA.58 Indeed, other studies have also shown increased levels of AEA after phar-

macologic or genetic inhibition of FAAH.11,59–61

Another parameter to consider that could also affect plasma levels of NAEs in PWH is the use of lipid-lowering therapy such as statins.

Indeed, given their elevated risk of developing CAD, PWH are very often prescribed statins, which have effectively demonstrated excellent

efficacy in a large phase 3 randomized clinical trial by drastically reducing the risk of CAD development in PWH.62 Indeed, statins reduce the

levels of LDL cholesterol,63 one of themain drivers of CAD. Therefore, a reduction in cholesterol-associated lipoproteins by statins could pre-

sumably also reduce the levels of certain NAEs. In our study, alongside with low levels of NAEs, PWH also exhibited low levels of LDL, HDL,

and total cholesterol compared to HIV� controls. However, in our cohort, only around one-quarter of PWH were on statins when they were

included in the study and no differencewas observed in statin intake in HIV+ versus HIV� individuals. Further studies are nevertheless needed

to better elucidate the relationship between NAEs and statin use in the context of HIV, as these molecules are strongly recommended for

PWHas an efficient CADpreventive therapy.62 Importantly, in a recent observational study involving PWH,Murray et al. showed that low levels

of AEA and its congeners were accompanied by higher levels of soluble markers of systemic inflammation (TNFR2 and CD27).53 As AEA and

several of its NAE congeners are known to exert anti-inflammatory effects,10–13,19,30 low circulating levels of these lipids in PWH could serve as

an additional biomarker (and be one of the possible causes) of the chronic inflammatory status in PWH.

Unlike NAEs, we found significantly higher levels of several MAG congeners in PWH compared to HIV� controls. In contrast to our data,

which show an increase of 2-AG levels and its congeners in PWH and its significant increase in HIV+CAD+ versus HIV�CAD+ individuals,

Murray et al. did not find any significant impact of the HIV status on plasma levels of this eCB.53 The large age difference between the

two study cohortsmay explain these discrepant observations. Indeed, elevated levels of 2-AG in plasma have been suggested as a biomarker

of aging.28 In the study by Murray et al., PWH were relatively young with a mean age of 32.5 years,53 whereas in our study, PWH were on

average 57.2 years old. Like AEA, 2-AG is described as having anti-inflammatory properties via activation of cannabinoid CB2

receptors.9,10,15,64,60 Therefore, since chronic HIV infection is associated with systemic inflammation,6,7 one would also expect to observe a

reduction in 2-AG levels in PWH compared to their HIV negative counterpart, as was the case for AEA and its NAE congeners. However,

2-AG has also been described to cause pro-inflammatory and atherogenic effects via activation of CB1 receptors,
65,66 which would instead

explain the higher levels of this compound in PWH. With regard to the higher levels of other MAGs, as in the case of NAEs, this could be

explained by the fact that, within the same family of eCBomemediators, often the same enzymes regulate the biosynthesis and degradation
16 iScience 27, 110456, August 16, 2024
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of different members of these families, and such enzymes could be disrupted in PWH. However, unlike NAEs, to the best of our knowledge,

there is no previous evidence of MAG metabolic enzyme disruption in animal models of HIV infection.

At any rate, the inverse fluctuation of 2-AG compared to AEA in PWH supports the fact that chronic HIV disrupts lipid metabolism6,7

and that this dysregulation affects differentially the metabolism of NAEs and MAGs such as 2-AG and AEA.53 Indeed, while AEA is mainly

biosynthesized by NAPE-PLD and hydrolyzed by FAAH,15 one possible mechanism for the biosynthesis of plasma MAGs is through the

sequential hydrolysis of triglycerides first and then diacylglycerols, for example in the visceral adipose tissue (VAT) or liver.15 Accordingly,

in our study, while within NAEs only plasma levels of LEA positively correlated with total cholesterol levels, several MAG congeners positively

correlated with triglyceride levels. Importantly, in contrast to cholesterol, triglyceride levels were increased according to both HIV and CAD

status, with the highest levels in HIV+CAD+ individuals among all study groups. Thus, dyslipidemia in PWHmight alter MAGs and eventually

contribute to preclinical CAD. Indeed, cross-sectional studies have shown elevated levels of 2-AG, but not AEA, in the VAT of obese people

with elevated blood triglycerides.25,26 Additionally, when obese individuals were submitted to a 1-year lifestyle change including healthy diet

and physical activity, VAT and blood triglyceride reduction were correlated with a drastic decrease of 2-AG plasma levels, suggesting that a

possible source of plasma 2-AG, and by extent itsMAG congeners, are triglycerides coming from VAT.25–27 Therefore, elevated levels of 2-AG

and its congeners might be explained by the hypertriglyceridemia commonly observed in PWH taking ART.67 Notably, duration of ART was

associated with increased plasma levels of MAGs in HIV+CAD+ participants. The majority of PWH in our study were receiving nucleoside

reverse-transcriptase inhibitor (NRTI) containing regimens for long periods, which might affect their blood triglyceride levels and, conse-

quently, their 2-AG plasma levels. Indeed, hypertriglyceridemia is the most common type of dyslipidemia driven by certain antiretroviral mol-

ecules such as protease inhibitors as well as NRTIs and non-NRTIs that perturb lipid metabolism.67 Although 2-AG and AEA levels were not

significantly different between CAD+ and CAD� PWH, they followed the same pattern as their respective congeners. PWH with CAD had

lower plasma levels of PEA, DHEA, and EPEA, which share the same metabolism as AEA,15 while exhibiting higher plasma levels of 2-OG,

a 2-AG congener.15 Moreover, in PWH, DHEA inversely correlated with the increase in the number of cigarette packs smoked per year, a

strong risk factor associated with CAD.6,7 Interestingly, PEA, EPEA, and DHEA have been shown to exert anti-inflammatory

properties,12,16,18,68,69 and it has been suggested that dietary supplementation with these compounds or their fatty acid precursors may

improve inflammatory conditions.19 Importantly, within all eCBome mediators that we assessed, only PEA has been associated with clinical

markers of CAD including total atheroma plaque volume and the low-attenuation plaque volume in CAD+ individuals. Indeed, PEA has been

shown to be associated with worsened coronary function and arterial inflammation,30 whereas its levels were shown to decrease with hyper-

tension in elderly men,29 possibly suggesting that enhancement or reduction of circulating PEA levels might represent an adaptive or mal-

adaptive response to cardiometabolic risk. Indeed, PEA has been shown to promote attenuation of atherosclerotic plaque formation in

mice17 and of atherogenic inflammation.66 On the other hand, although non-2-AG MAGs, such as 2-OG, are less studied, high levels of

2-AG have been shown to correlate positively with atherogenic markers, including hypertriglyceridemia in several pre-clinical

studies,20,21,27,28,31 supporting the hypotheses that (1) a major source of these MAG would be triglycerides (possibly deriving from

the VAT), and (2) 2-AG, contrary to its role exerted when activating CB2 receptors, exacerbates atherogenic inflammation by activating

CB1 receptors.65,66 Consistent with these hypotheses, we observed a strong positive correlation between 2-OG and other MAGs and triglyc-

eride levels in individuals with CAD.

The gutmicrobiota has been shown to be widely altered both during CAD and following HIV infection33–37,52 and to influence the eCBome

system35,47,.70–73 While no major differences were observed in diversity among the four investigated study groups, three major patterns of

alterations in bacterial families and/or genera were detected: (1) changes due to the presence of CAD observed only in the absence of

HIV; (2) changes due to the presence of HIV only in individuals with CAD (i.e., significant when comparing the HIV+CAD+ with HIV�CAD+

group) or observed in the presence of both HIV and CAD (i.e., when comparing the HIV+CAD+ with the HIV�CAD� group), and (3) less

frequently observed changes due to the presence of HIV only. The families Marinifilaceae and, possibly, Sutterellaceae (p = 0.08), which

were increased by CAD and depleted by the concomitant presence of HIV, displayed pattern (1) above, whereas Bacteroidaceae, Rumino-

coccaceae, and Monoglobaceae, by being depleted by HIV but only in people with CAD, displayed pattern (2) above. Furthermore, the

genera Butyricimonas, Lachnospira, Lachnospira_UCG-001, Oscillibacter, Roseburia, Lachnospira_UCG-004 (p = 0.06), and Sutterella (p =

0.08), by being increased by CAD in HIV� individuals and then decreased when HIV was present, showed pattern (1) above and so did Blautia

by being decreased by CAD but only in the absence of HIV. On the other hand, the genera Bacteroides, Faecalibacterium, Flavonifractor,

Lachnospira_NK4A136_group, andOscillibacterwere depleted in HIV+CAD+ compared toHIV�CAD+ and thus displayedpattern (2) above,

as did Fusicatenibacter, Erysipelotrichaceae_UCG-003, and Romboutsia, which were depleted, and Alloprevotella and Catenisphaera, which

were increased, in HIV+CAD+ compared to HIV�CAD� participants. Only the genera Anaerosporobacter and Subdoligranulum, by being

decreased in HIV in the absence of CAD (and the former genus even more in the presence of CAD), display pattern (3) above.

These observations indicate that, in the CHACS cohort, subclinical CAD is a major determinant of fecal microbiota taxonomic alterations.

However, the presence or absence of HIV also seems to drive some changes per se and, more frequently, plays a permissive role in the

observed CAD-induced changes. Given the multifaceted role of most of the known species belonging to the altered genera, it is difficult

to ascertain to what extent such alterations contribute to the various metabolic and inflammatory aspects of chronic HIV. In this sense, the

observed correlation of some taxa with CAD and metabolic markers suggests a potential interplay between the changes in microbiota

and eCBome mediators in the context of preclinical CAD. In particular, in the CAD+ cohort only, the Bacteroidaceae family and the Bacter-

oides genus were positively associated with PEA plasma levels. Regardless of HIV status, Bacteroidaceae and Bacteroides were associated

with CADmajor clinical markers, including total plaque volume and low attenuation plaque, while Catenisphaera were negatively associated
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with them. The fact that PEA was the only eCBome mediator that was associated with CAD clinical markers, and PEA levels were exclusively

enriched in HIV+CAD+ participants compared to HIV+CAD� participants, might suggest a potential signature of the interplay between the

eCBome and gut dysbiosis in line with CAD development. Yet, the correlations between Bacteroidaceae and Bacteroides and PEA were only

observed in the entire CAD+ and not HIV+CAD+ cohorts, perhaps because of the significantly smaller size of the latter. However, it cannot be

ignored that both theBacteroidaceae family and the Bacteroides genus were depleted in HIV+CAD+ versus HIV�CAD+, which raises a ques-

tion on their functional link with the eCBome and CAD in PWH. Additionally, some of the fecal microbiota alterations may be suggestive also

of changes in eCBome-based communication between host and gut bacteria in HIV+CAD+ individuals. As such, the reduction of Bacteroides

in this group might possibly be driven by ART medication (although no correlation between these genera and the length of time of ART was

observed). Furthermore, the reduction of Bacteroides in this groupmay also be suggestive of potentially reduced levels of non-NAE and non-

MAG eCB-like molecules (which we did not measure in this study) produced by several species belonging to this genus.74,75

In sum, the observations that subclinical CAD, rather than chronic HIV and ART, drives most changes in the fecal microbiota composition,

and that several of such changes are nevertheless reversed or unobserved with the cooccurrence of HIV, opens novel perspectives on the role

of the gut microbiota in the partially overlapping inflammatory conditions accompanying subclinical CAD and HIV. The finding that no sig-

nificant changes in circulatingNAE andMAG levels were associated with subclinical CAD alonemay suggest that eCBomemediators and gut

microbiota composition are modulated by mostly non-overlapping mechanisms in our cohort.

In conclusion, chronic HIV infection profoundly alters the plasma level profile of eCBs and relatedmediators in PWH,marked by an inverse

relationship between NAEs and MAGs. This signature pattern was almost maintained within HIV+CAD+ group, suggesting that chronic HIV

infection, but not subclinical CAD, is the main driver of altered eCBome system in PWH. Regarding the gut microbiota taxonomic composi-

tion, this appeared to dependmostly on the presence of the subclinical CAD status, although the co-presence or absence of chronic HIV plays

a permissive role in many of the observed alterations. Further studies are required to understand the main sources and mechanisms under-

lying the changes observed here in the circulating levels of eCBomemediators in the context of subclinical CAD in PWH and those interesting

aletartions in gut microbiota composition observed in CAD that are ‘‘canceled’’ by a concurrent HIV status.
Limitations of the study

Our study has some limitations, in particular its cross-sectional design, which did not allow us to better elucidate the overtime relationship

between changes in eCBome and development of subclinical CAD and to clearly explain the inverse plasmaNAE andMAGprofiles observed

in PWH compared to their HIV� counterpart. A longitudinal follow-up of the participants with controlled diets and other parameters that in-

fluence lipid metabolism and the eCBome, such as statins, would be helpful to better understand the dynamic of these profiles in the context

of HIV and CAD and their potentially causative or merely correlative role with these conditions. Another limitation of this study is the fact that

our cohort, notably the PWH, is largely dominated by males, which might have biological impacts on the eCBome system and the gut micro-

biota. In addition, both current cannabis and tobacco smoking, as well as drug use, were higher in PWH versus HIV� controls, which might

also affect eCBome mediators or gut microbiota composition. Likewise, tobacco smoking was also more common in CAD+ compared to

CAD� participants, whereas cannabis use was more frequent in PWH. The non-uniform distribution of these consumption habits within

the study groups could constitute a confounding factor. Indeed, the frequent use of these substances has been shown to affect eCBomeme-

diators76–78 and the composition of gut microbiota.79,80 Moreover, in PWH, frequent tobacco smoking in combination of cannabis use has

been shown to reverse the anti-inflammatory effects exerted by cannabis consumption alone.81 The higher rates of CAD family history in

CAD+ vs. CAD� participants in our study raises open questions about the potential impact of the genetic on eCBome in CAD pathogenesis.

Finally, in this study we did not measure inflammatory markers to assess their association with the eCBome, which should be addressed in

future studies.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human plasma Biospecimens obtained from the

Canadian HIV and aging cohort

(CHACS, CTN 272) biobank, in

compliance with the informed

consent signed by participants

https://www.hivnet.ubc.ca/study/ctn-272-

canadian-hiv-and-aging-cohort/

Human feces Biospecimens obtained from the

Canadian HIV and aging cohort

(CHACS, CTN 272) biobank, in

compliance with the informed

consent signed by participants

https://www.hivnet.ubc.ca/study/ctn-272-

canadian-hiv-and-aging-cohort/

Chemicals, peptides, and recombinant proteins

Chloroform Sigma Cat# 650498

Methanol Fisher Cat# A4564

Water (LC-MS grade) Fisher Cat# w64

1-AG-D5 Cayman Chemical Cat# 362152

AEA-d4 Cayman Chemical Cat# 10011178

LEA-d4 Cayman Chemical Cat# 9000553

DHEA-D4 Cayman Chemical Cat# 9001108

AA-D8 Cayman Chemical Cat# 390010

DHA-d5 Cayman Chemical Cat# 10005057

Critical commercial assays

DNeasy PowerSoil Pro Kit QIAGEN 47016

Agencourt AMPure XP kit Beckman Coulter Life Sciences A63881

KAPA HiFi HotStart ReadyMix Cedarlanes KK2602

Miseq reagent v3 (600cycle) Illlumina MS-102-3003

PhiX Control v3 Illlumina FC-110-3001

Nextera XT Index Kit V2 Set A

(96 indexes, 384 samples)

Illumina FC-131-2004

Nextera XT Index Kit V2 Set D

(96 indexes, 384 samples)

Illumina FC-131-2001

Oligonucleotides

16S Amplicon PCR Forward Primer

Ultramer 20 nmole

TCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCCTACGGGNGGCWGCAG

IDT N.A.

16S Amplicon PCR Reverse Primer

Ultramer 20 nmole

GTCTCGTGGGCTCGGAGATGTGTAT

AAGAGACAGGACTACHVGGGTATCTAATCC

IDT N.A.

Software and algorithms

GraphPad Prism Version 9.0 GraphPad https://www.graphpad.com/

R Project RStudio https://posit.co/products/open-source/rstudio/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DADA2 pipeline- microbiota DADA2 https://benjjneb.github.io/dada2/tutorial.html

Other

Clinical data related to HIV infection and CAD Obtained from the Canadian HIV

and aging cohort (CHACS, CTN 272)

https://www.hivnet.ubc.ca/study/ctn-272-

canadian-hiv-and-aging-cohort/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and regents should be directed to and will be fulfilled by the lead contact, MA Jenabian:

Jenabian.mohammad-ali@uqam.ca.

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon reasonable request.
� This paper does not report additional code.
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon reason-

able request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and population

This study was an observational cross-sectional analysis among adult PWH recruited from the multicenter Canadian HIV and Aging Cohort

(CHACS). The detailed information on the recruiting process and the cohort baseline characteristics has been published previously.82,83 The

main inclusion criteria were having a confirmed HIV infection lasting at least 15 years at the time of enrolment, being 40 years and older

and being able to provide informed consent to participate to the study. In addition, an HIV-seronegative control group was also included

from the CHACS cohort. Participant’s biological sex, sexual orientation and ethnicity are described in Table 1. Participants were free of diag-

nosed cardiovascular disease (had never suffered a myocardial infarction, coronary revascularization, angina, stroke of peripheral vascular

revascularization) prior to their enrolment in the study cohort. Coronary atherosclerotic plaque analysis was performed using contrast-

enhanced coronary CT angiography images in all participants enrolled in the study cohort at the Centre Hospitalier de l’Université de

Montréal, QC, Canada, and interpreted by a board-certified cardiothoracic radiologist (CCL).84 All radiology personnel performing image

interpretation and post-processing were blinded to HIV status.

Ethics

This study was approved by the research ethics board of the Centre Hospitalier de l’Université de Montréal (CHUM) (CE 11.063), MUHC:

MP-37-2022-8107 and UQAM: 2022-4663 and conducted in conformity with the Declaration of Helsinki. All participants signed the written

informed consent form of the study prior to enrollment.

Data collection and study procedures

At enrolment, participants completed study questionnaires, and underwent complete medical history and physical examination by a physi-

cian, participants data on vital signs, height, weight, and waist circumference were recorded, and routine laboratory blood tests and an elec-

trocardiogram were performed. In addition, participants data were collected on sociodemographic factors, all past and current medication,

medical conditions, including high blood pressure, diabetes, dyslipidemia, family history of premature CAD, risk factors for HIV transmission,

and lifestyle habits (smoking, alcohol consumption, illicit drug use and level of physical activity). For participants with HIV, date of diagnosis

and presumed mode of transmission was also recorded. In all participant enrolled in the study cohort, the presence of CAD was defined as

total coronary plaque volume, measured on injected cardiac computed tomography (CT) scan.82

METHOD DETAILS

Blood sampling and processing

At enrolment, fasting blood was collected by venipuncture to measure circulating soluble markers including eCBs. Plasma was isolated via

centrifugation and stored at –80�C to be analyzed in one batch at the end of the study enrolment. Participants also provided a specimen of

stool which was immediately aliquoted and stored at –80�C until their batch analysis.
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Quantification of the plasma levels of endocannabinoids and their congeners

For the quantification of MAGs, NAEs and fatty acids in human plasma, samples were processed and analyzed as documented by our team60

with slightmodifications. 200 mL of plasma samples weremixedwith 300 mL of TRIS (pH 7.4, 50mM). Toluene (2ml) containing 0.1% acetic acid

and the deuterated internal standards was then added to the samples, vortexed for 1 minute, centrifuged at 4000g for 5 minutes without

brakes. Samples were next put in an ethanol-dry-ice bath (�80�C) to freeze the aqueous phase (bottom). The organic phase (top) was

collected and evaporated to dryness under a stream of nitrogen. Samples were reconstituted in 30 ml of HPLC solvent A (H2O with 0.05%

acetic acid and 1mMNH4
+) and 30 ml of solvent B (MeCN/H2O, 95/5, v/v, with 0.05% acetic acid and 1 mMNH4

+). A 40 ml aliquot was injected

onto an RP-HPLC column (Kinetex C8, 1503 2.1 mm, 2.6 mm, Phenomenex). Quantification was performed on a Shimadzu 8050 triple quad-

rupole mass spectrometer using the same LC program as described previously.85 Quantification was achieved by generating calibration

curves using pure standards and analyzed on the LC-MS/MS system three times. The slope was then calculated using the ratio between

the peak areas of the compound and its standard. For the MAGs, the data are presented as 2-MAGs but represent the combined signals

from the sn-2- and -1(3) isomers as the latter are most likely generated from acyl migration from the sn-2 to the sn-1(3) position.
Microbiota characterization

DNAwas extracted from feces using theQIAmpPowerFecal DNA kit (Qiagen, Hilden, Germany) according to themanufacturers’ instructions.

The DNA concentrations of the extracts were measured fluorometrically with the Quant-iT PicoGreen dsDNA Kit (Thermo Fisher Scientific,

MA, USA) and the DNAs were stored at �20�C until sequencing library preparation. Sequencing libraries were produced according to the

Illumina 16S ribosomal RNA gene V3-V4 region amplicon preparation protocol for the Illumina MiSeq System (primer pairs F

(50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG- 30) and, R (50- GTCTCGTGGGCTCGGAGATGTGTAT

AAGAGACAGGACTACHVGGGTATCTAATCC- 30) in conjunction with the QIAseq16S/ITS 384-Index I (Sets A, B, C, D) kit (Qiagen, Hilden,

Germany). The 16S metagenomic libraries were eluted in 30 ml of nuclease-free water and 1ml was qualified with a Bioanalyser DNA 1000

Chip (Agilent, CA, USA) to verify the amplicon size (expected size �600 bp) and quantified with a Qubit (Thermo Fisher Scientific, MA,

USA). Libraries were then normalized and pooled to 2nM, denatured and diluted to a final concentration of 6pM. Sequencing (2 3 300 bp

paired-end) was performed using the MiSeq Reagent KitV3 (600 cycles) on an Illumina MiSeq System. Sequencing reads were generated

in less than 65h. Image analysis and base calling were carried out directly on the MiSeq. Data was processed using the DADA2 pipeline

according to the recommended workflow 86 and ASV sequences were assigned taxonomy using the most recent SILVA taxonomic database

(SILVA SSURef 138.1 NR, March 2021) as a reference dataset using default parameters.87 To deal with differences in sampling depth, the data

rarefied to a depth of 10000 reads and rescaled to proportions for further analysis. Microbiota composition was assessed by calculating alpha

and beta-diversity indexes obtained using the Phyloseq R package, and intra- and inter-individual variations in microbial composition

using PERMANOVA (vegan R package).88 Differential abundance testing of individual taxa was performed using two-way analysis of variance

(ANOVA) followed by Tukey’s multiple comparisons of means post-hoc test to generate p-values. All 16S sequencing data has been depos-

ited in the NCBI with SRA accession number.
QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistics of quantitative variables were presented as median with interquartile range (IQR) and count data as frequency in

percentage. Mann-Whitney U test was used to compare quantitative measurement between groups. Kruskal-Wallis rank sum test was

used to compare more than two groups. GraphPad Prism Software (version 9.0.0, San Diego, CA, USA) was used for statistical analyses.

Spearman test was used for correlations using the cor.test R function, with Bonferroni correction applied for multiple comparisons. The re-

sulting correlation coefficients were represented in heatmaps, and the significance level for p-values was set at <0.05.
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