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Abstract

Recent evidence has shown a complex relationship between the gut microbiota, dietary nutrients,
and cardiovascular disease (CVD). Trimethylamine-/N-oxide (TMAOQ) production, initiated by the
microbiota, has been associated with CVD events. We sought to test if this association exists in
HIV-infected persons. After adjusting for aspirin use and CVD risk factors, HIV-infected men
were more likely to have coronary stenosis in the second and third TMAO quartiles compared to
the first quartile, but did not differ significantly in the fourth quartile. We found an inverted U-
shaped association between TMAQO levels and the presence of coronary artery stenosis among
HIV-infected men.

Introduction

There is a growing appreciation of the link between dietary nutrients, the intestinal
microbiome, and atherosclerosis and cardiovascular disease (CVD) events [1,2]. The gut
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microbiome is estimated to contain over 100 trillion bacteria that both metabolize and utilize
molecules derived from intestinal contents [3,4]. For example, intestinal microbiota
metabolize phosphatidylcholine (lecithin), the major dietary source of choline, into
trimethylamine, which is then converted by host hepatic enzymes into trimethylamine- A-
oxide (TMAO), a metabolite shown to promote atherosclerosis in animal models [1]. In
humans, TMAO levels have recently been reported to be predictive of coronary artery
disease (CAD) as well as cardiovascular events, independent of traditional cardiovascular
risk factors. [1-13].

Among HIV-infected persons, the gut microbiota is altered [14] and there is an increased
risk of CVD [15-17]. These findings prompted an investigation into the association of HIV
infection and TMAO levels, which found no association [18]. More recently, Haissman et al
similarly found to difference in TMAQ levels between HIV-infected and uninfected
individuals [19]. We therefore designed a case-control study to further explore the
association between coronary atherosclerosis and TMAO levels among participants in the
Multicenter AIDS Cohort Study (MACS).

The MACS is a prospective study of HIV-infected and uninfected men who have sex with
men. From 2010-2013, participants underwent non-contrast cardiac computed tomography
(CT) and coronary CT angiography (CCTA) unless excluded by chronic kidney disease
(estimated glomerular filtration rate <60 ml/min/1.73m?), atrial fibrillation, or IV contrast
allergy. Participants were between 40-70 years, weighed less than 300 Ibs, and without prior
heart surgery [20]. We drew our cases (n=51) and controls (n=51) from among the 765
MACS participants who underwent coronary angiography (CCTA). Selection for this case-
control control study was limited to participants with a stored fasting serum sample and non-
missing data regarding CAD risk factors, including measured blood pressure, fasting serum
glucose, fasting lipid panel, and body mass index, self-reported current smoking and use of
medications for diabetes, lipid lowering, or hypertension. Covariate data as well as blood
samples were collected for all participants at a semiannual MACS visit generally within 6
months prior to the CCTA measurement.

To test our hypothesis that elevated TMAQ levels would be independently associated with
both CAD and HIV infection, we selected a nested case-control sample population to
represent the extremes of atherosclerosis. Cases were defined by the presence of coronary
stenosis =50% in one or more coronary segments, the measurement of which has been
previously described [21,22], whereas controls were defined by the absence of any
detectable coronary plaque on CCTA. A total of 105 men met the case definition and 154
met the definition for control. We employed a 1:1 nearest neighbor matching algorithm
without replacement to match each case to a control of the same race, HIV serostatus, and
age (starting with +1 year and iteratively expanded in one year increments to a maximum of
+6 years). A program then randomly selected 51 pairs (28 HIV-infected and 23 HIV-
uninfected) with a sufficient quantity of stored serum.
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TMAO was measured by stable isotope dilution liquid chromatography tandem mass
spectrometry (LC/MS/MS) [23]. The lower and upper limits of quantification were 0.05 and
>200 pM, respectively, with demonstrated accuracy over this range and with intra-day and
inter-day coefficients of variance <10%. TMAO measurements are stable over multiple
freeze-thaw cycles of serum [23].

Distributions of absolute TMAQ levels and the difference in TMAO levels between a case
and its matched control were assessed graphically. The sign test for equality of medians was
used to evaluate the difference in TMAO levels between cases and controls. TMAO values in
the total sample were divided into four quartiles. We used conditional logistic regression to
evaluate the odds of coronary artery stenosis by difference in the quartile of TMAO level
within the matched pair. The models were adjusted for aspirin use and the American College
of Cardiology/American Heart Association (ACC/AHA) Pooled Cohort Equation, which
includes gender, diabetes, age, levels of HDL-cholesterol, total cholesterol, hypertension
treatment, systolic blood pressure and race [24]. To explore whether the association between
TMAO and coronary artery stenosis differed by HIV serostatus, all analyses were further
stratified by the HIV serostatus of the matched pair. As secondary aims, we unmatched the
pairs and explored associations between TMAO levels and coronary artery calcium (CAC),
ultrasound derived carotid intima-medial thickness (IMT) and the presence of focal carotid
plaque [25]. To quantify CAC, the Agatston method was employed using non-contrast CT
scans [26]. Finally, we explored the association of TMAO levels with stenosis in 1, 2, or 3
major coronary vessels. Sample selection, matching, and analyses were performed using
Stata 13.1 (StataCorp, College Station, TX).

Overall Population

Descriptive characteristics of the cases and controls are shown in Table 1. Cases had a higher
ACC/AHA cardiovascular risk score and were significantly more likely than controls to take
lipid lowering medication and aspirin. Cases were more likely to have TMAO levels in the
third quartile compared to the other quartiles (p=0.02). Among the cases, 75% (n=38), 20%
(n=10) and 5% (n=3) had single, double and triple vessel CAD, respectively.

TMAO and HIV

TMAO levels ranged from 0.4 uM to 19.8 pM (median=3.8 uM, IQR=2.4 uM, 6.5 uM), and
the distributions, stratified by HIV serostatus and case/control status are shown in Figure 1.
The median TMAQ levels were slightly greater in HIV-infected (median =4.0 uM, IQR= 2.5
UM, 6.8 uM) compared to HIV-uninfected participants (3.3 pM; IQR; 2.2 uM, 5.8 uM), but
this difference was not statistically significant (p=0.31)(Figla). The median difference in
TMAO levels within matched HIV-infected pairs (TMAOcase-TMAOontrol) Was 1.2 UM
(IQR=-2.5, 2.4, p=0.09)(Fig1b). In contrast, there was no meaningful difference in TMAO
levels within HIV-uninfected pairs (median difference=0.3 uM, IQR=-1.6 uM, 2.3 uM)
(Figlb). However, the median difference in TMAO levels between HIV-infected and
uninfected mean was not statistically significant.
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TMAO and Coronary Stenosis

We then determined that the association between TMAO and coronary stenosis was
nonlinear in the overall cohort and, in stratified analysis, limited to the HIV-infected pairs.
After adjusting for aspirin use and ACC/AHA risk score, the log odds of stenosis were 3.2
fold greater for HIV-infected men in the second TMAO quartile (95% CI: -0.39, 6.74,
p=0.08) and 3.7 fold greater for HIV-infected men in the third compared to the first TMAQ
quartile (95% ClI: 0.69, 6.81; p=0.02); however, the log odds of stenosis did not differ
between the men in the fourth compared to the first TMAQ quartile (Figlc). The association
between the third quartile of TMAO and stenosis in HIV-infected men was robust to
sequential adjustment by potential confounding factors, including cohort enroliment
calendar period, smoking status, BMI, fasting serum glucose adjusted for the use of
medication to treat hyperglycemia, systolic blood pressure adjusted for use of anti-
hypertension medications, and serum lipids (total and HDL cholesterol levels) adjusted for
the use of lipid lowering medications. Further, TMAO levels were not higher in men with
double or triple coronary vessel disease compared to those with single vessel disease.

Secondary Outcomes

Among the 46 HIV-infected and -uninfected men with CAC (5 cases with stenosis had CAC
scores of 0), TMAO was not significantly associated with Agatston score (p=0.58). Median
TMAO levels were not statistically significantly higher among those with carotid plaque
present (4.4, IQR 2.7, 7.6 vs 3.7 IQR 2.4, 6.2, p=0.36), among the 93 men with available
ultrasound data. Furthermore, there were no significant associations between TMAO levels
(on the natural log linear scale or in quartiles) and carotid IMT in the total sample (p=0.46).
Neither CAC, carotid plaque presence, nor carotid IMT showed a significant association
with either strata of HIV serostatus (data not shown).

Discussion

In our sample, TMAO levels demonstrated an unexpected inverted U shaped association
with coronary artery stenosis among HIV-infected participant pairs, but not associated with
stenosis among the HIV-uninfected pairs. TMAO levels were not associated with CAC,
carotid plague or IMT overall or within either HIV serostatus groups in the unmatched
sample. These findings contrast with those from the large (> 4000 subject) prospective study
by Tang et al among subjects undergoing elective cardiac evaluations in which there were
incremental risks of cardiovascular events by increasing TMAO quartile [2]. Indeed,
numerous additional studies have now showed an association between TMAQ with either
atherosclerotic burden, prevalent CVD, or incident adverse cardiac events [3-13].

In addition to including men with HIV, our study sample was younger with lower rates of
hypertension, diabetes, and multiple vessel disease than these cohorts. The mechanism
accounting for the inverted U shaped association between TMAO levels and coronary
stenosis among HIV-infected participant pairs requires investigation. However, given the
reliance of TMAQ on gut micriobiota and the gut's known alteration in HIV-infected persons
[14], altered absorption and metabolism of TMAQ precursors could be playing a role.
Although, measurement bias, chance results, or unrecognized confounding cannot be ruled
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out, nonlinear and inverted U-shaped relationships have been documented with certain
biologic systems, including bisphenol A and atherosclerotic plaque, organic pollutants and
diabetes, lipoproteins and aging, and physiologically with epinephrine and exposure to
chromogranin A [27-30]. Our study is not the first analysis reporting equivocal relationships
between TMAO and atherosclerosis. Srinivasa and colleagues found no association between
TMAO levels and coronary plaque burden in a group of HIV-infected and uninfected
participants, instead finding that levels of its biologic precursor, trimethylamine (TMA),
were significantly associated with calcified plaque burden independent of cardiovascular risk
factors [18]. Haissman et al similarly did not find differences in TMAO levels between those
with and without HIV [19]. However, they did find elevated levels of TMAO in HIV-infected
individuals with myocardial perfusion defects on stress testing, which may be consistent
with our results as perfusion defects typically occur with coronary stenosis.

The present results should be interpreted with caution due to the small sample size and the
cross-sectional measurement of coronary artery stenosis and TMAO levels. While the cases
had worse cardiovascular profiles than the controls, the levels of many established risk
factors for stenosis were not significantly different between the cases and controls in our
sample, potentially because the sample size is small, and the population examined relatively
young with cases having less advanced CAD compared to other study populations. Further,
antibiotic use in the month prior and dietary intake during the several days prior to sample
collection has been shown to affect TMAO levels [2], and these factors were not assessed in
our study. A standardized protocol for diet and other relevant exposures prior to collection
might help to minimize variability in the measurement of TMAQ, and improve
comparability between studies. Future studies should investigate the relationship of TMAQO
with coronary plague morphology. Since numerous studies now have shown an association
between TMAO with CVD and incident adverse events [1-13], additional larger studies are
needed to determine the relationship between TMAO and HIV, especially exploring whether
there is an association between TMAQ and plaque-destabilization or the initiation and
progression of atherosclerosis in HIV-infected subjects.

In conclusion, we found an inverted U-shaped association between TMAO levels and the
presence of coronary artery stenosis among HIV-infected, but not among HIV-uninfected
men in this small study. Our results are limited by sample size and cross-sectional design,
but raise questions regarding the metabolism and contribution to disease pathogenesis of
TMAO among different hosts. Additional prospective studies in HIV-infected and -
uninfected populations, with TMAO measured longitudinally and prior to disease
occurrence, are needed to further understand the relationship between TMAO and CVD
across different populations, and to understand underlying causal pathways. Given the
growing interest in the role of TMAO in cardiovascular events, the contribution of TMAQ to
increased cardiovascular risk among HIV-infected persons deserves further study.
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Figure 1.

Legend: Panel a: Distribution of TMAO (uM) for men in the MACS with (case) and without
(control) coronary stenosis > 50%, by HIV serostatus, 2010-2013. The line within the box
delineates the median and the interquartile ranges (25%, 75%) defined the lower and upper
bounds of the box. Panel b: Distribution of the difference in the TMAO level between a case
and his matched control, by HIV serostatus, 2010-2013. Panel ¢: Log odds (with 95%
confidence intervals) of coronary artery stenosis = 50%, by TMAO quartiles among 28 HIV-
infected matched pairs from the MACS, 2010-2013. Quartile 1 (Q1) is the reference
category; TMAQO quartile ranges were defined by the TMAO values for the overall sample.
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Demographic, Behavioral, and Clinical Characteristics of Cases with Coronary Stenosis >=50% and Matched

Controls
Cases (N=51) Controls(N=51) | P-Value | Total (n=102)

Age ™ (years) 55 (51-58) 54 (51-59) 0.81 54 (51-58)
Race ™ 1.00

Caucasian (%) 66.7 66.7 66.7

African-American or other (%) 333 333 333
Cohort enrollment period 0.23

pre-2001 (%) 52.9 64.7 58.8

2001 and later (%) 47.1 353 41.2
TMAO quartile 0.02

Q1 (%) 21.6 29.4 25.49

Q2 (%) 19.6 29.4 2451

Q3 (%) 39.2 11.8 25.49

Q4 (%) 19.6 29.4 2451
ACC/AHA CVD Risk Score (%) 8.2 (4.6-14.1) 5.7 (4.0-10.2) 0.04 6.9 (4.1-12.1)
Systolic Blood Pressure (mmHg) 128 (116-136) 123 (114-132) 0.29 126 (116-133)
On Hypertensive Medications (%) 35.3 275 0.39 314
Fasting Glucose (mg/dL) 101 (92-109) 98 (90-108) 0.17 99.5 (91-108)
On Diabetes Medications (%) 17.6 7.8 0.14 12.7
Total Cholesterol (mg/dL) 190 (166-214) 186 (162-217) 0.68 | 189.5 (163-216)
HDL Cholesterol (mg/dL) 43.9(38.9-57.7) | 52.5(455-625) | <0.01 | 50.4 (41.5-59.7)
On Lipid Lowering Meds (%) 54.9 333 0.03 441
Body Mass Index (kg/m?) 27.0(23.5-30.8) | 24.8 (22.1-28.5) 0.08 26.0 (22.9-29.3)
Current Smoker (%) 255 17.6 0.34 216
Cumulative pack years? 10.2 (3.8-41.8) 8.0 (0.3-21.0) 0.12 9.0 (1.5-27.0)
Aspirin use 45.0 18.0 <0.01 31.7
HIV-specific factors
HiVinfected * (no. and %) 28 (54.9) 28 (54.9) 56 (54.9)
Viral Load < 50 copies/mL (%) 71.4 89.3 0.09 80.4
Viral Load logy, copies/mL ** 1.2(1.0-18) 1.2 (1.0-1.6) 0.73
Time on HAART (years) 9.6 (7.8-12.9) 9.6 (7.7-12.9) 0.43 9.0 (7.3-12.7)
CD4+ T-cell count (cells/mm3) 667 (417-744) | 562 (434-829) 0.93 614 (424-789)
CD4+ T-cell nadir (cells/mm3) 229 (109-373) 281 (216-391) 0.35 275 (171-383)
History of AIDS (%) 10.7 10.7 1.00 10.7
Major Coronary Vessel Disease -

Single (%) 74.5 - -

Double (%) 19.6 - -
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Cases (N=51) Controls(N=51) | P-Value | Total (n=102)

Triple (%) 5.9 - -

*Matching variable. a) Among current and former smokers.

*Includes men with undetectable viral loads set at 10 copies/mL. Only 11 men had detectable viral loads (8 cases and 3 controls). For those with
detectable viral loads: Cases — 3.4 (2.4-3.6); Controls — 3.5 (2.0-5.0) [p=0.68].
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