
International  Journal  of

Environmental Research

and Public Health

Article

Neighborhood Environment Associates with
Trimethylamine-N-Oxide (TMAO) as a Cardiovascular
Risk Marker

Nicole Farmer 1,* , Cristhian A. Gutierrez-Huerta 2, Briana S. Turner 2, Valerie M. Mitchell 2, Billy S. Collins 2,
Yvonne Baumer 2 , Gwenyth R. Wallen 1 and Tiffany M. Powell-Wiley 2,3

����������
�������

Citation: Farmer, N.; Gutierrez-

Huerta, C.A.; Turner, B.S.; Mitchell,

V.M.; Collins, B.S.; Baumer, Y.; Wallen,

G.R.; Powell-Wiley, T.M.

Neighborhood Environment

Associates with Trimethylamine-

N-Oxide (TMAO) as a Cardiovascular

Risk Marker. Int. J. Environ. Res.

Public Health 2021, 18, 4296. https://

doi.org/10.3390/ijerph18084296

Academic Editor: Man-Kit Lei

Received: 14 January 2021

Accepted: 16 April 2021

Published: 18 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Clinical Center, National Institutes of Health, Bethesda, MD 20892, USA; gwallen@cc.nih.gov
2 Social Determinants of Obesity and Cardiovascular Risk Laboratory, National Heart, Lung, and Blood

Institute, National Institutes of Health, Bethesda, MD 20892, USA;
cristhian.gutierrezhuerta@nih.gov (C.A.G.-H.); brianna.turner@nih.gov (B.S.T.);
valerie.mitchell@nih.gov (V.M.M.); billy.collins@nih.gov (B.S.C.); yvonne.baumer@nih.gov (Y.B.);
tiffany.powell-wiley@nih.gov (T.M.P.-W.)

3 Intramural Research Program, National Institute on Minority and Health Disparities,
Bethesda, MD 20892, USA

* Correspondence: Nicole.farmer@nih.gov; Tel.: +1-301-412-4054

Abstract: Background: Neighborhoods and the microbiome are linked to cardiovascular disease
(CVD), yet investigations to identify microbiome-related factors at neighborhood levels have not been
widely investigated. We sought to explore relationships between neighborhood deprivation index
(NDI) and the microbial metabolite, trimethylamine-N-oxide. We hypothesized that inflammatory
markers and dietary intake would be mediators of the relationship. Methods: African-American
adults at risk for CVD living in the Washington, DC area were recruited to participate in a cross-
sectional community-based study. US census-based neighborhood deprivation index (NDI) measures
(at the census-tract level) were determined. Serum samples were analyzed for CVD risk factors,
cytokines, and the microbial metabolite, trimethylamine-N-oxide (TMAO). Self-reported dietary
intake based on food groups was collected. Results: Study participants (n = 60) were predominantly
female (93.3%), with a mean (SD) age of 60.83 (+/−10.52) years. Mean (SD) NDI was −1.54 (2.94),
and mean (SD) TMAO level was 4.99 (9.65) µmol/L. Adjusting for CVD risk factors and BMI, NDI
was positively associated with TMAO (β = 0.31, p = 0.02). Using mediation analysis, the relationship
between NDI and TMAO was significantly mediated by TNF-α (60.15%) and interleukin)-1 β (IL;
49.96%). When controlling for clustering within neighborhoods, the NDI-TMAO association was no
longer significant (β = 5.11, p = 0.11). However, the association between NDI and IL-1 β (β = 0.04,
p = 0.004) and TNF-α (β = 0.17, p = 0.003) remained. Neither NDI nor TMAO was significantly
associated with daily dietary intake. Conclusion and Relevance: Among a small sample of African-
American adults at risk for CVD, there was a significant positive relationship with NDI and TMAO
mediated by inflammation. These hypothesis-generating results are initial and need to be confirmed
in larger studies.

Keywords: neighborhood deprivation; trimethylamine-N-oxide (TMAO); cardiovascular disease;
inflammation; cytokines

1. Introduction

Social determinants of health (SDOH) are factors that occur as a result of where people
live (context of people’s lives), as opposed to who people are (individual factors). Certain
SDOH, including economic and social disadvantage markers, exist at the neighborhood
level [1–7]. The term neighborhood deprivation represents markers of disadvantage linked
to an individual’s immediate residential environment, including both built (physical) and
social characteristics [8]. Significantly, these markers of disadvantage can adversely impact
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chronic disease outcomes, such as cardiovascular disease (CVD) morbidity and mortal-
ity [8]. In parallel to recent attention to SDOH in the literature, there is increasing interest
in the microbiome’s role in health outcomes [9,10], particularly for CVD. The neighborhood
environment as an SDOH may connect to the microbiome as emerging research suggests
that the host environment, and not genetics, plays a role in shaping the microbiome [11].
Specifically, a neighborhood built environment characteristics, such as increased interac-
tion among home occupants and indoor ventilation, may help determine the presence
of microbiome species [12]. Nonetheless, investigations to identify associations between
neighborhood characteristics and the microbiome, and the potential for a subsequent
association with CVD risk, are limited in the literature.

African-Americans represent racially categorized individuals disproportionately af-
fected by both chronic disease and adverse neighborhood conditions as an SDOH [2,7].
Neighborhood segregation, a form of structural racism in the United States (US), is a direct
antecedent to African-Americans disproportionately living in higher deprivation neigh-
borhoods, as segregation leads to inadequate resource distribution [2,7]. Consequences of
inadequate resource distribution include adverse physical and social environments that
contribute to CVD development [13]. Even when accounting for individual-level socioeco-
nomic resources, physical and social environments related to neighborhood deprivation can
influence health through various mechanisms, including alterations in health behaviors (i.e.,
dietary quality, physical activity, sedentary time, smoking, and use of healthcare resources),
exposure to toxic waste and poor air quality, and physiologic stress [1,14,15]. However, the
biological mechanisms by which neighborhood deprivation can influence health outcomes
require further exploration. Identification and exploration of biomarkers that associate
with neighborhood conditions may provide insight into biological mechanisms. To date,
biomarkers related to neighborhood deprivation include inflammatory, metabolic, vascular,
and neuroendocrine markers [16–21]. Comparatively, microbiome-related biomarkers have
received less attention in the literature. Of the identified biomarkers, inflammatory and
neuroendocrine markers may relate to the microbiome given the relationship of these
biomarkers with chronic psychosocial stress [22] and the known role of stress on the
microbiome [23].

Higher deprivation neighborhoods can also influence dietary quality due to limited
access to nutritious foods and more access to lower fiber content and higher energy–density
foods [24]. Some higher energy-dense foods, such as red and processed meat, contain
amine nutrients involved in the endogenous production of the CVD-associated dietary-
microbiome metabolite, trimethylamine-N-oxide (TMAO). Specific gut microbiome species
metabolize the dietary amine nutrients choline, phosphatidylcholine, and carnitine [24].
These steps produce the TMAO precursor metabolite, trimethylamine (TMA). Trimethy-
lamine is then transported to the liver and converted to TMAO by the hepatic enzyme
flavin monooxygenase isoform 3 (FMO3) [25]. Concerning CVD, in vitro studies show
that TMAO affects macrophage foam cell formation [25], cholesterol uptake [26], promotes
thrombosis [27] and induces the production of inflammatory cytokines linked to atheroscle-
rosis, such as TNF-α [28]. For instance, the Multiethnic Cohort Adiposity Phenotype Study
reported that plasma levels of TMAO were related to both precursor dietary nutrients and
inflammatory cytokines [29]. Considering the disproportionate cardiometabolic mortality
attributable to diet choices among African-Americans [30], identifying microbiome-related
markers relevant to diet choices and neighborhoods could lead to developing novel, multi-
level interventions for CVD risk reduction.

Therefore, to better understand the potential biological consequences of adverse
neighborhood conditions in high-risk populations, we investigated the association between
the US census tract-based neighborhood deprivation index and TMAO using cross-sectional
data from African-American adults with CVD risk factors living in Washington DC-area
neighborhoods. We hypothesized that neighborhood deprivation would be positively
associated with TMAO levels and that potential mediators for this association would be
dietary intake and markers of inflammation (Figure 1).
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Figure 1. Graphical depiction of hypothesis for neighborhood-diet-inflammatory connection to explain hypothesized
differences in trimethylamine-N-oxide levels based on neighborhood deprivation. NDI: neighborhood deprivation index;
TMA: trimethylamine; FMO3: flavin monooxygenase isoform 3; TMAO: trimethylamine-N-oxide.

2. Materials and Methods
2.1. Study Design

The Washington, DC, Cardiovascular (CV) Health and Needs Assessment (DC-CHNA)
was a community-based, participatory research (CBPR)-designed observational study to
evaluate CV health, psychosocial factors, cultural norms, and neighborhood environment
characteristics in a predominantly African-American population in Washington, DC, com-
munities with high rates of CVD [31]. The health and needs assessment also evaluated the
feasibility and acceptability of using mHealth technology in this population for objectively
measuring physical activity and dietary intake [32]. To consult on the planning and im-
plementation of the DC-CHNA, our research team partnered with a community advisory
board (CAB), the DC Cardiovascular Health and Obesity Collaborative (DC CHOC), com-
prised of a diverse group of community leaders, church leaders, and academic partners in
research [31].

2.2. Participant Recruitment

Partnerships between the research team and the targeted communities were facil-
itated by the DC CHOC and established before study recruitment and enrollment [31].
Recruitment for DC-CHNA and data collection for this study occurred between 2014 and
2018. Individuals were eligible for participation if they were between 19 and 85 years
of age, members of one of the participating churches, and possessed sufficient English
language proficiency to carry out study tasks. All DC-CHNA participants were enrolled in
the DC CHNA clinical protocol approved by the National Heart, Lung, and Blood Institute
(NHLBI) institutional review board (ClinicalTrials.gov NCT01927783).

2.3. Data Collection

Participants in the DC-CHNA were also recruited to the National Institutes of Health
(NIH) Clinical Center for additional cardiometabolic testing and a physical examination,
including clinical history and anthropometric measurements. All DC-CHNA participants
(n = 158) were offered the opportunity to participate in this study aspect. Sixty participants
accepted and came to the NIH Clinical Center, while 98 participants declined or never
responded to the offer. All participants who underwent examination at the NIH Clinical
Center were enrolled into a separate NHLBI Institutional Review Board-approved clinical
protocol for cardiometabolic testing of individuals at risk for CVD (ClinicalTrials.gov
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NCT01143454). All participants signed informed consents for both the DC-CHNA and the
cardiometabolic testing protocols.

2.4. Independent Variable: Neighborhood Deprivation Index

United States Census Bureau data from the 2010 American Community Survey was
used to create a neighborhood deprivation index (NDI) for census tracts in Washington,
DC and Maryland, as previously described [20]. In this study, we used census data specific
to DC and Maryland to calculate the NDI. Principal axis factoring was used to identify key
variables for the NDI from the following categories: income, wealth, education, employ-
ment/occupation, and housing conditions [13]. Each variable was z-standardized before
factor analysis and reverse coded, as necessary. Oblique rotation was applied (minimum
loading score 0.40; minimum eigenvalue 1). Cronbach’s alpha was used to measure the
internal consistency of each factor (minimum alpha 0.70). Neighborhood variables that
loaded into factors were log-transformed median household income, log-transformed
median home value,% receiving welfare,% below the poverty level,% single mothers with
children,% households without a telephone,% non-owner occupied units,% households
not receiving dividends, interest, or rental income,% adults ≥ 25 years old without a
high school diploma,% adults ≥ 25 years old without a Bachelor’s degree, and% working
adults not in an executive, managerial, or professional occupation [8,20,33,34]. The sum of
these z-standardized neighborhood variables was used to calculate a summary NDI score
where a higher score represented a more deprived neighborhood. NDI calculated using
this method is associated with CVD risk and has been recommended for use by expert
consensus [35].

2.5. Dependent Variable: Trimethylamine-N-Oxide

Trimethylamine-N-oxide levels were measured from fasting serum samples obtained
at the NIH Clinical Center visits. Samples were maintained at −80 ◦C until the samples
were used for TMAO measurement. TMAO levels were measured using ELISA (BioHippo-
Shanghai, China) according to the manufacturer’s recommendations.

2.6. Covariates

Demographic information on age, sex, race, and annual household income was
self-reported by participants and obtained during physical examination during the car-
diometabolic testing visit.

Body mass index (BMI) was used as a measure of obesity. To determine BMI, height
was measured using a stadiometer (Perspective Enterprises, Portage, MI, USA), weight
measured using a calibrated scale (Doran Scales, Inc., Batavia, IL, USA), and BMI calculated
from the height and weight based on weight (kg)/height (m2) [36].

Dietary intake was evaluated using questions from the 2009–2010 National Health and
Nutrition Examination Survey (NHANES) dietary screener questionnaire [37]. To assess
vegetable and fruit consumption, participants recorded the number of times per day, per
week, or per month they consumed a vegetable or fruit group (e.g., fruit juice, fruit, green
leafy salad, orange-colored vegetables, other vegetables, beans). To calculate consumption
(times per day), weekly frequencies were divided by seven, and monthly frequencies were
divided by thirty to determine daily frequencies.

Blood samples were collected from all participants following an overnight fast. Blood
samples were analyzed for basic chemistry, complete lipid profile, and high-sensitivity
C-reactive protein (hs-CRP) at the NIH Clinical Center. The atherosclerotic cardiovascular
disease (ASCVD) risk score was calculated for each participant based on age, race, sex,
smoking status, total serum cholesterol, serum HDL cholesterol, blood pressure, diabetes
status, and treatment for these conditions [38].

Proinflammatory cytokines were measured from patient serum samples maintained
at −80 ◦C until samples were used for cytokine measurement. Interleukins (IL)-1β, IL-6,
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IL-8 and tumor necrosis factor (TNF)-α were measured using a multiplex ELISA (Meso
Scale Diagnostics, Rockville, MD, USA), as described previously [39].

2.7. Statistical Analysis

Our study is a hypothesis-generating, secondary data analysis from the DC-CHNA,
which was designed to provide observational data on CV health in a community-based
cohort and for feasibility and acceptability testing for methods to improve CV health
among community members. The DC-CHNA was not powered in terms of sample size for
further hypothesis testing.

Steps involved in the statistical analyses were as follows: determination of descriptive
data for independent, dependent and covariate variables, use of linear modeling to examine
unadjusted (bivariate) and adjusted (multivariate) associations between NDI and TMAO,
and mediation analyses.

Descriptive data for the study population used in this analysis were assessed for
normality and measured as means with standard deviations for continuous variables. Un-
adjusted linear regression models were used to determine bivariate associations between
NDI scores, TMAO levels, proinflammatory cytokines and daily dietary intake. Multivari-
ate linear regression models were adjusted for BMI and ASCVD risk score. These variables
were chosen due to the potential confounding role of CVD risk factors with TMAO and
NDI. Specifically, the ASCVD risk score, which was derived in a racial/ethnically diverse
population, was selected to provide a parsimonious measurement of CVD risk because of
our small sample size and the study’s racial composition cohort. CVD-related variables
that were included within the ASCVD risk score were not added as separate covariates in
the model.

We also examined the impact of clustering of the study participants at the census tract
level on relationships between NDI and the biomarkers found to be significantly associated
with NDI. We used linear mixed modeling of the NDI-biomarker associations to account for
the random effects of clustering at the census tract level. Linear mixed modeling adjusting
for ASCVD risk score and BMI was done using proc glinmix in SAS (SAS Institute Inc 2013,
Cary, NC, USA). The SAS code is available in Supplementary Figure S1 (See Figure S1).

Mediation analyses with structural equation modeling were used to determine the
extent to which the association between NDI and TMAO levels was due to candidate
mediation variables (i.e., proinflammatory cytokines and dietary intake measures). Specific
candidate mediation variables were selected if the variables were significantly statistically
related to both NDI and TMAO. The “proportion mediated” in the model was defined as
the proportion of the effect size without the mediator (“total effect”) reduced when the
mediator was included in the regression model (“direct effect”). Decisions and explanations
for mediation analyses and model development were based on both effect sizes and p
values [40,41]. Statistical significance level was determined by p-values < 0.05. STATA
(StataCorp. 12. College Station, TX, USA: StataCorp LLC.) was used for all bivariate,
multivariate and mediation analyses.

3. Results

The study participants (n = 60) were 93.33% women, with a mean age of 60.83
(SD 10.52) years (Table 1). The mean BMI was 33.00 (SD 7.85), consistent with the study
population having obesity, on average. In terms of medical history, 21.67% had type 2
diabetes mellitus, 55% had a history of hyperlipidemia, and 63.33% had a history of hy-
pertension. The mean ASCVD risk score was 10.75 (SD 8.51), representing an average,
intermediate CVD risk within this sample population [38]. The mean TMAO level was 4.99
(9.65) µmol/L, comparable to TMAO levels reported in other studies [29,42].
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Table 1. Characteristics of participants from Washington, DC Cardiovascular Health and Needs
Assessment (n = 60), who provided survey data and blood samples.

Sociodemographics Mean (SD)/Total n (%)

African-American 60 (100%)

Sex, female 56 (93.33%)

Age (years) 60.83 ± 10.52

Household yearly income (USD/10k) ˆ 53.48 ± 34.20

Neighborhood deprivation index (NDI) −1.54 ± 2.94

CVD Risk Factors

Type 2 diabetes mellitus 13 (21.67%)

Hyperlipidemia 33 (55.00%)

Hypertension 38 (63.33%)

Smoking history 7 (11.67%)

BMI (kg/m2) 33.00 ± 7.85

LDL (mg/dL) a 105.5 ± 33.02

HDL (mg/dL) b 66.57 ± 20.58

TG (mg/dL) c 84.97 ± 26.43

TC (mg/dL) d 188.98 ± 35.20

TMAO (µmol/L) 4.99 ± 9.65

Fasting insulin (mU/mL) e 16.76 ± 11.98

Fasting glucose (mg/dL) f 104.73 ± 16.72

ASCVD 10 y risk score (%) 10.75 ± 8.51

HOMA-IR (%) 4.28 ± 3.21

Inflammatory Markers

hs-CRP ˆˆ (mg/L) g 5.70 ± 9.89

IL-1β ˆˆ (pg/mL) 0.19 ± 0.24

IL-6 (pg/mL) 1.28 ± 1.09

IL-8 (pg/mL) 32.56 ± 72.90

TNF α (pg/mL) 1.61 ± 0.99
Continuous variables expressed as mean ± standard deviation. Categorical variables displayed as total n (%).
ˆ Some individuals decided not to disclose this information in the presented socioeconomic survey (n = 46).
ˆˆ hs-CRP and IL-1β were undetectable in one individual (n = 59). ASCVD risk score includes sex, age, race, total
cholesterol, HDL-C, systolic blood pressure, personal history of diabetes, personal history of smoking, personal
history of treatment for hypertension. LDL: low-density lipid cholesterol; HDL: high-density lipid cholesterol;
TG: triglyceride; TC: total cholesterol; HOMA-IR: homeostatic model assessment-insulin resistance; hs-CRP: high-
sensitivity C-reactive protein; IL: interleukin; TNF: tumor necrosis factor. Clinical reference ranges: a LDL optimal
<100 md/dL; b HDL low <40; c TG normal <150 mg/dL; d TC normal <200 mg/dL; e insulin reference range
2.6–24.9 mU/mL; f glucose 70–99 mg/dL; g Hs-CRP low-risk <1.0, average risk 1.0–3.0, high-risk > 3.0 mg/L.

The mean NDI level was −1.54 +/− 2.94. The range for NDI level was −7.43 to 10.33.
In total, 48 census tracts were represented by our participants, and an estimated 47–50
neighborhoods were represented between Washington, DC and suburban DC, Maryland.

To determine bivariate relationships between NDI and TMAO with sociodemograph-
ics, CVD risk markers and inflammatory markers, unadjusted linear regression models
were conducted. As shown in Table 2, there was a statistically significant association
between NDI levels and TMAO serum levels (β = 0.33, p = 0.01). In the unadjusted models,
neither NDI nor TMAO was associated with other CVD risk factors, including BMI. Both
NDI and TMAO were positively associated with IL-1 β with β = 0.49, p < 0.001 and β = 0.35,
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p = 0.006, respectively. These were also positively associated with TNF- α with β = 0.49,
p < 0.001 and β = 0.44, p < 0.001, respectively.

Table 2. Bivariate associations between neighborhood deprivation index (NDI) and trimethylamine-
N-oxide (TMAO) levels with sociodemographics, CVD risk factors, and inflammatory markers
(n = 60).

NDI TMAO

β (p-Value) β (p-Value)

Sex 0.06 (0.62) 0.09 (0.48)

Age 0.06 (0.67) −0.14 (0.301)

Household yearly income (USD/10k) ˆ 0.09 (0.55) −0.173 (0.25)

History of type 2 diabetes −0.04 (0.73) 0.35 (0.006)

History of hyperlipidemia −0.09 (0.47) −0.00 (0.98)

History of hypertension 0.16 (0.21) 0.17 (0.18)

Smoking history −0.07 (0.57) 0.13 (0.340)

BMI 0.13 (0.33) 0.10 (0.44)

LDL 0.03 (0.84) −0.16 (0.21)

HDL 0.22 (0.09) 0.03 (0.81)

TG −0.25 (0.06) −0.18 (0.18)

TC 0.12 (0.37) −0.16 (0.22)

TMAO 0.33 (0.01) -

Fasting insulin 0.00 (0.98) −0.19 (0.147)

Fasting glucose −0.02 (0.91) −0.01 (0.948)

ASCVD 10 y risk score 0.07 (0.60) 0.13 (0.33)

HOMA-IR 0.01 (0.94) −0.19 (0.159)

hsCRP ˆˆ 0.04 (0.77) 0.03 (0.812)

IL-1β ˆˆ 0.49 (<0.001) 0.35 (0.006)

IL-6 0.17 (0.19) −0.02 (0.87)

IL-8 0.05 (0.72) 0.43 (0.001)

TNF-α 0.49 (<0.001) 0.44 (<0.001)
Bold indicates p-value < 0.05. ˆ Some individuals decided not to disclose this information in the presented
socioeconomic survey (n = 46). ˆˆ hs-CRP was undetectable in one individual (n = 59). ASCVD risk score includes
sex, age, race, total cholesterol, HDL-C, systolic blood pressure, personal history of diabetes, personal history of
smoking, personal history of treatment for hypertension. LDL: low-density lipid cholesterol; HDL: high-density
lipid cholesterol; TG: triglyceride; TC: total cholesterol; ASCVD: atherosclerotic cardiovascular disease; HOMA-IR:
homeostatic model assessment-insulin resistance; hs-CRP: high-sensitivity C-reactive protein; IL: interleukin;
TNF: tumor necrosis factor.

As shown in Table 3, after adjusting for the ASCVD risk score and BMI, NDI and
TMAO remained positively associated (β = 0.31, p = 0.02). The association between NDI
and inflammatory cytokines also remained significant after adjusting for ASCVD risk
score and BMI. There was a significant association between NDI and both IL-1β (β = 0.49,
p < 0.001) and TNF-α (β = 0.50, p < 0.001), after adjusting for ASCVD and BMI (Table 3).
TMAO was positively associated with levels of the proinflammatory cytokines, IL-1β
(β = 0.35, p = 0.007), TNF-α (β = 0.43, p = 0.001) and IL-8 (β = 0.46, p = <0.001). Neither NDI
nor TMAO were significantly associated with IL-6 (β = 0.18, p = 0.17; β = −0.02, p = 0.89).
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Table 3. Multivariate associations between neighborhood deprivation index (NDI) and
trimethylamine-N-oxide (TMAO) levels with inflammatory markers, adjusted for ASCVD 10 y
risk score and BMI (n = 60).

NDI TMAO

β (p-Value) β (p-Value)

TMAO 0.31 (0.02) -

hsCRP ˆˆ 0.03 (0.79) 0.03 (0.80)

IL-1β 0.49 (<0.001) 0.35 (0.007)

IL-6 0.18 (0.17) −0.02 (0.89)

IL-8 0.07 (0.60) 0.46 (<0.001)

TNF-α 0.50 (<0.001) 0.43 (0.001)
Bold indicates p-value < 0.05. ˆˆ hs-CRP was undetectable in one individual (n = 59). ASCVD risk score includes
sex, age, race, total cholesterol, HDL-C, systolic blood pressure, personal history of diabetes, personal history
of smoking, personal history of treatment for hypertension. ASCVD: atherosclerotic cardiovascular disease;
BMI: body mass index; TG: triglyceride; hs-CRP: high-sensitivity C-reactive protein; IL: interleukin; TNF: tumor
necrosis factor.

When controlling for ASCVD risk score, BMI, and the clustering of individuals within
the same census tract, the association between NDI and TMAO was no longer significant
(β = 5.11, p = 0.11). The relationship between NDI and cytokines remained significant for
TNF- α (β = 0.17, p = 0.003) and IL-1 β (β = 0.04, p = 0.004).

Mediation analysis showed that the inflammatory cytokines, IL-1β and TNF-α, medi-
ated the relationship between NDI and TMAO. IL-1β mediated 49.96% of the relationship
between NDI and TMAO (Figure 2A). In comparison, TNF-α mediated 60.15% of the
NDI-TMAO relationship (Figure 2B).

Figure 2. (A) Mediation model of the observed relationship between neighborhood deprivation index (NDI) and
trimethylamine-N-oxide (TMAO) with IL-1β as a mediator, model adjusted for ASCVD risk score and BMI, (n = 59).
(B) Mediation model of the observed relationship between neighborhood deprivation index (NDI) and trimethylamine-N-
oxide (TMAO) with TNF-α as a mediator, model adjusted for ASCVD risk score and BMI (n = 59). IL-1β was undetectable in
one individual (n = 59). ASCVD risk score includes sex, age, race, total cholesterol, HDL-C, systolic blood pressure, personal
history of diabetes, personal history of smoking, personal history of treatment for hypertension. ASCVD: atherosclerotic
cardiovascular disease; BMI: body mass index; IL: interleukin; TNF: tumor necrosis factor.

Following our hypothesis, associations between NDI and dietary intake were evalu-
ated separately as were associations between dietary intake and TMAO. There were no
significant associations between NDI and mean dietary intake in adjusted models. Analysis
of mean intakes for daily consumption of specific foods found no specific foods or food
groups associated with TMAO after adjustment for ASCVD and BMI (Table 4). Intake of
fresh, frozen, or canned fruit was positively associated with IL-6 (β = 0.34, p = 0.01) and
TNF-α (β = 0.34, p = 0.02), and the intake of processed meats with IL-8 (β = 0.34, p = 0.02).
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Daily intake of vegetables, other than leafy greens and orange-colored vegetables, was
positively associated with IL-1β (β = 0.33, p = 0.03) and IL-6 (β = 0.30, p = 0.04).

Table 4. Multivariate associations between daily consumption of specific foods and food groups and trimethylamine-N-
oxide (TMAO) levels in participant serum, neighborhood deprivation index (NDI), and inflammatory markers, adjusted for
ASCVD 10 y risk score and BMI.

Food, Food Group Mean ± SD
Range

(Min, Max)

TMAO NDI IL-1β IL-6 IL-8 TNF-α

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

Whole grains (n = 52) 1.00 ± 0.78 (0.03–4.00) −0.08
(0.56)

−0.03
(0.81)

−0.05
(0.72)

0.01
(0.95)

0.23
(0.12)

−0.07
(0.63)

Red meat (n = 50) a 0.32 ± 0.43 (0.00–2.00) −0.09
(0.52)

0.09
(0.55)

0.13
(0.37)

−0.07
(0.62)

0.14
(0.33)

−0.61
(0.67)

Processed meat (n = 51) 0.25 ± 0.27 (0.00–1.00) 0.09
(0.51)

0.08
(0.60)

0.13
(0.36)

−0.16
(0.25)

0.34
(0.02)

0.26
(0.07)

Fried foods (n = 52) b 0.28 ± 0.28 (0.03–1.00) −0.15
(0.32)

0.21
(0.15)

0.14
(0.35)

−0.15
(0.29)

0.05
(0.75)

−0.13
(0.39)

Fast foods (n = 51) c 0.13 ± 0.23 (0.00–1.00) −0.09
(0.51)

0.18
(0.18)

0.001
(0.99)

−0.07
(0.60)

0.06
(0.67)

0.01
(0.97)

Regular soda (n = 49) 0.18 ± 0.36 (0.00–2.00) −0.10
(0.47)

0.14
(0.32)

0.18
(0.19)

−0.20
(0.88)

0.13
(0.33)

−0.17
(0.22)

Sweetened fruit drinks (n = 52) d 0.46 ± 1.06 (0.00–7.00) 0.13
(0.37)

0.05
(0.71)

0.06
(0.66)

−0.06
(0.67)

−0.01
(0.94)

−0.04
(0.78)

Fruit (n = 54) e 0.80 ± 0.80 (0.00–3.00) −0.11
(0.44)

0.09
(0.54)

0.02
(0.89)

0.34
(0.01)

0.12
(0.36)

0.34
(0.02)

Green, leafy salads (n = 49) 1.00 ± 1.47 (0.00–7.00) −0.14
(0.35)

−0.05
(0.76)

0.13
(0.36)

0.18
(0.21)

0.01
(0.96)

0.08
(0.59)

Vegetables (n = 52) f 0.57 ± 0.72 (0.00–4.00) −0.04
(0.77)

0.15
(0.30)

0.10
(0.48)

0.03
(0.83)

0.09
(0.57)

0.08
(0.59)

Other vegetables (n = 52) g 0.62 ± 0.62 (0.00–3.00) −0.13
(0.38)

−0.05
(0.75)

0.33
(0.03)

0.30
(0.04)

−0.14
(0.37)

0.07
(0.66)

Beans (n = 52) 0.21 ± 0.26 (0.00–1.00) −0.07
(0.63)

0.09
(0.55)

0.01
(0.96)

0.08
(0.59)

0.06
(0.70)

0.08
(0.60)

Coffee (n = 48) 0.60 ± 0.64 (0.00–2.00) −0.07
(0.66)

0.06
(0.71)

0.14
(0.35)

0.01
(0.95)

−0.02
(0.91)

0.15
(0.33)

Bold indicates p-value < 0.05. ASCVD: atherosclerotic cardiovascular disease; BMI: body mass index; IL: interleukin; TNF: tumor necrosis
factor. a Red meat: beef, pork, ham, or sausage, answers do not include chicken, turkey or seafood. b Fried foods: chips, french fries, fried
meats, fried appetizers, and fried pastries. c Fast foods: breakfast, lunch, or dinner in a fast-food restaurant. d Sweetened fruit drinks:
sports or energy drinks, fruit juices made at home with added sugar; does not include diet drinks or artificially sweetened drinks. e Fruit:
includes fresh, frozen, or canned fruit. f Vegetables: orange-colored vegetables (i.e., sweet potatoes, pumpkin, winter squash, or carrots).
g Other vegetables: not, including green leafy or lettuce salads, orange-colored vegetables, or beans.

4. Discussion

In our analysis of community-dwelling African-American adults with risk factors
for CVD, we found a significant positive association between NDI and TMAO levels,
even when controlling for ASCVD risk factors and BMI. To our knowledge, this is one of
the first studies to report a relationship between NDI, as a social determinant of health,
and TMAO, a biomarker that is linked to CVD. Although other studies have assessed
TMAO in multi-ethnic studies [28,41], neighborhood-level analyses were not reported in
the literature. Despite our initial hypothesis, we found the association between NDI and
TMAO was not related to the frequency of specific food group intake. However, the NDI-
TMAO relationship was mediated by two proinflammatory cytokines, TNF-α and IL-1β,
independent of ASCVD risk score and BMI. Although our findings are exploratory, they
may lead to the generation of hypotheses needed for future investigations to determine
specific biological mechanisms connecting neighborhood environment and TMAO.
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4.1. Role of Inflammation in NDI and TMAO

We found that the cytokines, Il-1β and TNF-α, mediated the relationship between
NDI and TMAO levels, suggesting inflammation may be a primary biologic mechanism.
While associations between neighborhood deprivation and the presence of inflammatory
cytokines are reported in prior studies [16–19], our study found NDI was significantly
associated with the proinflammatory cytokines, Il-1 β and TNF-α. In contrast to those
studies, we did not find a significant relationship with NDI and Il-6 or hsCRP. This is
surprising given the literature and because our sample demonstrated considerably elevated
hsCRP levels that can indicate proinflammatory processes.

Our finding that TMAO was positively associated with the proinflammatory cytokines,
TNF-α and IL-1 β, is consistent with several literature studies [35,43,44]. In vitro studies by
Seldin et al. [45] report TNF-α can increase endothelial cells from exposure to TMAO and
that this is due to the transcription factor NF-κB. In humans, Chou et al. [46] found a positive
relationship between TMAO and IL-1β among patients with stable angina. Similar to our
study population of free-living adults with risk factors for CVD, Rohrmann et al. [47] found
a positive association between TMAO and inflammation among German adults. Taken
together, these findings support the role of TMAO in inflammatory pathways, suggesting
that TMAO, at a minimum, is a marker of proinflammatory cellular processes [47,48] that
are linked to atherosclerosis.

4.2. Role of Neighborhood Factors

The variables selected for use within our NDI calculation were related to neighborhood
socioeconomic factors [20] and are associated with CVD in the literature [13]. Clustering
of individuals within neighborhoods is important to consider when teasing out the inde-
pendent association of NDI with biomarkers. When we accounted for clustering in the
relationship between NDI and TMAO, the association was no longer statistically significant.
Moreover, the association between NDI and the inflammatory markers, TNF-α and IL-β,
remained significant when adjusting for clustering. Our study may be underpowered
to identify an NDI-TMAO relationship when accounting for clustering. However, the
connection between NDI and TMAO may be related to neighborhood location or specific
intra-census tract conditions. As a result of this finding, identifying mechanisms linking
neighborhood environment and TMAO could focus on neighborhood-specific factors out-
side of neighborhood socioeconomic factors. Candidate neighborhood factors may include
food environments or localized exposure to environmental pollutants. For example, the
hepatic enzyme, FMO3, needed to convert TMA into TMAO, can be activated by exposure
to dioxins as environmental pollutants [49]. To date, only one study has observed and
reported this environmental link, but neighborhood factors and associations were not
characterized in the study. In addition, the findings related to clustering in our results
could reflect the role of census tract-level factors on gut microbiota [12].

Psychosocial factors, such as chronic stress, may also cluster among individuals within
a neighborhood, as well as across neighborhoods with higher deprivation [21,50,51]. Pre-
vious studies suggest that chronic stress can affect changes in the intestinal physiology
that may lead to gut microbiome changes [52–54]. Bifidobacterium and Lachnospiraceae
are two gut bacteria species that produce TMA, the TMAO precursor, and are also linked
to stress exposure [55–57]. However, studies exploring the link between TMA-producing
gut bacteria across stress and neighborhood phenotypes are not present in the current
literature. Given the connection of stress with higher neighborhood deprivation [13,20],
multilevel interventions around stress mitigation or perception could serve a role in miti-
gating neighborhood-associated factors related to the gut microbiome. These interventions
could include health communication and messaging campaigns on stress awareness (insti-
tutional and societal level), identification of safe locations within a neighborhood, such as
green spaces, that can mitigate stress (neighborhood level), and family-based interventions
on instrumental and emotional social support (interpersonal level). These interventions
are also important to consider implementing across the life course, often given life-long
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exposure to similar neighborhoods [58]. Mitigating the effects of stress could addition-
ally involve novel multilevel interventions targeting microbiome diversity. Examples of
possible interventions include increased affordability of foods that improve microbiome
diversity, such as prebiotics, in high deprivation neighborhoods (policy level), health
messaging within neighborhoods highlighting pre-biotic foods that are congruent with cul-
tural norms (institutional and societal level), and promotion of probiotic supplements and
vitamin-based interventions (individual level) shown to reduce TMA producing bacteria,
such as vitamin D supplementation [59].

Diet quality is associated with NDI in the US [60] and globally [61]. Proof-of-concept
feeding studies have undoubtedly shown a role for dietary intake of dietary amine precur-
sors to increase TMAO levels through the presence of TMA-producing gut microbiome
species [62]. However, studies measuring diet and nutrients within cross-sectional and
longitudinal studies have not shown consistent relationships with TMAO and dietary in-
take [29,42,47]. Lack of consistent associations between diet and TMAO could be a function
of inherent complexities of diet and endogenous TMAO production [63,64]. For example,
polyphenols [65,66] and cruciferous vegetables [67] can affect TMAO production at the
microbial and FMO3 enzyme levels, respectively. Our findings are consistent with studies
that have not found a relationship between diet intake and TMAO. Our results may be
due to the small sample size for dietary intake data or using a dietary measurement tool
based on recall and reporting frequency of food groups instead of more proximal dietary
measurements, such as repeated multipass 24 h dietary recall interviews [68]. Despite
our sample size, we did identify a positive association between dietary intake of fruit and
non-leafy green vegetables with TNF-α and IL-1β, respectively. For both fruit and other
vegetables, the dietary measurement tool used in our study includes reporting fresh and
processed forms. This may explain the association with the inflammatory markers and sug-
gests that using measurement tools that specifically determine fresh versus processed food
sources may be important. Lastly, we did not measure food insecurity or food environment
variables in our sample. These measures of food access are important to consider when
exploring the relationship between NDI and TMAO.

4.3. Strengths and Limitations

Although our study has significant strengths, such as using a community-based sam-
ple, using a census-tract level measurement of neighborhood deprivation and controlling
for clustering within neighborhoods, our analysis has several limitations. Our study’s
primary limitation is that the study design is cross-sectional with small sample size. This
limitation has a significant effect on the interpretation of our findings. Due to the cross-
sectional design, our use of mediation analysis was solely to identify associated factors
that help generate future hypotheses and not to infer causal mechanisms. As a secondary
analysis, we were not powered to address our research hypothesis. Lack of power possibly
affected our ability to determine a mediator role for diet intake and may have affected
our ability to detect significance between NDI and TMAO when adjusting for clustering.
Due to a lower number of individual socioeconomic data responses, we could not use
individual socioeconomic factors as a control variable. As a result of our study design
and size limitations, more extensive studies are needed to confirm our findings, especially
studies that account for clustering effects within neighborhoods. Another limitation to
consider is our use of the 2010 US census tract data for NDI calculation. Although chosen
to be consistent with prior studies [69] and our data collection period, future studies would
utilize more recent census-tract level data.

Additionally, there are important demographic-related factors to consider when in-
terpreting our study results. Our study population was entirely African-American and
predominately women over the age of 50. Our study population’s homogeneity allows us
to speculate that our findings are specific for older African-American women at risk for
CVD. Due to ethnicity/ancestry-based differences in TMAO levels [42], and sex-hormone-
driven differences in FMO3 activity [70], it is difficult to extrapolate our findings beyond
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our sample. Lastly, our analysis utilized the ASCVD risk score, which includes using racial
categories. Although the risk score was determined from a multiracial sample popula-
tion [38], using race is not a proxy measurement for SDOH relevant to CVD. As called for
in recent publications on using racial categories in clinical risk scores, developing more
precise measurements that include SDOH are needed [71,72].

5. Conclusions

Understanding the complex biological pathways that link neighborhood environ-
ments to CVD health outcomes is essential. It can help identify novel interventions and
further explain the role of social determinants of health in chronic disease. To date, atten-
tion to these biological pathways has concentrated on inflammation, neuroendocrine and
metabolic factors in the context of CVD risk. Initial studies, such as ours, can help generate
hypotheses for larger studies and help direct avenues for future research to determine if
TMAO, and potentially other microbial metabolites, represent patterns of exposure stem-
ming from neighborhood environments. Undoubtedly, for populations, including many
African-Americans, who are affected by discriminatory practices that lead to dispropor-
tionate placement in neighborhoods with higher neighborhood deprivation, our findings
may provide insight into microbiome-related mechanisms for inflammatory-based and
CVD health disparities.
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