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Abstract
Background: Associations have been observed among genetic variants, dietary patterns, and metabolic
syndrome (MetS). A gap in knowledge is whether a genetic risk score (GRS) and dietary patterns interact
to increase MetS risk among African Americans. We investigated whether MetS risk was in�uenced by
interaction between a GRS and dietary patterns among Whites and African Americans. A secondary aim
examined if molecular genetic clusterings differed by racial ancestry.

Methods: We used longitudinal data over 4-visits (1987-1998) that included 10,681 participants aged 45-
64y at baseline from the Atherosclerosis Risk in Communities study (8,451 Whites and 2,230 African
Americans). We constructed a simple-count GRS as the linear weighted sum of high-risk alleles (0, 1, 2)
from cardiovascular disease polymorphisms from the genome-wide association studies catalog
associated with MetS risk. Three dietary patterns were determined by factor analysis of food frequency
questionnaire data: Western, healthy, and high-fat dairy. MetS was de�ned according to the 2016 National
Cholesterol Education Program Adult Treatment Panel III criteria but used 2017 American Heart
Association/American College of Cardiology criteria for elevated blood pressure. Analyses included
generalized linear model risk ratios (RR), 95% con�dence intervals (CI), and Bonferroni correction for
multiple testing.

Results: The Western dietary pattern was associated with higher risk for MetS across increasing GRS
tertiles among Whites (p<.017). The high-fat dairy pattern was protective against MetS, but its impact
was most effective in the lowest GRS tertile in Whites (RR=0.62; CI:0.52-0.74) and African Americans
(RR=0.67; CI:0.49-0.91). Among each racial group within GRS tertiles, the Western dietary pattern was
associated with development and cycling of MetS status between visits, and the high-fat dairy pattern
with being free from MetS (p<.017). The healthy dietary pattern was associated with higher risk of MetS
among African Americans which may be explained by higher sucrose intake (p<.0001). Fewer genes, but
more metabolic pathways for obesity, body fat distribution, and lipid and carbohydrate metabolism were
identi�ed in African Americans than Whites. Some polymorphisms were linked to the Western and high-
fat dairy patterns.

Conclusion: A dietary pattern characterized by high-fat dairy foods may be protective against MetS
among individuals with a genetic predisposition.

Background
Metabolic syndrome (MetS) is a condition that approximately doubles the risk of incident type 2 diabetes
and cardiovascular disease [1, 2], and increases mortality risk over 4-fold [3]. MetS is characterized by
clusters of ≥ 3 metabolic traits as de�ned by National Cholesterol Education Program Adult Treatment
Panel III criteria: abnormal fasting blood glucose levels, central obesity, dyslipidemia, and elevated blood
pressure [4]. Higher body mass index (BMI) and current cigarette smoking are associated with higher risk
for MetS [5]. The prevalence of MetS is higher in older adults and in those with low levels of physical
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activity [6]. The etiology of MetS is complex, but reports have shown that genetic polymorphisms [7–12],
dietary patterns [13–17], and physical activity play a role in its pathogenesis.

Genetic risk scores (GRSs) composed of single nucleotide polymorphisms (SNPs) have been associated
with higher risk of MetS and cardiovascular diseases. A GRS was associated with MetS risk, type 2
diabetes, obesity, and cardiovascular diseases in several studies [18–30]. A GRS was associated with
MetS risk in Koreans, but more in Korean females than Korean males [18]. GRSs for type 2 diabetes were
associated with a Western dietary pattern in men [19], and mediated 9% risk of type 2 diabetes between
parent and offspring [20]. Other GRSs for obesity risk were associated with BMI and obesity in Whites and
African Americans [21], predicted posttraumatic stress disorder-related MetS [22], and increased MetS risk
in Chinese children [23]. Another study showed that a GRS composed of coronary artery disease SNPs
was associated with not only coronary heart disease, but stroke, peripheral vascular disease, heart failure,
and atrial �brillation [24]. There is evidence that polymorphisms from the FTO alpha-ketoglutarate
dependent dioxygenase (renamed from fat mass and obesity-associated FTO): rs9939609, rs8050135,
and rs1420185 are associated with higher risk for MetS [31–33].

Various mechanisms have been proposed regarding the in�uence of dietary patterns on development of
MetS, but these mechanisms have not been fully elucidated. Evidence from observational studies
suggests that meat, fried foods, and diet soda increase the risk of incident MetS [8, 9, 34, 35], whereas
higher intakes of fruits, vegetables, and whole grains have protective associations with MetS and its
components [7, 11, 36]. Dietary patterns provide a comprehensive depiction of typical eating habits which
may be more informative than analyses of individual foods. Most importantly, studies have shown that
Western dietary patterns that were comprised of fried foods, soda, meat, and alcohol were associated
with MetS risk [13–17].

Studies have reported interactions between a GRS, SNPs and dietary patterns. Qi et al. [19] reported that a
Western dietary pattern increased the risk of type 2 diabetes and the highest risk was in the highest GRS
tertile. Other studies reported that a GRS and a diet score increased the risk for obesity in Whites [37].
Interaction was present for rs10738760, a SNP of Vascular Endothelial Growth Factor, and high fat and
sugar intake to increase risk for MetS [38]. Other interactions were reported for FTO rs9939609 with
protein and carbohydrate intake on BMI [39]. Other studies reported that homozygous carriers for FTO
SNPs: rs9939609, rs17817449, rs8050136 were associated with carbohydrate and protein intake in
Whites and African Americans and rs8050136 with fat intake in Whites [40]. In addition, Angiopoietin-like
4 protein (ANGPTL4) interacted with carbohydrate intake to increase HDL cholesterol levels [41].

Although MetS is in�uenced by genetics and dietary patterns, the potential pathways linking them have
not been examined systematically in a population-based study. In this study, we investigated whether a
GRS interacted with dietary patterns to increase MetS risk among Whites and African Americans followed
over 11 years. A secondary aim was to investigate whether the molecular genetic clusterings associated
with MetS differed by racial ancestry.
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Methods

Study population
Atherosclerosis Risk in Communities (ARIC) study data at baseline (1987–1989) and three follow-up
visits (1990–1992, 1993–1995, and 1996–1998) were obtained from the database of Genotypes and
Phenotypes (dbGaP) [43]. The ARIC study, sponsored by the National Heart, Lung, and Blood Institute, is a
large-scale, ongoing prospective cohort study conducted in four U.S. communities: Jackson, MS; Forsyth
County, NC; Minneapolis, MN; and Washington County, MD. ARIC was designed to investigate the etiology
and natural history of atherosclerosis, as well as the etiology of clinical atherosclerotic diseases and their
sequelae. The overall participation rate was 60%, including 42% and 49% of eligible African American
men and women, respectively, and 67% and 68% of eligible White men and women respectively, who were
45 to 64 years old [44].

All participants signed an informed consent document.
Further design and sampling methods are explained elsewhere [45]. The current study was approved by
the Social & Behavioral Institutional Review Board at Morehouse School of Medicine.

Inclusion of participants into the study
The original ARIC sample included 14,928 participants at baseline.
We imputed missing observations on cigarette smoking, drinking status, sports physical activity and
education level to augment our sample, especially for African Americans. Imputations were < 2 % of the
original participant sample. Figure 1 below depicts how participants were allocated into the study. To
assimilate a sample population with physiologic blood pressure values, participants were excluded from
the analysis at baseline and follow-up if they had systolic blood pressure < 80 mmHg (n = 54), diastolic
blood pressure < 45 mmHg (n = 168), a difference of < 20 mmHg between systolic and diastolic blood
pressures (n = 23), or mean arterial pressure < 60 mmHg (n = 24). Additional participants were excluded if
they had missing observations at baseline for MetS component risk factors (n = 315), dietary food groups
or total calories (n = 687), SNPs (n = 1,526), or 20 genetic principal components to correct for population
admixture (n = 1,450). After excluding individuals with missing observations on food variables at
baseline, there were no observations that had caloric intake < 600 or > 4,200 Kcal/day for men, and < 500
or > 3,600 Kcal/day for women. Our �nal models at baseline included 10,681 participants, of which 8,451
(79.1%) were White and 2,230 (20.9%) were African American.

Food frequency questionnaire
A 66-item semi-quantitative food frequency questionnaire (FFQ) was used to obtain information on
dietary intake. The FFQ was a modi�ed version of the 61-item FFQ developed and validated by Willett et
al. [46]. At the examination interview, participants were shown standard serving sizes and typical servings
using food models to help them estimate intake. Participants reported their intake based on 9 levels of
frequency, ranging from < 1 time per month to ≥ 6 times per day and were asked additional information
such as brand names. The FFQ was administered during the �rst study visit (1987–1989) and the third
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study visit (1993–1995); a sub-sample of participants also completed the FFQ at the second visit (n = 
1,004). For participants without FFQ data at visit 2, we carried forward FFQ visit 1 data. Likewise, because
the FFQ was not administered at ARIC visit 4, visit 3 FFQ data were carried forward to visit 4. The
justi�cation for this approach is that studies have shown that there is little change in dietary and physical
activity patterns over a short-term, even after a cardiovascular event [55, 56].

Dietary patterns by racial ancestry
From our FFQ data, three dietary patterns emerged based on factor analysis, with the principal
components factor option, varimax rotation, and a correlation ≥ .3: Western, healthy, and high-fat dairy.
Brie�y, we conducted factor analysis from 39 food or food groups based on 66 prede�ned foods or food
groups from ARIC FFQs by racial ancestry. The dietary pattern scores were calculated by summing the
standardized intakes of the component foods, weighted by the factor loadings of the foods. The dietary
pattern scores rank participants according to the degree to which they adhere to the corresponding
dietary patterns. Supplemental Table 1 shows the food groups used to form the dietary patterns, and
Supplemental Table 2 shows the food groups and their factor loadings ≥ .3 by racial ancestry. Dietary
patterns were chosen based on how the foods clustered together (Supplemental Table 2). A Western
dietary pattern among Whites was characterized by red and processed meat, chicken with skin, and fried
foods; among African Americans, processed meat and fried foods were more prevalent. A healthy dietary
pattern consisted of rice, pasta, vegetables, chicken without skin, and lentils/ beans among Whites;
among African Americans, there was a greater variety of foods. The high-fat dairy pattern included whole
milk and butter and was similar for both racial ancestry groups. The proportions of total carbohydrate,
protein and fat intake as a percentage of calories were not signi�cantly different among Whites and
African Americans. However, the median sucrose intake (g) differed between the racial ancestry groups
(Whites: 39.2% vs. African Americans: 45.8%; p < .0001).

From our factor analysis, we labelled the �rst, second and seventh factors for Whites and the fourth,
second, and ninth factors for African Americans as Western, healthy and high-fat dairy patterns,
respectively. The variance/percent variance explained for the respective patterns were 2.6/6.5%, 2.0/5.0%,
and 1.4/3.5% for Whites and 1.8/4.6%, 2.9/7.3%, and 1.4/4.5% for African Americans.

DNA extraction and genotyping
Genotyping was performed on whole blood using the TaqMan assay (Applied Biosystems, Foster City, CA,
USA), the Affymetrix 6.0 single nucleotide polymorphism array, and the Birdseed calling algorithm [47] at
the Broad Institute Center for Genotyping and Analysis. Allele detection was carried-out using the ABI
Prism 7700 Sequence Detection System (Applied Biosystems).

Construction of the GRS
We compiled 16,495 SNPs chosen from preselected reference risk alleles associated with MetS, its
components, and cardiovascular disease from the NHGRI GWAS catalog to compute a risk-raising allele
GRS by racial ancestry [1, 48, 49]. The ARIC GWAS data yielded 397 SNPs. We then regressed MetS
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against each of the 397 SNPs, adjusted for age and sex by racial ancestry. SNPs with p value < .1 were
chosen to be included in the GRS. We calculated the GRS using a simple count method as a variable
whose values were equal to the number of copies of the high-risk allele under the additive model (0, 1, 2).
Cardiovascular diseases searched in the NHGRI GWAS catalog were ‘metabolic syndrome, components of
MetS and related phenotypes (glucose, triglycerides, high blood pressure, waist circumference, BMI, HDL
cholesterol, lipids), diabetes, type 2 diabetes, stroke, coronary heart disease, peripheral artery or vascular
disease, insulin resistance, in�ammation, and psychological disorders linked with excessive food intake
(gorging, bipolar disorder, bulimia). Supplemental Tables 3A and 3B show the chromosomes, SNPs, and
genes used in the GRSs by racial ancestry. Most SNPs mapped to genes with lipid phenotypes such as
total cholesterol, triglycerides, and HDL cholesterol.

For SNPs within high linkage disequilibrium ≥ .8, tag SNPs were chosen based on higher binding capacity
[50]. The Hardy-Weinberg test for all SNPs was performed in Plink [49] using chi-square goodness-of-�t
test for Whites and African Americans separately. All SNPs chosen for the GRS for Whites and African
Americans were found to be in Hardy-Weinberg equilibrium (p > .05). The 20 genetic principal components
were computed in Linux using gcta64 guidelines [51] to calculate a genetic-related matrix by racial
ancestry and then specifying the principal components.

Study variables
The primary outcome was MetS, de�ned according to the National Cholesterol Education Program Adult
Treatment Panel III criteria, as clusters of ≥ 3 cardiovascular disease risk factors that include abdominal
obesity based on waist circumference (men:>102 cm, women: >88 cm), elevated fasting blood glucose
(≥ 100 mg/dL), elevated blood pressure based on the 2017 guidelines of the American Heart
Association/American College of Cardiology (AHA/ACC) (≥ 120 mmHg systolic or ≥ 80 mmHg diastolic
or taking blood pressure medications) [52], low HDL cholesterol (men:<40 mg/dL, women: <50 mg/dL),
and high triglycerides (≥ 150 mg/dL) [1, 53, 54]. The main predictor variable was the GRS that was
constructed using values equal to the number of copies of the high-risk allele under the additive model (0,
1, 2).

The interaction variables were the GRS and dietary patterns (described in detail above). The strati�cation
variable was racial ancestry, de�ned as White or African American based on self-report. The following
participant characteristics were considered for covariate adjustment to create a covariate summary score:
age (continuous), gender, educational status at visit 1, cigarette smoking status (never/ former/ current),
alcohol drinking status (never/ former/ current), physical activity from the Baecke questionnaire (sports
physical activity, a continuous variable) [57], and study visit, an ordinal variable (1 to 4) that depicts time
in the study. As with the FFQ, because physical activity was collected at visits 1 and 3 only, we carried
forward physical activity Baecke scores from visit 1 to visit 2, and from visit 3 to visit 4. We did not
include BMI in covariate adjustment because BMI is in the causal pathway of the dietary patterns and
MetS outcome.

Statistical analysis
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We regressed MetS against each SNP by racial ancestry (White or African American). SNPs with a p
value < .1 were chosen for inclusion in the GRS. We computed a covariate summary score by regressing
MetS on the covariates (age, gender, physical activity, education level at visit 1, cigarette smoking status,
drinking status, study visit, and 20 genetic principal components for admixture) and then predicted the
residuals. Analyses were performed using generalized linear model with Poisson family and log link to
derive risk ratios (RR) and 95% con�dence intervals (CI), after applying within-subject identi�cation to
specify responses that were nested in the participant in order to compute the cumulative effect of the
GRS and/or dietary pattern over time. In our generalized linear model analysis, we were interested in the
expectation of the outcome, MetS, as a function of the GRS and/or the dietary pattern adjusted for the
covariate summary score. In our multivariate models, we regressed MetS on the GRS and/or each dietary
pattern, adjusting for the covariate summary score.

We tested whether there was additive interaction (biological interaction) between the GRS and dietary
patterns on the additive risk scale. In additive interaction models, we included the GRS, dietary pattern
score, interaction term composed of the GRS and the dietary pattern, along with the covariate summary
score for adjustment. To determine whether there was additive interaction, the GRS, dietary pattern, and
their interaction term all had to be statistically signi�cant at p < .05 using the Wald test [58]. All analyses
were reported as per 5-increment increase in dietary pattern scores by GRS tertiles. In all models, a 2-sided
p < .05 and more stringent, Bonferroni adjustment for multiple testing of p < .017 were used as the
threshold for statistical signi�cance in the �nal models. All regression analyses were bootstrapped
10,000 times. Our statistical analyses were conducted using Stata MP, version 16.0 (StataCorp, College
Station, TX).

Literature Lab™ -based clustering

A secondary objective of our study was to investigate the biological relationships among the genes linked
to the SNPs by racial ancestry using Literature Lab™ from Acumenta Biotech Clustering algorithm [59]. In
Literature Lab™, clustering analysis is performed on the unique quali�ed terms (Strong, Moderate, or
Positive) from domains identi�ed in the analysis of the gene list using hierarchical clustering with
uncentered correlation and average linkage, software package Cluster 3.0
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). Genes were clustered on similarity in
molecular function among each other.

Likewise, terms are clustered by how similarly they are related to the genes (percent of match that
mention a given term and gene in PubMed). Clusters of ≥ 6 genes were then examined in decreasing
order of the average intensity of the measure (percentage of gene abstracts mentioning each term).
Multiple term clusters for the same gene cluster and multiple gene clusters for the same term cluster are
shown together in the list of clusters and in the heatmap displays for the clusters. The selected clusters
are presented both in a list of the clusters with terms and genes and in individual heat maps for each
cluster. In the heat maps, yellow is used to signify intensity; the brightest yellow represents an intensity
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measure of 25% or more. An intensity of 0% is shown in black and intermediate intensities are shown in
various shades from black to yellow.

Results
Descriptive Characteristics by racial ancestry

At baseline (1987-1989), the total sample consisted of 10,681 participants (8,451 (79.1%) White and
2,230 (20.0%) African American) aged 45-64 years. Included in the total sample, MetS cases at baseline
and during 11-years of follow-up included 43.0% and 50.5% among Whites and 49.2% and 55.8% among
African Americans, respectively.

Table 1 shows the baseline characteristics of participants included in the analyses. All characteristics
were signi�cantly different between Whites and African Americans except total cholesterol and LDL
cholesterol. A higher proportion of African Americans smoked cigarettes, had a high-school education or
less, were on blood pressure medications or were obese; additionally, they had lower levels of physical
activity, higher systolic and diastolic blood pressure, higher fasting blood glucose, and higher triglyceride
levels compared to Whites. In contrast, a higher proportion of Whites were current drinkers and the mean
HDL cholesterol was lower, but fewer had diabetes or MetS compared to African Americans.

Association between GRS or dietary patterns and MetS

The GRS was associated with MetS in both Whites and African Americans (Table 2). Each 5-increment
increase in the GRS posed higher risk for MetS among African Americans (p <.001). Additionally, the
highest GRS tertile had the greatest risk for MetS compared to the lowest tertile among Whites (RR=1.28;
CI:1.23-1.33, p <.001) and notably in African Americans (RR=1.37; CI:1.27-1.48; p <.001).

In longitudinal analyses, the Western dietary pattern increased MetS risk among Whites (RR=1.21; CI:1.12-
1.31; p < .001). In contrast, the high-fat dairy pattern was associated with lower risk for MetS among
Whites (RR)=0.72; CI:0.66-0.79; p <.001) and African Americans (RR=0.81; CI:0.69-0.96; p=.013); see Table
2.

Interaction between the GRS and Dietary Patterns on MetS

We observed interactions with the GRS and dietary patterns (Table 3). The greatest protective effects
were observed for the high-fat dairy pattern in the lowest GRS tertile among Whites (RR=0.62; CI:0.52-
0.74; p <.001) and African Americans (RR=0.67; CI:0.49-0.91; p <.011). However, African Americans with
the greatest burden of high-risk alleles (highest GRS tertile) and those who consumed a healthy diet, had
a higher risk for MetS (RR=1.39; CI:1.07-1.82; p=.015). Among African Americans, the overall effect of the
GRS and the Western dietary pattern increased MetS risk (RR=7.43; CI:1.57-35.08; p=.011). However, the
con�dence intervals were very wide for the point estimate and appeared unstable.

Association between dietary patterns and resolution or development of MetS
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Because MetS is comprised of individual risk factors that can improve or worsen over time, participants
may have resolution or development MetS during the 11 years of follow-up. We investigated the
association of dietary patterns and whether participants became free of MetS at visit 4 or developed
MetS at visit 4 after having MetS at visit 1 or were free of MetS at visit 1. In these analyses, participants’
MetS status change was in one direction only from visits 1 to 4. Figure 2 and Supplemental Table 4 show
the associations of dietary patterns with resolution or development of MetS at visit 4 by racial ancestry.
Compared to those who did not have MetS at all four visits, the Western dietary pattern increased MetS
risk among Whites: RR=1.64; CI:1.44-1.86; p <.001; n=4,499 for those with MetS at all four visits; RR=1.42;
CI:1.19-1.69; p <.001, for those who were free of MetS at visit 1 and risk of developing MetS at visit 4
(n=4,110); and RR=1.60; CI:1.28-2.00; p=.001; n=3,696 for those who had MetS at visit 1 and risk of being
free from MetS at visit 4.

 In contrast, high-fat diary pattern consistently showed a protective association among Whites.

Compared to those who did not have MetS at all four visits, the relative risks were decreased in the
following amounts: RR=0.59; CI:0.50-0.69; p <.001 and risk of MetS at all four visits (n=4,999); RR=0.73;
CI:0.61-0.88; p=.001; for those who were free of MetS at visit 1 and risk of developing MetS at visit 4
(4,110); RR=0.72; CI:0.57-0.91; p=.006; and for those who had MetS at visit 1 and risk of being free from
MetS at visit 4 (n=3,696).

Among African Americans, the healthy dietary pattern was associated with higher risk for MetS (RR=1.65;
CI:1.15-2.16; p= <.001; n=1,010) for those who had MetS at all four visits. The high-fat dairy patterns
showed signi�cant protective risks: RR=0.66; CI:0.45-0.98; p=.038; n=1,026 among those who had MetS
at visit 1 and risk of being free from MetS at visit 4. However, the latter estimates did not meet the
Bonferroni threshold or multiple testing (p <.017).

Interaction between the GRS and Dietary Patterns and resolution or development of MetS

We investigated whether the GRS and dietary patterns interact to in�uence MetS risk beyond their
independent associations. As in association analyses above, participants’ MetS status change was in
one direction only from visits 1 to 4. We present results only for dietary patterns that showed signi�cant
associations with the GRS in Figure 3. Supplemental Tables 5A and 5B show all signi�cant and non-
signi�cant associations for dietary patterns and GRS tertiles by racial ancestry. We scaled dietary
patterns as per 5-increment within the GRS tertiles. As in the association analysis, in all these analyses,
the comparator was those who did not have MetS at any of the four visits. Among Whites who had MetS
at all four visits (n=4,499), we observed higher risks for the Western dietary pattern within the GRS tertiles
(p values for GRS tertiles 1, 2 and 3: .003, .001, .001, respectively). Conversely, in spite of the risk-raising
GRS, the protective effects of high-fat dairy in the interaction remain among Whites for decreased risk of
MetS at all four visits (p values for GRS tertiles 1, 2 and 3: .001, .003, .001, respectively; overall interaction
effect: RR=0.08; CI:0.01-0.47; p=.005). However, the greatest protection for the high-fat dairy pattern was
in the lowest GRS tertile for Whites (RR=0.47; CI:0.33-0.66; p ≤ .001; n=1,637) and African Americans
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(only signi�cant in the lowest tertile; RR=0.67; CI:0.50-0.91; p ≤ .009; n=1,661) who were free of MetS at
visit 1 and risk of developing MetS at visit 4.

Among African Americans who had MetS at visit 1 but were free of MetS at visit 4 compared to
participants without MetS at all 4-visits, there was a protective effect of high-fat dairy intake in the
second tertile (RR=0.33; CI:0.15-0.68); p=.003; n=367; overall interaction effect: RR=0.0076; CI:0.0002-
0.3372; p=.012; n=1,026). The lowest GRS tertile (RR=0.45; CI:0.21-0.94; p=.033; n=358) was statistically
signi�cant but did not met Bonferroni correction for multiple testing (P <.017). Moreover, in the highest
GRS tertile for those who had MetS at all four visits, the healthy dietary pattern was associated with
increased MetS risk (RR=2.08; CI:1.48-2.92; p <.001; n=310). In addition, there was a harmful effect of the
healthy dietary pattern for those who had MetS at visit 1 and risk of being free from MetS at visit 4
(RR=3.61; CI:1.66-7.87; p <.001; n=240).

Association between dietary patterns for those who had resolution or development of MetS whose MetS
status cycled between visits 1 and 4

We investigated the association of dietary patterns in participants whose MetS status cycle between
visits 1 through 4. Supplemental Table 6 shows the associations for dietary patterns and associations
with MetS among MetS status cyclers by racial ancestry. In these analyses, participants reverted back-
and-forth from being free of MetS to having MetS or vice-versa from visits 1 to 4. Participants were free
from or had MetS at visit 1. Among Whites, the Western dietary pattern was associated with higher risk
for MetS at visit 4 (RR=1.66; CI:1.30-2.12; p <.001; n=3,477); as well as less likely to remain free from
MetS at visit 4 (RR=1.43; CI:1.13-1.81; p=.003; n=3,706). However, the magnitude of effect was higher for
Whites for the former association. High-fat dairy intake was associated with decreased risk of MetS in
Whites (RR=0.76; CI:0.60-0.96; p=.019; n=3,706) and African Americans (RR=0.66; CI:0.45-0.96; p=.028;
n=986) and the likelihood of being free from MetS at visit 4, but this association did not meet the
Bonferroni threshold cutoff of p <.017.

Interaction between a GRS and dietary patterns for those who had resolution or development of MetS
whose MetS status cycled between visits 1 and 4

We investigated the interaction between the GRS and dietary patterns in participants whose MetS status
cycle between visits 1 through 4. Supplemental Table 7A and 7B show the interactions of a GRS and
dietary pattern associations with MetS among MetS status cyclers by racial ancestry. As stated above, in
these analyses, participants reverted back-and-forth from being free of MetS to having MetS or vice-versa.
In these analyses we combined participants who were free from or had MetS at visit 1 to augment our
sample. We observed higher risks for MetS at visit 4 among Whites in the lowest (RR=1.77; CI:1.19-2.74;
p=.005; n=1,394) and highest (RR=1.72; CI:1.18-2.52; p=.005; n=1.020) GRS tertiles for the Western
pattern. Similarly, there was a less likelihood for being free from MetS at visit 4 in the highest GRS tertile
for the Western dietary pattern (RR=1.68; CI:1.14-2.47; p=.008; n=1,094). In contrast, the high-fat dairy
pattern was protective of MetS in the lowest GRS tertile and showed a decreased risk of MetS at visit 4
(RR=0.51; CI:0.32-0.81; p <.004; n=1,394); and for those who remained free of MetS at visit 4 (RR=0.64;
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CI:0.44-0.95; p=.027; n=1,490), but the latter association did not meet the Bonferroni threshold for
multiple testing (p <.017).

Among African Americans whose MetS status cycled between visits 1 to 4, we observed the harmful
effects of the Western dietary pattern was signi�cant only in the highest GRS tertiles for those who had
MetS at visit 4 (RR=0.32; CI:0.16-0.67; p=.002; n=227). The high-fat dairy pattern was protective in the
second GRS tertile and showed a favorable risk of being free from MetS at visit 4 (RR=0.46; CI:0.24-0.89;
p=0.20; n=354), but the association did not meet the Bonferroni threshold for multiple testing (p <.017).

Molecular genetic clustering pathway analysis

We used Literature Lab™ clustering analysis to �nd functional relationship differences among the genes
by racial ancestry. Fewer genes but more metabolic pathways were found in African Americans than
Whites (Figures 4 and 5). In general, the top pathways for African Americans included pathways that were
identi�ed in Whites, as well as additional pathways for obesity and related body fat distribution, and lipid
and carbohydrate metabolism. This may indicate that mechanisms involving gene-diet and disease risks
may be more complex among African Americans than Whites.

The top �ve pathways by association for Whites were linoleic acid with FAD1 (26.0%) and FAD2 (67.5%),
regulation of insulin secretion with insulin (88.7%), type 2 diabetes with insulin (78.5%), pancreatic
secretion with insulin (70.9%), and fatty acid elongation with FAD1 (38.8%) and FAD2 (60.1%). When we
categorized pathways by the most signi�cant p values, the top pathways for Whites were CHREBP and
MLXIPL (99.2%), vitamin D receptor and vitamin D (99.8%), and GCPRs-Class A Rhodopsin-Like and
Rhodopsin (100%). For African Americans the top pathways by association were, CHREBP and MLXIPL
(99.6%), G-Alpha signaling (99.9%) and BDNF (99.9%) with GNAS. The top �ve strongest pathways by
most signi�cant p values for African Americans were linoleic acid metabolism with FAD2 (66.7%) and
FAD1 (26.8%) genes, followed by insulin secretion and type 2 diabetes with insulin pathway (86.1% and
83.1%), respectively, in addition to vitamin A and carotenoid metabolism with CY26A1 (55%) and
ALDH1A2 (38.6%), and maturity onset diabetes with insulin (82.2%).

We examined similarities by association among pathways for Whites compared with African Americans
and found vitamin A and carotenoid metabolism with ALDH1A2 (94.7% vs. 38.6%), ketone body
regulation with insulin (89% vs. 90%), fructose/mannose metabolism with MXIPL (86.2% vs. 86.3%),
glucose and energy metabolism with insulin (84.3% vs. 83.7%), and unsaturated fatty acid biosynthesis
with FAD2 (55.8% vs. 55.8%) and FAD1 (44.2% vs. 44.1%) were the top pathways with a nutrition focus.
We examined similarities by p value among Whites compared with African Americans, and found
additional genes for CHREBP and MXIPL (99.2% vs 99.6%) and linoleic acid metabolism with FAD1
(67.5% vs. 69.7%) and FAD2 (26% vs. 26.8%).

We compared differences in the pathways among racial ancestry by score, and observed that apoptosis
and insulin cellular apoptosis were the top pathways. The genes associated with these pathways were:
BCL2 for Whites (92.3% and 88.4%) and African Americans RELA (38% and 30%), and PPAR for Whites
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(20.2% and 20.9%). We looked at differences among pathways by p value for Whites/African Americans,
and found CHREBP with MXIPL (99.2% /99.6%) and linoleic acid metabolism with FAD1 (67.5% vs.
69.7%) and FAD2 (26% vs. 26.8%) were statistically signi�cant at p <.0001.

Discussion
In this 11-year longitudinal study, we found that among Whites, the Western dietary pattern increased
MetS risk across GRS tertiles. However, the high-fat dairy pattern was protective against MetS and its
effect was strongest in the lowest GRS tertile among both racial ancestry groups. Among each racial
group within GRS tertiles, the Western dietary pattern was associated with development and cycling of
MetS status between visits, and the high-fat dairy pattern with being free from MetS. Fewer genes, but
more metabolic pathways for obesity, body fat distribution, and lipid and carbohydrate metabolism were
identi�ed in African Americans than Whites. We found pathways for genes (FAD1/FAD2, MLXIPL) and
their polymorphisms (rs174548/rs2286276, rs799165), respectively associated with a Western dietary
pattern that could exacerbate MetS risk.

Higher risk for genetic traits, obesity and insulin resistance, contribute to greater risks for cardiometabolic
diseases among African Americans [60]. Studies found that African Americans in general have a higher
risk for type 2 diabetes and other cardiovascular diseases than Whites and greater risk for subsequent
complications [60]. Our recently published study showed that African Americans have a higher prevalence
of MetS compared with Whites, and that by using the 2017 AHA/ACC blood pressure guidelines, MetS
prevalence has increased compared to using the previous blood pressure guidelines [52, 61].

A few studies found high-fat diary pattern to be bene�cial against development of MetS [8] and type 2
diabetes [62]. Hu et al. [63] reported that the harmful Western dietary pattern was associated with
development of coronary heart disease. In this study, the deleterious Western dietary pattern that was
composed of fried foods, red and processed meat and sweets, increased MetS risk among Whites. Most
importantly, for White participants whose MetS status cycled between visits 1 to visit 4, the Western
dietary pattern and interaction with the GRS, consistently increased MetS risk.

Furthermore, within the highest GRS tertile, the healthy dietary pattern increased MetS risk among African
Americans. This �nding was of concern and was further investigated. Further analyses showed that the
median sucrose intake (g) differed between the racial ancestry groups. Some studies show that sugar
consumption increases the risk for metabolic disease [64]. High sugar intake was associated with MetS
risk, type 2 diabetes, risk for overweight or obesity and cardiovascular risk factors [65, 66]. High fructose
intake may be related to insulin resistance, impaired glucose tolerance, and dyslipidemia which is more
prevalent among African Americans than Whites [34, 67]. Other studies show that a lower-carbohydrate
higher-fat diet may be more bene�cial in preventing the development of MetS and cycling of MetS status
between visits [68].

Novel relationships in molecular genetic clustering pathway analysis were that of vitamin D receptor with
vitamin D among Whites, CYP26A1 with vitamin A and carotenoid metabolism in African Americans, and
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FAD1 and FAD 2 with linoleic acid metabolism, an essential omega n-6 fatty acid, and MLXIPL with
fructose/mannose metabolism among both racial ancestry groups.

Although vitamin D is known for its roles in calcium and bone metabolism, low levels of vitamin D may
contribute to high fasting blood glucose, higher risk for MetS, and cardiovascular disease [69, 70].
Conversely, higher levels of vitamin D are associated with improved fasting blood glucose, reversal of
insulin resistance, enhanced beta cell function, and prevention of diabetes [70, 71]. Treatment with
vitamin D has been shown to abate symptoms and decrease risk of cardiometabolic diseases [69] and
depression [72]. Other studies show that CY26A1 (rs4411227) was associated with vitamin A and
carotenoid metabolism. Vitamin A and its’ carotenoids precursors are unsaturated fat-soluble nutrients
important for vision, reproduction, immunity, cognition, and metabolism in protection against diabetes
and cardiovascular diseases even among individuals with MetS who smoke, a known oxidative stressor
[73, 74].

We found FAD1 and FAD2 genes were linked to rs174548, a SNP in the GRS in both Whites and African
Americans. The genotype minor and major alleles can vary in different populations [75]. FAD1 and FAD2
are in�uential in long chain polyunsaturated acid synthesis, such as synthesis of linoleic fatty acid and
arachidonic fatty acids [76, 77]. FAD1 and FAD2 genes are associated with cardiovascular diseases and
other health consequences [75]. Diets rich in conjugated linoleic acid, have been shown to decrease
in�ammation, and consequently improve the markers of metabolic traits such as insulin sensitivity and
neuropathy in diabetes [78]. Alternately, diets high in arachidonic acid are linked to pro-and in�ammatory
conditions that promote atherosclerotic vascular damage [75]. Farvid et al. [79] reported that higher
intakes of linoleic acid, the predominant n-6 fatty acid, were associated with 13% lower risk of coronary
heart disease events in a dose-response manner. The authors recommended to replace saturated fat with
polyunsaturated fat for primary prevention of coronary heart disease. Habitual red meat intake was
associated with higher levels arachidonic in Singapore adults [80]. Martinelli et al. [78] reported that the
Western diet which carries a high ratio of arachidonic to linoleic fatty acids may be detrimental in
individuals carrying the FAD genotypes linked to higher desaturase activity because they may be more
prone to in�ammatory conditions such as coronary artery disease and atherosclerotic damage.

In our study, MLX-interacting protein-like (MLXIPL) was linked to SNPs rs2286276 and rs799165 which
were SNPs in the GRS of Whites and African Americans. In both racial ancestries we found Carbohydrate-
Responsive Element-Binding Protein (CHREBP) was linked with MXIPL which was linked with
fructose/mannose metabolism. Fructose as sucrose or high fructose corn syrup is associated with
obesity and cardiometabolic risk factors, e.g. high levels of triglycerides, which are features of MetS [81].
Restriction of fructose could be bene�cial in controlling MetS [82].

In our study, we found within GRS tertiles, harmful MetS risks associated with the Western dietary pattern,
and protective MetS risks were associated with the high-fat dairy dietary pattern. Given the interaction
effects of the GRS and the Western dietary pattern that is high in saturated fat and fructose and low in
linoleic fatty acid, individuals who consume a Western dietary pattern who have FAD1/ FAD2 (rs174548)
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and MLXIPL (rs2286276) genetic mutations may have increased risk for MetS. However, high-fat dairy
intake that is high in vitamin A and vitamin D in spite of CYP26A1 (rs4411227) mutation may decrease
MetS risk and potentially bene�t metabolic health.

An advantage of this study is the longitudinal assessments from which we extracted covariates across
four visits. ARIC is a prospective study; therefore, information bias was lessened because data on MetS
components (abdominal obesity, high fasting blood glucose, elevated blood pressure, low HDL, and high
triglycerides) were ascertained independently of the collection of dietary variables. In addition, there was
a large number of cases of MetS at the four visits among both Whites and African Americans.
Measurement bias was reduced because of the rigorous nature of the assessment protocol in the ARIC
study.

A limitation of our analysis and interpretation is the relatively small sample size for African Americans,
especially for the �ner strata which may have contributed to type 2 error. Because of the scarcity of
genetic studies performed in African Americans, we used SNPs from studies in the NHGRI catalog that
were generated using predominantly European ancestry samples. African Americans appear to have more
diverse complex genetic pathways than Whites. We believe that with adequate representation of SNPs
genotyped in African Americans, the magnitude of effect may have been greater. Another limitation is
recall bias. The FFQ was used to quantify information about a person’s intake during the previous year.
Some participants may have had di�culty recalling some of the 66 food items accurately, while other
foods such as traditional foods eaten by African Americans frequently, may not have been present in the
FFQ. If bene�cial or harmful foods were eaten frequently, but were not part of the FFQ, then it is possible
that the true risk ratio is even lower or higher, respectively than we estimated.

Finally, we did not use a discovery sample population to replicate our results for the GRS due to the
limitation of sample size. Neither did we used SNP beta coe�cients as weights to replicate our GRS for
the following reasons: Because we applied risk ratios in our analyses, we did not used odds ratios from
published studies as this could have caused a more substantial bias and overestimated the risk ratios;
due to MetS being a highly common disease condition found in this study in both racial ancestry
populations. There were some cardiovascular studies that reported hazard ratios in the NHGRI catalog,
but because MetS status can change due to improvement or worsening of risk factors, we were very
skeptical to use these SNP beta coe�cients which were based on risk for development of MetS.

Conclusion
In summary, we were able to show that a GRS composed of risk-raising alleles, and the Western and high-
fat dietary patterns were associated with MetS. Through interaction with the GRS, the Western dietary
pattern was associated with a profoundly higher risk of development of MetS in Whites and African
Americans. However, interaction with the GRS and high-fat dairy pattern was protective against MetS in
both racial ancestry groups. These results were very strong for Whites, but less clear for African
Americans, warranting further study in a larger sample of African Americans. Future investigations will be
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important to elucidate speci�c dietary patterns and dietary components that may confer protection
against or risk for MetS based on genetic predisposition.
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Figure 1

Entry of participants into the study and partitioned for analysis by racial ancestry. Abbreviations: ARIC,
Atherosclerosis Risk in Communities; MetS, metabolic syndrome; GRS, genetic risk score; PCA, principal
components analysis.

Figure 2

Association between dietary patterns and developing MetS or being free from metabolic syndrome
among Whites and African Americans. Participants’ MetS status change was in one direction only from
visits 1 to 4. Key ++++ vs - - - - Those with MetS at all 4 visits compared with those without MetS at all 4
visits. - # vs - - - - Those free of MetS at visit 1 but developed MetS at visit 4 compared with those without
MetS at all 4 visits. + = vs - - - - Those with MetS at visit 1 but free of MetS at visit 4 compared with those
without MetS at all 4 visits. Bold indicates p values that were signi�cant at p <.05. Bonferroni adjustment
for multiple testing for dietary patterns (p=.05/4=.017). Dietary patterns were calculated using factor
analysis with the principal components factor option and the varimax rotation with correlation ≥ .3. MetS
was regressed against the GRS adjusting for a covariate summary score composed of age, gender, sports
physical activity (Baecke questionnaire), cigarette smoking status, drinker status, education level at visit
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1, time in study, and 20 genetic principle components for admixture. Dietary patterns are from
Supplemental Table 2. Dietary pattern contents for Whites: Western: fried foods, red meat, chips and fries,
chicken with skin, processed meat, eggs, and condiments Healthy: rice, pasta, vegetables, mashed potato,
chicken without skin, lentils and beans High-fat dairy: butter, whole milk, eggs Dietary pattern contents for
African Americans Western: Eggs, processed meat, biscuit & cornbread, whole wheat bread, fried foods,
white bread, and margarine-butter Healthy: Chicken without skin, vegetables, lentils and beans, fruit,
cooked breakfast cereal, �sh, mashed potato, shell�sh, cold breakfast cereal High-fat dairy: Butter,
margarine-butter, whole milk, cottage cheese

Figure 3

Interactions between a GRS and dietary patterns for developing MetS or being free from metabolic
syndrome among Whites and African Americans. Participants’ MetS status change was in one direction
only from visits 1 to 4. Key ++++ vs - - - - Those with MetS at all 4 visits compared with those without
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MetS at all 4 visits - # vs - - - - Those free of MetS at visit 1 but developed MetS at visit 4 compared with
those without MetS at all 4 visits + = vs - - - - Those with MetS at visit 1 but free of MetS at visit 4
compared with those without MetS at all 4 visits Bold indicates p values that were signi�cant at p <.05.
Bonferroni adjustment for multiple testing for dietary patterns (p=.05/3=.017). Dietary patterns were
calculated using factor analysis with the principal components factor option and the varimax rotation
with correlation ≥ .3. MetS was regressed against the GRS adjusting for a covariate summary score
composed of age, gender, sports physical activity (Baecke questionnaire), cigarette smoking status,
drinker status, education level at visit 1, time in study, and 20 genetic principle components for admixture.
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Figure 4

Molecular genetic clustering pathways for Whites. Molecular genetic clustering pathway analysis was
performed using Literature Lab™ clustering software to �nd functional relationship differences among the
genes by racial ancestry. 
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Figure 5

Molecular genetic clustering pathways for African Americans. Molecular clustering genetic pathway
analysis was performed using Literature Lab™ clustering software to �nd functional relationship
differences among the genes by racial ancestry.
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