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A B S T R A C T

Background: Identifying lipidomic markers of diet quality is needed to inform the development of biomarkers of diet, and to understand the mechanisms
driving the diet- coronary heart disease (CHD) association.
Objectives: This study aimed to identify lipidomic markers of diet quality and examine whether these lipids are associated with incident CHD.
Methods: Using liquid chromatography–mass spectrometry, we measured 1542 lipid species from 1694 American Indian adults (aged 18–75 years, 62%
female) in the Strong Heart Family Study. Participants were followed up for development of CHD through 2020. Information on the past year diet was
collected using the Block Food Frequency Questionnaire, and diet quality was assessed using the Alternative Healthy Eating Index-2010 (AHEI). Mixed-
effects linear regression was used to identify individual lipids cross-sectionally associated with AHEI. In prospective analysis, Cox frailty model was used
to estimate the hazard ratio (HR) of each AHEI-related lipid for incident CHD. All models were adjusted for age, sex, center, education, body mass index,
smoking, alcohol drinking, level of physical activity, energy intake, diabetes, hypertension, and use of lipid-lowering drugs. Multiple testing was
controlled at a false discovery rate of <0.05.
Results: Among 1542 lipid species measured, 71 lipid species (23 known), including acylcarnitine, cholesterol esters, glycerophospholipids, sphingo-
myelins and triacylglycerols, were associated with AHEI. Most of the identified lipids were associated with consumption of ω-3 (n–3) fatty acids. In total,
147 participants developed CHD during a mean follow-up of 17.8 years. Among the diet-related lipids, 10 lipids [5 known: cholesterol ester (CE)(22:5)B,
phosphatidylcholine (PC)(p-14:0/22:1)/PC(o-14:0/22:1), PC(p-38:3)/PC(o-38:4)B, phosphatidylethanolamine (PE)(p-18:0/20:4)/PE(o-18:0/20:4), and
sphingomyelin (d36:2)A] were associated with incident CHD. On average, each standard deviation increase in the baseline level of these 5 lipids was
associated with 17%–23% increased risk of CHD (from HR: 1.17; 95% CI: 1, 1.36; to HR: 1.23; 95% CI: 1.05, 1.43).
Conclusions: In this study, lipidomic markers of diet quality in American Indian adults are found. Some diet-related lipids are associated with risk of
CHD beyond established risk factors.

Keywords: lipidomics, diet quality, Alternative Healthy Eating Index, coronary heart disease, American Indian adults, Strong Heart Study
Abbreviations: AHEI, Alternative Healthy Eating Index; BMI, body mass index; CE, cholesterol ester; CHD, coronary heart disease; CVD, cardiovascular disease; HR, hazard
ratio; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PUFA, polyunsaturated fatty acid; SHFS, Strong Heart Family Study; SM, sphingomyelin; TAG, triacylglycerol; T2D,
type 2 diabetes.
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Introduction

Diet is a key modifiable factor affecting the development of coro-
nary heart disease (CHD) [1,2], a leading cause of death worldwide [3].
In addition to specific food groups or nutrients, diet quality is an overall
measure of a diet that reflects the interactive and synergistic effects of
various dietary components. Accumulated evidence shows that high
diet quality, assessed by the Alternative Healthy Eating Index-2010
(AHEI), is associated with reduced risks of CHD [4,5] and other car-
diovascular diseases (CVDs) [4–6]. It is known that lipid metabolism
plays a major role in the complex diet–cardiovascular health relation
[7], but a deeper understanding of the lipid pathways is needed.

The human lipidome is highly dynamic and influenced by both ge-
netic and environmental factors, including diet [8]. High-throughput
untargeted lipidomics offers new opportunities to develop novel bio-
markers of dietary exposure and to improve our understanding of the
mechanisms underlying the diet–CHD relation. Using this technology,
recent research has linked lipidomic profiles with diet quality or adher-
ence to healthy dietary patterns [9–12]. However, they were limited by
small sample size or not examining the significance of these biomarkers
regarding subsequent disease outcomes [10,11]. Furthermore, previous
studies have a low coverage of the lipidome and largely focus on rela-
tively homogenous populations, and thus, more research is needed to
validate these markers in diverse populations such as American Indian
individuals who have relatively unique food environments and a
disproportionately higher prevalence of poor diet quality [13]. To this
end, based on data from 1694 American Indian participants in the Strong
Heart Family Study (SHFS), we aimed to identify lipidomic markers of
habitual diet quality assessed by AHEI and to examine whether these
markers are independently associated with CHD risk.

Methods

Study sample
The SHFS is a multicenter, family-based prospective study

designed to identify genetic, metabolic, and behavioral factors for CVD
and diabetes, and their risk factors in American Indian individuals. In
brief, 2786 Tribal members (aged 14 years or older) residing in Ari-
zona, North Dakota, South Dakota, and Oklahoma were recruited and
examined in 2001–2003 (baseline) and followed up for CVD events.
Detailed descriptions of the SHFS protocols for data collection have
been reported previously [14,15]. All participants received a personal
interview and a physical examination at each visit, during which fasting
blood samples were collected for laboratory tests. This analysis
included participants with complete information for diet, lipidomics,
and clinical data. In particular, 1983 participants had plasma lipidomic
data and were free of overt CVD at baseline. After excluding partici-
pants with missing information for diet, covariates, or follow-up and
those with unrealistic energy intake (ie, <600 or >6000 kcal/d among
females and <600 or >8000 kcal/d among males), 1694 participants
were included in the final data analyses (Supplemental Figure 1).

All participants provided informed consent. The SHFS protocols
were approved by the institutional review boards of the participating
institutions and the American Indian tribes.
Assessments of diet quality
An interview-administered Block 119-item Food Frequency

Questionnaire with a supplemental American Indian foods question-
naire was administered to SHFS participants at baseline to assess usual
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dietary intake over the past year. Methods on the dietary data collection
in SHFS have been described previously [16].

Diet quality was assessed by the AHEI using the abovementioned
dietary data. A detailed description of the AHEI has been described
elsewhere [4]. In brief, the AHEI total score ranges from 0 to 110, with
each component of the 11 food groups that comprise the score (ie,
fruits, vegetables, whole grains, sugar-sweetened beverages and fruit
juice, nuts and legumes, polyunsaturated fatty acids [PUFAs],
long-chain ω-3 [n–6] fatty acids, transfats, red and/or processed meats,
sodium, and alcohol) ranging from 0 to 10. A higher AHEI score in-
dicates a better diet quality, which is categorized by higher consump-
tion of the 6 healthy components (ie, fruits, vegetables, whole grains,
nuts and legumes, PUFAs, and ω-3 fatty acids) and lower consumption
of the 5 unhealthy components (ie, sugar-sweetened beverages and fruit
juice, transfats, red/processed meats, sodium, and alcohol).

Ascertainment of incident CHD
Participants were followed up for the development of CHD through

December 31, 2020. The primary outcomes were fatal and nonfatal
CHD. Nonfatal CHD events included definite nonfatal myocardial
infarction or definite nonfatal CHD. Fatal CHD was defined as definite
fatal myocardial infarction, definite fatal CHD, or sudden death due to
CHD. Detailed criteria and definitions have been described previously
[17,18]. In brief, incident CHD events were assessed by annual mor-
tality and morbidity surveillance reviews of hospitalization and death
records and self-report (with follow-up medical record review) at the
SHFS follow-up study examination. Time to event was defined as the
time from the earliest study examination to the earliest of the following:
date of incident CHD, death, or loss to follow-up. Medical records were
abstracted, and CHD death and events were ascertained and confirmed
by the mortality and morbidity review committees (ie, physician re-
viewers who evaluated available medical records for confirmation of
cardiovascular events) using specific criteria.

Assessments of covariates
Sociodemographic information, lifestyle factors (cigarette smoking,

and alcohol use), medical history, family history of illnesses, and use of
prescription medications (eg, use of antihypertensive, diabetic, and/or
lipid-lowering drugs) were collected using structured questionnaires at
the baseline examination [14,15]. For cigarette smoking, participants
were classified as current, former, or never-smokers. Similarly, alcohol
use was categorized as current, former, or never-drinkers. To collect
physical activity data, participants were asked to wear Accusplit
AE120 pedometers for 7 consecutive days, except while bathing or
swimming; the mean number of steps per day was calculated by
averaging the total number of steps recorded each day during the 7-day
period. Anthropometric measures including height, weight, waist
circumference, and fasting blood tests were obtained during a brief
physical examination and laboratory workup at each visit. Body mass
index (BMI) was calculated as body weight in kilograms divided by the
square of height in meters. Fasting glucose was measured by standard
laboratory methods [14]. Type 2 diabetes (T2D) was defined as a
fasting plasma glucose of �126 mg/dL or use of hypoglycemic drugs.
Hypertension was defined as measured systolic blood pressure of�140
mm Hg, diastolic blood pressure of �90 mm Hg, or use of antihy-
pertensive medications.

Lipidomic data acquisition, processing, and normalization
Methods for lipidomic data acquisition, processing, and normali-

zation in the SHFS have been described previously [19]. In brief,



X. Wen et al. The American Journal of Clinical Nutrition 119 (2024) 748–755
relative abundance of molecular lipid species in fasting plasma samples
was quantified by untargeted liquid chromatography–mass spectrom-
etry. After preprocessing and quality control, we obtained 1542 lipids
(518 known and 1024 unknown) in 1983 participants at baseline.
Statistical analysis
Supplemental Figure 1 illustrates the procedures for participant

selection and statistical analyses. Statistical analyses were performed
using R version 4.1.1 (R Foundation for Statistical Computing). All
continuous variables, including lipids and AHEI scores, were stan-
dardized to zero mean and unit variance before the analyses.

To identify individual lipid species associated with AHEI total score
at baseline, we constructed mixed-effects linear regression models. In
the model, relative abundance of each lipid (continuous) was the in-
dependent variable, and the AHEI total score (continuous) was the
dependent variable. Covariates included age (years), sex (male/female),
study center (Arizona, Oklahoma, or Dakotas), education (years), BMI
(in kg/m2), smoking (never/former/current), physical activity (steps/d),
total energy intake (kcal/d), lipid-lowering medication use (yes/no),
T2D (yes/no), and hypertension (yes/no). Alcohol use was not included
as a covariate in the model because it is a component of the AHEI
score. The model included random effects to account for relatedness
between family members. Multiple testing was controlled by false
discovery rate using the Storey q value method [20,21], wherein sta-
tistical significance is set at a q value of <0.05 level.

To further investigate the relationship between the identified lipids
and the individual AHEI components, we constructed mixed-effects
linear regression models. In this model, each lipid was the indepen-
dent variable, and an AHEI component score (ie, fruits, vegetables,
whole grains, sugar-sweetened beverages and fruit juice, nuts and le-
gumes, PUFAs, ω-3 fatty acids, trans fats, red/processed meats, so-
dium, and alcohol) was the dependent variable. The model adjusted for
the same covariates as described earlier.

To examine whether the AHEI-related lipids were associated with
incident CHD, we built Cox frailty models, adjusting for all covariates
TABLE 1
Baseline Characteristics of the Participants by Quintiles of Alternative Healthy Ea

Characteristics1 Total (N ¼ 1694) AHEI quintiles

Q1 (n ¼ 339) Q2 (n

Age (y) 40.4 � 13.9 35.2 � 12.4 38.4
Female 1054 (62.2) 188 (55.5) 217 (
Education (y) 12.6 � 2.1 12.1 � 2.0 12.4
BMI � kg/m2) 31.8 � 7.4 31.1 � 8.2 32.4
Smoking status
Never 630 (37.2) 127 (37.5) 121 (
Former 397 (23.4) 63 (18.6) 80 (2
Current 667 (39.4) 149 (44.0) 138 (

Drinking status
Never 135 (8.0) 19 (5.6) 28 (8
Former 503 (29.7) 91 (26.8) 121 (
Current 1056 (62.3) 229 (67.6) 190 (

Physical activity (steps/d) 5772.5 � 3784.9 6082.2 � 3722.8 5710
Total energy intake (kcal/d) 2445.3 � 1308.4 2495.5 � 1060.9 2309
SBP (mm Hg) 122.6 � 15.4 119.8 � 13.7 122.7
DBP (mm Hg) 77.4 � 10.6 77.0 � 10.3 77.3
Lipid-lowering medicine use 61 (3.6) 7 (2.1) 14 (4
Diabetes 311 (18.4) 38 (11.2) 62 (1
Hypertension 506 (29.9) 77 (22.7) 90 (2
AHEI score 44.5 � 8.9 32.8 � 3.4 39.2

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systo
1 Continuous variables were expressed as mean � standard deviation and categ
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included in the lipids-AHEI association analyses plus alcohol use
(never/former/current). The frailty term was used in this study to ac-
count for the family relatedness among participants. The assumptions
for Cox proportional hazards model were checked using the Schoenfeld
residuals.

Additional analysis
To examine whether baseline age, diabetes status or hypertension

status modifies the association between lipid metabolism and AHEI
total score, we included an interaction term, ie, age (years) � lipids,
diabetes status (yes/no) � lipids, or hypertension status (yes/no) �
lipids, in the above-described mixed-effects linear regression models.
The model adjusted for the same covariates included in the lip-
ids–AHEI association analyses.

To examine whether the AHEI total score (both continuously and in
quintiles) was associated with incident CHD or 10-year CHD risk score
[22], we constructed Cox frailty model or mixed-effects linear
regression, respectively. Before the analyses, we standardized all
continuous variables to zero mean and unit variance and regressed out
the baseline age from the AHEI total score. Three models were fitted:
model 1 was crude model; model 2 was adjusted for sex, center, and
education; and model 3 was further adjusted for BMI, smoking,
physical activity, total energy intake, use of lipid-lowering medication,
T2D, and hypertension.

Results

Characteristics of study participants
Baseline characteristics of study participants are summarized in

Table 1. Among the 1694 individuals included in this analyses, 62%
were females, and the mean age was 40.4 years (range: 18–75 years) at
baseline. The mean AHEI score was 44.5 (range: 18.8–77.6). Partici-
pants with a lower AHEI score were younger, less educated, more
likely to report current smoking, and less likely to present with diabetes
or hypertension than participants with a higher AHEI score.
ting Index (AHEI)

¼ 339) Q3 (n ¼ 339) Q4 (n ¼ 339) Q5 (n ¼ 338)

� 13.7 41.8 � 13.7 42.4 � 13.1 44.4 � 14.5
64.0) 216 (63.7) 218 (64.3) 215 (63.6)
� 2.1 12.7 � 2.2 12.7 � 2.1 13.0 � 2.1
� 6.8 32.1 � 7.7 31.5 � 7.1 32.0 � 7.4

35.7) 124 (36.6) 128 (37.8) 130 (38.5)
3.6) 85 (25.1) 71 (20.9) 98 (29.0)
40.7) 130 (38.3) 140 (41.3) 110 (32.5)

.3) 38 (11.2) 19 (5.6) 31 (9.2)
35.7) 98 (28.9) 93 (27.4) 100 (29.6)
56.0) 203 (59.9) 227 (67.0) 207 (61.2)
.1 � 3748.1 5538.7 � 3554.7 5562.8 � 3208.6 5969.2 � 4554.2
.0 � 1123.1 2289.6 � 1251.1 2417.3 � 1372.5 2716.1 � 1620.7
� 15.9 123.1 � 15.5 123.5 � 15.9 124.0 � 15.6
� 10.5 77.5 � 10.7 77.3 � 11.0 77.9 � 10.8
.1) 11 (3.2) 10 (2.9) 19 (5.6)
8.3) 68 (20.1) 74 (21.8) 69 (20.4)
6.5) 106 (31.3) 114 (33.6) 119 (35.2)
� 1.4 43.9 � 1.3 49.0 � 1.6 57.5 � 5.1

lic blood pressure.
orical variables as n (%).
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Fasting plasma lipid species associated with AHEI
A total of 298 lipid species (114 known) were associated with

AHEI at P < 0.05. After adjusting for multiple testing, 71 lipids (23
known) were significantly associated with AHEI total score at a q
value of <0.05 (Figure 1). Among the 23 known lipids, 13 lipids,
including 5 phosphatidylcholines (PCs), 3 phosphatidylethanol-
amines (PEs), 1 phosphatidylinositol, and 4 triacylglycerols (TAGs),
were positively associated with AHEI total score (β: 0.07–0.09).
Meanwhile, 10 lipids, including acylcarnitine (AC) (18:0), 3
cholesterol esters (CEs), 3 PCs, 1 PE, and 2 sphingomyelins (SMs),
were negatively associated with AHEI total scores (β: �0.07 to
�0.11). (Figure 2, Supplemental Table 1).

AHEI-related lipids associated with AHEI components
Figure 3 shows the associations between AHEI-related lipids and

individual AHEI components. Most of the identified lipid species were
associated with ω-3 fatty acids (15 of the 23 known lipids, including 11
showing positive associations), sugar-sweetened beverages (9 of the
23), and alcohol intake (9 of the 23). Notably, CE(22:5) A and
CE(22:5) B were negatively associated with some individual AHEI
component scores, such as vegetable, PUFAs, and red/processed meats
(ie, they were related to a lower intake of vegetable and PUFAs but a
higher intake of red/processed meats); Two SMs [ie, SM(d17:0/18:2) B
and SM(d36:2) A] were negatively associated with individual
component scores for alcohol consumption and ω-3 fatty acid (ie, they
were related to suboptimal levels of alcohol consumption and a lower
intake of ω-3); and the 4 TAGs [ie, TAG(42:2), TAG(48:4)A,
TAG(54:6)A, and TAG(56:4)] were positively associated with the
component score of the ω-3 fatty acids (ie, they were related to a higher
intake of ω-3).

AHEI-related lipids associated with incident CHD
In total, 147 participants developed CHD during a mean follow-up

of 17.8 years. Of the 71 AHEI-related lipids, baseline levels of 10 lipids
(5 known) were significantly associated with an increased risk of CHD
at P < 0.05, after adjusting for age, sex, center, education, BMI,
smoking, alcohol drinking, level of physical activity, energy intake,
diabetes, prevalent hypertension, and use of lipid-lowering drugs at
baseline (Figure 2, Supplemental Table 1). In particular, higher baseline
concentrations of all 5 known lipids were associated with a greater risk
of CHD, including CE(22:5) B (HR: 1.22; 95% CI: 1.06, 1.42, per
standard deviation increase in baseline level), PC(p-14:0/22:1)/PC(o-
14:0/22:1) (HR: 1.23; 95% CI: 1.05, 1.43), PC(p-38:3)/PC(o-38:4)
(HR: 1.17; 95% CI: 1, 1.36), PE(p-18:0/20:4)/PE(o-18:0/20:4) (HR:
FIGURE 1. Manhattan plot depicting the association of individual lipid specie
P. Different colors represent different lipid categories. The dashed line represents
lipids represents isomers.
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1.18; 95% CI: 1.01, 1.39), and SM(d36:2) A (HR: 1.19; 95% CI: 1.01,
1.39). These lipids consistently showed a negative association with
AHEI scores.

Results from additional analyses
As shown in Supplemental Table 2, after including an interaction

term (lipids � age, lipids � diabetes status, or lipids � hypertension
status) in the model, the observed associations of lipids with AHEI total
score remained largely unchanged (all interaction P > 0.05 after
multiple testing correction).

Supplemental Table 3 lists the associations of AHEI total score with
incident CHD and 10-year CHD risk score [22]. It shows that AHEI
scores were inversely associated with risk of CHD (HR: 0.51; 95% CI:
0.30, 0.89; Q3 vs. Q1) in the full adjustment model. In addition, AHEI
scores were inversely associated with 10-year CHD risk score both
continuously (β: �0.006; 95% CI: �0.011, �0.002) and in quantiles
(β: �0.16; 95% CI: �0.27, �0.04; Q5 vs. Q1), after adjusting for all
covariates.

Discussion

In this large cohort of American Indian individuals, we identified 23
known lipid species associated with habitual diet quality assessed by
AHEI, including AC, CEs, glycerophospholipids, SMs, and TAGs.
Among these lipids, 5 lipid species were independently associated with
a higher risk of CHD and lower diet quality [ie, CE(22:5) B, PC(p-14:0/
22:1)/PC(o-14:0/22:1), PC(p-38:3)/PC(o-38:4), PE(p-18:0/20:4)/PE(o-
18:0/20:4), and SM(d36:2) A]. About half of the diet-related lipid
species were positively associated with consumption of ω-3 fatty acids.
These findings may inform the lipidomic markers of habitual diet
quality and provide insights into our understanding of the relationship
among diet, lipid metabolism, and CVD.

We found that higher levels of several ACs and CEs were associated
with lower diet quality. ACs are esters of carnitine and fatty acids that
play an essential role in fatty acid metabolism [23]. Previous studies
have reported that higher levels of ACs were associated with red and
processed meat intake [24,25]. Our analyses support these findings. For
instance, a higher level of AC (18:0) was associated with poorer diet
quality and a higher intake of red/processed meats [25,26]. In addition,
several CEs were also inversely associated with diet quality. These
findings corroborate previous studies reporting an inverse association
of CE(18:0) with AHEI [27] or Mediterranean diet adherence [28]. On
the contrary, some studies reported that CE(22:5) was positively
associated with AHEI [27,29] and other healthy diet quality indices
s with AHEI total score (N ¼ 1694). x-axis: lipid classes; y-axis: �log10
significance level at q ¼ 0.05 or P ¼ 0.05. The letter A or B in the name of



FIGURE 2. Baseline plasma lipid species associated with AHEI total score (q < 0.05) and incident CHD (N ¼ 1694). β coefficients of baseline lipids
associated with baseline AHEI total score were obtained by mixed-effects linear regression models, adjusting for age, sex, study center, education, BMI,
smoking, physical activity, total energy intake, lipid-lowering medication use, type 2 diabetes, and hypertension at baseline. Hazard ratios of baseline lipids
associated with incident CHD were obtained by Cox frailty models, adjusting for all aforementioned covariates, in addition to alcohol use. Bolded lipids were
significantly associated with incident CHD (P < 0.05). The letter A or B in the name of lipids indicates isomers. Abbreviations: AC, acylcarnitine; AHEI,
Alternative Healthy Eating Index; CE, cholesterol ester; CHD, coronary heart disease; HR, hazard ratio; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PI, phosphatidylinositol; SD, standard deviation; SM, sphingomyelin; TAG, triacylglycerol.
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[29,30], whereas we found that CE(22:5) may reflect a higher intake of
red/processed meat and/or lower vegetable and PUFA intakes, and was
associated with a higher risk of CHD among American Indian in-
dividuals. CEs serve as a storage form of cholesterol and facilitate its
transport in blood. The close link between serum CE concentrations
and dietary fatty acid intake [31,32] may explain the observed asso-
ciations of CE(22:5) with these dietary components in our study.
Notably, CE(22:5) B was also associated with an increased risk of CVD
and all-cause mortality in American Indian individuals [33]. Despite
the different directions of association with diet quality, which possibly
arise from population differences, CE(22:5) was linked to healthy diet
adherence in many studies and needs to be further studied.

Some SMs were also negatively associated with diet quality,
including 1 lipid [ie, SM(d36:2) A], which was also associated with an
increased risk of CHD. Higher plasma SM concentration has been
shown to be an independent risk factor for CHD [34,35] and promote
atherosclerosis [36], whereas SM species with a very long-chain
saturated fatty acid were associated with a reduced risk of CVD
among individuals with T2D [37]. These conditions were consistently
associated with unhealthy diets [1]. Furthermore, evidence showed that
SM(d36:2) was associated with markers of inflammation in mice [38,
39]. This study showed that SM(d36:2) A was associated with un-
healthy alcohol use and lower consumption of fruits and ω-3 fatty
acids, which are recognized as important proinflammatory or
anti-inflammatory dietary factors [40–42]. It is possible that SM(d36:2)
A reflects inflammation level that is attributable to these dietary factors,
thereby contributing to CHD risk.

Our findings demonstrated that several glycerophospholipids [eg,
LPC(24:0), PC(36:6), and PE(36:3)] are associated with diet quality.
These findings appeared to be in agreement with previous evidence
752
suggesting positive associations of LPC(24:0) with AHEI [43] or
Mediterranean diet adherence [26]. However, our findings are
discordant with a study showing an inverse association of PE(36:3)
with AHEI [27]. These glycerophospholipids are mostly related to
consumption of sugar-sweetened beverages and ω-3 fatty acids. We
also observed novel associations, including an increased risk of CHD
associated with 3 AHEI-related lipids [ie, PC(p-14:0/22:1)/
PC(o-14:0/22:1), PC(p-38:3)/PC(o-38:4) B, and PE(p-18:0/20:4)/
PE(o-18:0/20:4)]. Previous studies indicated that disturbed glycer-
ophospholipid metabolism is a major altered metabolic pathway [44,
45] in the development of CHD. Taken together, these results may
suggest disturbed lipid metabolism involved in the association of di-
etary intake with CHD.

In line with previous studies reporting a beneficial role of dietary
PUFAs, particularly ω-3 fatty acids, in the prevention of CVD [46,47],
we also found that many of the AHEI-related lipid species were
associated with ω-3 intakes in American Indian individuals, under-
scoring the importance of beneficial dietary fats in maintaining a
healthy diet. Notably, the 4 unsaturated long-chain TAGs [ie,
TAG(42:2), TAG(48:4)A, TAG(54:6)A, and TAG(56:4)] were posi-
tively associated with ω-3 intakes and the AHEI total score. This ap-
pears to be in agreement with previous studies reporting that multiple
long-chain TAGs were positively associated with AHEI or other
healthy diet adherence [10,29] and the ω-3 component of AHEI [10,
27]. Our findings suggest that specific unsaturated long-chain TAGs
may serve as potential markers of high diet quality, possibly by
reflecting higher consumption of beneficial ω-3 fatty acids.

Our study has several strengths. We used an untargeted lipidomic
platform that measured >1500 individual lipid species across 15 lipid
classes in a large sample of community-dwelling individuals. Another
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FIGURE 3. Associations between AHEI-related lipids and AHEI component scores (N ¼ 1694). Color codes are based on the regression coefficients obtained
from the mixed-effects linear regression model, adjusting for age, sex, study center, education, BMI, smoking, physical activity, total energy intake, lipid-
lowering medication use, T2D, and hypertension. Bolded lipids were significantly associated with incident CHD (P < 0.05). A higher AHEI component
score indicates better diet quality, which is categorized by higher consumption of the 6 healthy components (ie, fruits, vegetables, whole grains, nuts and
legumes, PUFAs and ω-3 fatty acids) and lower consumption of the 5 unhealthy components (ie, sugar-sweetened beverages and fruit juice, trans fats, red/
processed meats, sodium, and alcohol). *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: AC, acylcarnitine; AHEI, Alternative Healthy Eating Index; CE,
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strength is the prospective cohort design enabling us to examine the
significance of the identified biomarkers regarding incident disease
outcomes. Furthermore, the comprehensive assessment of socio-
demographic, lifestyle, and clinical factors allows us to extensively
adjust for potential confounders. Of note, our additional analyses
showed that age, diabetes, or hypertension status may modify the as-
sociation between lipid metabolism and AHEI (Supplemental Table 2),
despite that the interactions in association did not survive multiple
testing correction. Some limitations should also be mentioned. First,
although the comprehensive lipidomic panel provides high coverage of
the plasma lipidome, many lipids detected are unknown compounds
and isomeric lipids cannot be distinguished either. Additional experi-
ments are needed to further characterize these unknown compounds in
future research. Second, because our results were derived from
American Indian individuals who have a relatively unique food envi-
ronment and less healthy diet, it is unclear how well our findings could
be generalized to other racial/ethnic groups. In addition, we observed
that participants with lower diet quality were relatively younger and
less likely to present with diabetes or hypertension than those with
higher diet quality. This was also reported in other studies [30,43]. It is
possible that older individuals with diabetes and/or hypertension tend
to be more health conscious. An external cohort with a comparable
study design and data collection methods including lipidomic data is
warranted to replicate our findings. Furthermore, habitual dietary
intake was assessed only once (baseline), thus the change in diet quality
cannot be evaluated. Nonetheless, the SHFS participants are known to
have relatively consistent dietary intake over time [48]. Finally, similar
to all other large-scale epidemiological studies, the observational
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nature of the SHFS limited our ability to establish any causal rela-
tionship between lipids and diet quality or between lipids and incident
CHD, albeit that the prospective study design alleviates some concerns
about reverse causality.

In summary, our study identified multiple individual lipid species as
potential markers of habitual diet quality assessed by AHEI among
American Indian individuals and highlighted the associations of diet-
related lipid species with risk of CHD. Future studies are needed to
confirm our findings in other ethnic groups with different population
settings.
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