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A B S T R A C T

Background: Epoxyeicosatrienoic acids (EETs) are metabolites of arachidonic acid with multiple biological
functions. Rodent experiments suggest EETs play a role in insulin sensitivity and diabetes, but evidence in
humans is limited. To address this knowledge gap, we conducted a case-cohort study in the Strong Heart
Family Study, a prospective cohort among American Indians.
Methods: We measured 4 EET species and 4 species of corresponding downstream metabolites, dihydroxyei-
cosatrieonic acids (DHETs), in plasma samples from 1161 participants, including 310 with type 2 diabetes.
We estimated the associations of total (esterified and free) EETs and DHETs with incident diabetes risk,
adjusting for known risk factors. We also examined cross-sectional associations with plasma fasting insulin
and glucose in the case-cohort and in 271 participants without diabetes from the older Strong Heart Study
cohort, and meta-analyzed the results from the 2 cohorts.
Findings: We observed no significant association of total EET or DHET levels with incident diabetes. In addi-
tion, plasma EETs were not associated with plasma insulin or plasma glucose. However, higher plasma
14,15-DHET was associated with lower plasma insulin and lower plasma glucose.
Interpretation: In this first prospective study of EETs and diabetes, we found no evidence for a role of total
plasma EETs in diabetes. The novel associations of 14,15-DHET with insulin and glucose warrant replication
and exploration of possible mechanisms.
Funding: US National Institutes of Health
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Type 2 diabetes has reached epidemic proportions world-wide
[1]. An estimated 7.2% of US population had diagnosed diabetes in
2015 and the prevalence of type 2 diabetes is particularly high in
American Indians and Alaska Natives [2]. With diabetes being a
leading cause of coronary heart disease, heart failure and stroke, [3,4]
novel biomarker and prevention measures are critical.

Epoxyeicosatrienoic acids (EETs) are metabolites of arachidonic
acid produced by cytochrome P450 enzymes. Multiple cytochrome
P450 enzymes produce epoxy fatty acids from a variety of unsatu-
rated fatty acids including n-3 fatty acids. In humans, CYP2C and
CYP2J2 generate four EET species (5,6-EET, 8,9-EET, 11,12-EET and
14,15-EET) from arachidonic acid which is usually esterified in the
membrane and is released by phospholipase A2 in response to stim-
uli [5]. EETs act as paracrines or autorines and are rapidly converted
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Research in context

Evidence before this study

Animal studies have suggested that free EETs play a role in
insulin sensitivity and glucose metabolism, which are impor-
tant factors in the development of diabetes. EETs are converted
to DHETs that have been assumed to have less biological activ-
ity than EETs. The role of EETs and DHETs in the development
of diabetes in humans has been largely underexplored.

Added value of this study

We showed total plasma EETs (esterified and free) were not
associated with incident diabetes, insulin or glucose in a large
prospective study. However, the EET downstream metabolite,
14,15-DHET, was associated with lower plasma insulin and
lower plasma glucose.

Implications of all the available evidence

We found little evidence for a role of total plasma EETs in diabe-
tes development in humans suggesting interventions targeting
total circulating EETs may have limited ability to prevent diabe-
tes among people at risk. In contrast, 14,15-DHET may have
biological activities independent of its EET precursor, and low
total plasma levels may be an early marker of impaired glucose
metabolism.
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to dihydroxyeicosatrieonic acids (DHETs) by soluble epoxide hydro-
lases (sEH) [6]. DHETs are generally considered less active than EETs,
and sEH inhibitors are routinely used to increase EETs levels in ani-
mal studies [7].

EETs exhibit multiple biological activities including anti-inflam-
matory, vasodilatory and electrophysiologic effects [8�10]. In addi-
tion, experiments in rodents suggest EETs play a role in insulin
sensitivity and diabetes. For example, overexpression of CYP2J3
increases EET levels, reduces homeostasis model assessment insulin
resistance (HOMA-IR) in db/db mice, and prevents fructose-induced
decrease in insulin receptor signaling in rats [11]. Knockout or inhibi-
tion of sEH also increases EET levels, reduces plasma glucose in mice
fed a high fat diet, [12] improves glucose tolerance and decreases islet
cell apoptosis in streptozotocin treated mice [13]. Informed by these
animal data, we hypothesized that higher plasma EETs were associ-
ated with lower risk of incident diabetes.

Evidence for a role of EETs in diabetes in humans is limited to a
handful of genetic studies [14�16]. A functional variant (287Gln) of
sEH, encoded by EPHX2, is associated with greater insulin sensitivity
in a study of 85 subjects without diabetes however, the genetic vari-
ant was not associated with plasma EETs [14]. In a Japanese study of
294 patients with type 2 diabetes and 205 controls, the genotype dis-
tribution of 287Gln in EPHX2 did not differ between the two groups;
and in contrast to the previous study, there was an association of
EPHX2 287Gln with reduced glucose infusion rate, a marker of insulin
resistance among those with diabetes [15]. In a Chinese study of
1747 patients with type 2 diabetes and 994 controls, genotype distri-
bution of a functional polymorphism of CYP2J2 did not differ between
the two groups. However, the variant was associated with younger
age at diagnosis among the patients with diabetes [16]. There are no
prospective studies of plasma EETs and incident diabetes.

To address our study hypothesis and bring much needed addi-
tional evidence in human subjects, we measured total (esterified and
free) plasma EETs and total DHETs and examined the association of
plasma EETs and DHETs with risk of incident diabetes, and with
fasting plasma insulin and glucose in the Strong Heart Study (SHS), a
large prospective cohort of American Indians.

2. Methods

2.1. Study design and setting

The SHS is a population-based longitudinal study of risk factors for
cardiovascular disease in 12 American Indian communities in Ari-
zona, North Dakota, South Dakota, and Oklahoma [17]. The original
cohort included 4,549 participants between the ages of 45�74 years
who were seen at a baseline exam conducted in 1989�1991, and two
follow-up exams conducted in 1993�1995 and 1998�1999. In
2001�2003, 1st, 2nd, and 3rd degree relatives of original SHS partici-
pants were recruited into a new study, called the Strong Heart Family
Study (SHFS) [18]. In total, the SHFS comprised 2768 participants
between the ages of 14�93 years from 92 families. The SHFS partici-
pants completed two examinations over an eleven-year period, in
2001�2003 and 2007�2009. Subsequent to the study examinations,
surveillance for major cardio-metabolic outcomes, including diabe-
tes, continued for all participants through December 2017 using a
single phone interview and medical record review. Details of the
study designs, survey methods and laboratory techniques have been
reported previously [17,18]. The institutional review board from each
Indian Health Service region and all communities approved the
study, and written informed consent was obtained from all partici-
pants at each exam.

The primary study design was a case-cohort among the SHFS par-
ticipants. We used samples that were collected at the SHFS baseline
exam (2001-2003) from participants who attended the baseline visit,
who had follow-up data and did not have diabetes at baseline; we
selected all those who developed diabetes during follow-up (N = 339,
including 214 diabetes cases identified at the 2007-2009 follow-up
exam and 125 diabetes cases identified afterwards) and a random
sample of 900 from those who did not. Among these sampled partici-
pants, 8 diabetes cases and 30 non cases did not have any available
plasma samples; we measured EETs and DHETs in 331 diabetes cases
and 870 non cases. Among these, 310 of the samples from diabetes
cases and 851 of the samples from non cases passed laboratory QC
and had no missing values of key covariates (education and waist cir-
cumference) and comprised the analytical sample. In addition to the
case-cohort sample, we also measured EETs and DHETs in 1993-1995
plasma samples from 271 participants from the original SHS cohort,
without prevalent diabetes at the 1993-1995 exam, that had been
randomly selected for a previous study [19].

2.2. Data collection

Each exam included a standardized personal interview, physical
examination, and laboratory work-up. Blood samples were collected
into EDTA tubes after a 12 h overnight fast and plasma was stored at
-80 °C. Except for physical activity, the data collection procedures
were identical at all exams and have been described in detail [18,20].
In the SHFS, usual levels of ambulatory activity (i.e., average steps per
day over one week) were estimated using Accusplit AE120 pedome-
ters (Yamax, Japan), which were worn for up to 7 days [21,22]. In the
SHS, participation in leisure-time and occupational physical activities
was assessed using a questionnaire designed specifically for Ameri-
can Indians [23,24]. Both the physical activity questionnaire and ped-
ometers have been shown to be reliable and valid in free-living
conditions [25,26].

2.3. Diabetes ascertainment

Incident diabetes was identified at the SHFS 2007-2009 follow-up
exam based on fasting plasma glucose � 126 mg/dl or use of insulin
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or oral anti-diabetic medications or evidence of a physician-diagnosis
of diabetes from annual medical record surveillance and review [27].
After the 2007�2009 exam and through December 2017, cases of dia-
betes in the SHFS were ascertained through telephone interview and
confirmed by review of medical records, which provided a diagnosis
date. Since type 1 diabetes is rare in American Indian populations,
[28,29] we assumed all new occurrences of diabetes were type 2.

2.4. Glucose and insulin ascertainment

Plasma glucose and insulin were measured at the baseline exams
of each cohort and at the SHFS follow-up exam using enzymatic
methods and a modified version of the Morgan and Lazarow radioim-
munoassay, respectively [17]. Impaired fasting glucose (IFG) was clas-
sified as a fasting plasma glucose level of between 100 and 125 mg/
dL.

2.5. EETs measurements

EETs were measured in EDTA-plasma using a high throughput
method that we developed for the measurement of hydroxy and
epoxy metabolites of arachidonic acid [30]. Briefly, total lipids were
extracted using a modified Bligh and Dyer method; [31] phospholi-
pids were hydrolyzed by saponification to release fatty acids; the
fatty acids were extracted by solid phase extraction and derivatized
by a modified Bollinger method; [32] eicosanoids were then sepa-
rated and quantitated by ultra performance liquid chromatograph
tandem mass spectrometry. With this method, we quantitated total
levels of 4 EET species (14,15-EET, 11,12-EET, 8,9-EET and 5,6-EET)
with the epoxide in the cis configuration and 4 DHETs (14,15-DHET,
11,12-DHET, 8,9-DHET and 5,6-DHET). The numbering refers to the
position of the epoxide bond.

EETs and DHETs were measured in 96-well plates that each
included a calibration curve made of commercial standards [30].
Within each plate, values of each EET and DHET were normalized
using the calibration curve of the appropriate standard. Due to
skewed distributions, species values were log-transformed. In addi-
tion, because of plate-to-plate variability, species concentrations
were centered to the plate mean and scaled to plate standard devia-
tion (SD).

2.6. Statistical analyses

In univariate analyses, we examined the distribution of partici-
pant characteristics in quartiles of log 14,15-EET, and log 14,15-DHET
in the SHFS case-cohort, and in the independent sample of SH partici-
pants. In the case-cohort, inverse probability weighting was used to
account for sampling, with incident diabetes cases assigned a weight
of 1, and non-cases assigned a weight of 1.83 (851 non-cases out of a
possible 1557).

Incident Diabetes Analyses: Parametric survival models with aWei-
bull distribution [33] were used to examine the associations of each
EET and DHET with risk of incident diabetes in the case-cohort.
Parametric-Weibull models were selected for the analysis to incorpo-
rate both interval-censored (prior to the SHFS 2007-2009 follow-up
exam) and right-censored (after the follow-up exam) diabetes event
data using the SurvRegCensCov R package. The R implementation
also accommodates clustering of outcomes among family members
with robust standard errors based on a within-family exchangeable
working correlation matrix in the sandwich variance, which is impor-
tant because the SHFS comprised extended families. We used inverse
probability weighting to account for the sampling of the case-cohort,
as described above [34,35]. We fit 2 models: Model 1 (a minimal
model) adjusted for age, sex, and site, and Model 2 (multivariate
model) additionally adjusted for a priori confounders including edu-
cation (years), smoking (never, former, current), physical activity
(steps per day), BMI (log-transformed), waist circumference and LDL
cholesterol. We present hazard ratios of incident diabetes associated
with one SD higher log species concentration and Wald’s tests based
on these estimates and standard errors.

Insulin and glucose: The outcome of plasma insulin showed a
skewed distribution and was log-transformed for the analyses.
Plasma glucose had a symmetric distribution and was used without
transformation. In the SHFS case-cohort, associations of each EET and
DHET species with log plasma insulin and plasma glucose were
assessed using Wald’s tests based on generalized estimating equa-
tions (GEE) with sampling weights and a robust sandwich variance as
described above to account for familial aggregation. Cross-sectional
analyses of log insulin and glucose were restricted to participants
without prevalent diabetes at baseline. Analyses of EETs and DHETs
with insulin and glucose measured at the follow-up exam in SHFS
were restricted to those without prevalent diabetes at both baseline
and follow-up exam. Models were fitted with the same adjustment
covariates as the SHFS diabetes analysis.

In the samples from the SHS cohort, we used Wald’s tests based
on linear regression with robust sandwich variance to investigate
cross-sectional associations of each EET and DHET species with log
plasma insulin and plasma glucose concentrations. Models were fit-
ted with the same adjustment covariates as the SHFS analysis.

In the SHFS and SHS datasets, multiple imputation by chained
equations were used to replace missing values of physical activity
(SHFS: n = 86; SHS: n = 14) and LDL (SHFS: n = 4; SHS: n = 10), using
information on age, sex, site, BMI, waist circumference, insulin, glu-
cose and incident diabetes. Imputations (n=20) were executed using
the Fully Conditional Expectation method with predictive mean
matching methods, as described previously [36�38].

Meta-analyses of the cross-sectional insulin and glucose results
were performed using inverse-variance-weighted fixed effects meth-
ods. Inverse-variance weighted fixed-effects meta-analysis results
approximate those that would be obtained in a joint analysis of the
data from the two studies, adjusted for study [39]. Heterogeneity
between the SHFS and SHS results was assessed using the I2 index
derived from the Cochran Q statistic [40].

We examined whether age, sex, or BMI modified the associations
of 14,15-EET and 14,15-DHET with incident diabetes, insulin and glu-
cose, by including a multiplicative term in the primary adjustment
model (model 2). Wald tests like those described above for main
effects were used to test the statistical significance of the interaction
terms.

We used a Bonferroni correction to adjust for multiple compari-
sons; a significance threshold of 0.0063 (0.05/8 species) was used for
the associations with outcomes. Associations with p-values <0.05
but � 0.0063 were considered “borderline”. A threshold of 0.0083
(0.05/6 test of interactions) was used for the interaction tests. Analy-
ses of incident diabetes were conducted using R (version 3.4.0); all
other analyses were conducted using STATA 14.2 (Stata Corporation,
College Station, TX).

2.7. Role of the funding source

The study sponsors did not have any role in the study design; the
collection, analysis, or interpretation of data; the writing of the
report; or the decision to submit the paper for publication. RNL had
full access to all the data in the study and had final responsibility for
the decision to submit for publication.

3. Results

Study mean baseline age was 37 years (SD: 16 years, range: 14-86
years) with 60% women among the 1161 SFHS participants and it
was 57 years (SD: 7 years, range: 48-78 years) with 66% women
among the 271 SHS participants.



Fig. 1. Title: Distribution of participant characteristics in quartiles of 14,15-EET and 14,15-DHET in 1161 participants in the Strong Heart Family Study and 271 participants in the
Strong Heart Study. Footnotes: The figure shows overall mean of each characteristics in the two cohorts, a small plot of values of each characteristic across quartiles of each metabo-
lite (Trend), and mean values of each characteristic in quartile 1 (Q1) and quartile 4 (Q4). Food servings were only available in the SHFS cohort. *Physical activity was assessed as
steps/day in SHFS, and MET hours per week in SHS. yFor the SHFS we present weighted means in order to take into account the sampling weights in the case-cohort.
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Plasma concentration of the four species of EETs were highly cor-
related with each other with Pearson correlations from 0.89 to 0.95
(Fig. S1). Correlations among the DHET species were 0.51 to 0.68. The
distributions of participants characteristics in the SHFS case-cohort
and the participants from the SHS cohort are shown overall and in
quartiles of 14,15-EET and 14,15-DHET in Fig. 1. Higher plasma con-
centration of 14,15-EET was associated with older age in the SHFS
cohort but not among the older SH participants. 14,15-EET was asso-
ciated with higher LDL and triglycerides in both cohorts. In the SHFS
case-cohort, 14,15-EET was also associated with higher HDL, higher
Table 1
Association of total plasma EETs and DHETs with incident diabetes among 1161
participants in the Strong Heart Family Study.

Model 1* Model 2*

RRy 95% CI P^ RRy 95% CI P^

14,15-EET 1.05 (0.95, 1.16) 0.30 1.02 (0.93, 1.12) 0.69
11,12-EET 1.04 (0.93, 1.16) 0.50 1.00 (0.90, 1.12) 1.00
8,9-EET 1.10 (1.00, 1.20) 0.06 1.07 (0.98, 1.18) 0.14
5,6-EET 1.06 (0.96, 1.18) 0.22 1.03 (0.94, 1.13) 0.54
14,15-DHET 0.90 (0.80, 1.01) 0.07 0.94 (0.85, 1.05) 0.30
11,12-DHET 0.98 (0.86, 1.11) 0.71 1.01 (0.89, 1.14) 0.89
8,9-DHET 1.01 (0.88, 1.17) 0.87 1.08 (0.95, 1.22) 0.25
5,6-DHET 1.03 (0.91, 1.18) 0.62 1.14 (1.00, 1.30) 0.04

Abbreviations: EET=Epoxyeicosatrienoic Acid; DHET= Dihydroxyeicosatrieonic
acid
* Model 1 included adjustments for age, sex, site; Model 2 included age, sex,

site, education, smoking, physical activity, BMI, waist circumference and LDL
levels.

y RR: Relative risk of incident diabetes associated with one SD higher log EET/
DHET species

^ Inverse-probability-of-being-sampled weighted Wald’s test with robust
sandwich variance and within-family-cluster exchangeable working correlation
matrix under a Weibull time-to-event model with interval censoring (evidence
from 20 imputations combined using Rubin’s rules).
blood pressure and hypertension. 14,15-DHET generally showed the
same associations as 14,15-EET but in addition, higher concentration
of 14,15-DHET was associated with male sex, lower BMI, lower waist
circumference and current smoking. In the SHFS case-cohort, higher
concentrations of both 14,15-EET and 14,15-DHET were associated
with lower consumption of sugar-sweetened beverages.

3.1. Diabetes risk

We did not observe significant associations of individual plasma
EETs with incident diabetes (Table 1). For example, the estimated rel-
ative risk of diabetes associated with one SD higher 14,15-EET was
1.02 (95% CI: 0.93, 1.12) in models adjusted for age, sex, site, educa-
tion, smoking, physical activity, BMI, waist circumference and LDL
levels. Adjustment for HDL or exclusion of participants with impaired
fasting glucose at baseline did not change the results (not shown).
We found no significant interaction of EETs with age, sex or BMI
(Table S1) with the lowest observed p value for interaction of 0.06.
Plasma levels of DHET species showed no association with diabetes
either at the specified significance threshold of 0.0063 (Table 1).

3.2. Baseline fasting plasma insulin and glucose

In cross-sectional analyses in the SHFS, each plasma EET species
showed borderline associations with elevated fasting insulin concen-
trations (all p-values: 0.01-0.03; Table 2). However, there was no
association of EETs with insulin in the sample from the SHS cohort
and no significant association in the meta-analysis of SHFS and SHS
results (all p-values :�0.05). Plasma EETs were not associated with
fasting plasma glucose either (all p-values: :�0.19; Table 3).

Among the DHET species, 14,15-DHET was cross-sectionally asso-
ciated with lower fasting insulin in the case-cohort (p = 0.001). This
association was nominally replicated in the SHS controls (p = 0.03)
and significant in the meta-analysis (p = 2£10�5, Table 2). Higher



Table 2
Cross-sectional associations of total plasma EETs and DHETs with fasting plasma insulin.

———�SHFS———� ———�SHS ———� ———Meta-analysis———

GMR* 95% CI P^ GMR* 95% CI P^^ GMR* 95% CI P^^^

14,15-EET 1.04 (1.01, 1.08) 0.02 0.99 (0.93, 1.06) 0.85 1.03 (1.00, 1.06) 0.05
11,12-EET 1.05 (1.01, 1.09) 0.01 0.98 (0.92, 1.04) 0.51 1.03 (1.00, 1.06) 0.07
8,9-EET 1.04 (1.01, 1.08) 0.02 0.97 (0.91, 1.03) 0.30 1.03 (1.00, 1.06) 0.11
5,6-EET 1.04 (1.00, 1.08) 0.03 0.95 (0.89, 1.02) 0.19 1.02 (0.99, 1.05) 0.18
14,15-DHET 0.94 (0.90, 0.97) 0.001 0.92 (0.86, 0.99) 0.03 0.93 (0.90, 0.97) 2.0£10�05

11,12-DHET 0.97 (0.93, 1.00) 0.08 0.95 (0.87, 1.04) 0.26 0.97 (0.93, 1.00) 0.04
8,9-DHET 1.03 (0.99, 1.07) 0.14 0.96 (0.89, 1.04) 0.29 1.02 (0.98, 1.05) 0.37
5,6-DHET 1.01 (0.95, 1.07) 0.74 0.92 (0.85, 1.00) 0.04 0.98 (0.93, 1.02) 0.32

Abbreviations: EET=Epoxyeicosatrienoic Acid; DHET= Dihydroxyeicosatrieonic acid; SHFS= Strong Heart Family Study; SHS=
Strong Heart Study
The analyses were conducted in 1161 participants in the SHFS and 271 participants in the SHS and included adjustments for
age, sex, site, education, smoking, physical activity, BMI (Kg/m2), waist circumference and LDL levels. Results from the two
cohorts were combined in meta-analyses.
* GMR: Geometric mean ratios of plasma insulin associated with one SD higher log EET/DHET species.
^ Inverse probability-of-being-sampled weighted Generalized Estimating Equations (GEE) regression Wald test with

robust sandwich variance-covariance under a family-cluster-specific exchangeable working correlation structure, and results
frommultiple imputations combined using Rubin’s rules

^^ Linear regression Wald test with robust standard errors and results from multiple imputations combined using Rubin’s
rules.

^^^ Inverse-variance weighted fixed-effects meta analysis.

Table 3
Cross-sectional associations of total plasma EETs and DHETs with fasting plasma glucose.

—————-SHFS—————- —————�SHS—————� ———-Meta-analysis———-
Mean diff.* 95% CI P^ Mean diff.* 95% CI P^^ Mean diff.* 95% CI P^^^

14,15-EET -0.25 (-0.77, 0.26) 0.33 0.05 (-1.08, 1.17) 0.94 -0.20 (-0.67, 0.26) 0.39
11,12-EET -0.28 (-0.82, 0.27) 0.32 0.01 (-1.13, 1.15) 0.98 -0.22 (-0.71, 0.27) 0.37
8,9-EET -0.39 (-0.97, 0.20) 0.19 0.30 (-0.90, 1.50) 0.63 -0.26 (-0.78, 0.27) 0.34
5,6-EET -0.21 (-0.77, 0.34) 0.45 0.13 (-1.16, 1.42) 0.85 -0.16 (-0.67, 0.35) 0.54
14,15-DHET -0.93 (-1.53, -0.33) 0.002 -0.20 (-1.41, 1.01) 0.75 -0.79 (-1.32, -0.25) 0.004
11,12-DHET -0.82 (-1.31, -0.33) 0.001 0.45 (-0.66, 1.57) 0.43 -0.62 (-1.07, -0.17) 0.007
8,9-DHET -0.74 (-1.39, -0.09) 0.02 0.18 (-1.09, 1.46) 0.78 -0.55 (-1.13, 0.03) 0.06
5,6-DHET -0.53 (-1.26, 0.20) 0.16 -0.91 (-2.23, 0.41) 0.18 -0.62 (-1.26, 0.02) 0.06

Abbreviations: EET=Epoxyeicosatrienoic Acid; DHET= Dihydroxyeicosatrieonic acid; SHFS= Strong Heart Family Study; SHS= Strong Heart
Study
The analyses were conducted in 1161 participants in the SHFS and 271 participants in the SHS and included adjustments for age, sex, site,
education, smoking, physical activity, BMI (Kg/m2), waist circumference and LDL levels. Results from the two cohorts were combined in
meta-analyses.
* Mean diff.: mean difference in mg/dL plasma glucose associated with one SD higher log EET/DHET species.
^ Inverse probability-of-being-sampled weighted Generalized Estimating Equations (GEE) regression Wald test with robust sandwich vari-

ance-covariance under a family cluster-specific exchangeable working correlation structure, and results from multiple imputations combined
using Rubin’s rules

^^ Linear regression Wald test with robust standard errors and results from multiple imputations combined using Rubin’s rules.
^^^ Inverse-variance weighted fixed-effects meta analysis.

Table 4
Associations of total plasma 14,15-EET with fasting glucose according to BMI.

————�SHFS————— —————�SHS———— ———-Meta-analysis———

BMI (Kg/m2) Mean diff.* 95% CI Mean diff.* 95% CI Mean diff.* 95% CI

20 -1.55 (-2.49, -0.61) -1.54 (-3.86, 0.77) -1.55 (-2.42, -0.68)
25 -0.83 (-1.42, -0.23) -0.29 (-1.54, 0.97) -0.73 (-1.27, -0.19)
30 -0.24 (-0.73, 0.26) 0.74 (-0.66, 2.13) -0.13 (-0.59, 0.34)
35 0.26 (-0.36, 0.88) 1.60 (-0.56, 3.77) 0.37 (-0.23, 0.96)
40 0.70 (-0.13, 1.52) 2.35 (-0.62, 5.33) 0.81 (0.02, 1.61)
45 1.08 (0.04, 2.11) 3.01 (-0.71, 6.74) 1.22 (0.22, 2.21)
50 1.42 (0.18, 2.66) 3.61 (-0.81, 8.03) 1.58 (0.39, 2.77)

Abbreviations: EET=Epoxyeicosatrienoic Acid; SHFS= Strong Heart Family Study; SHS= Strong Heart Study
The analyses were conducted in 1161 participants in the SHFS and 271 participants in the SHS and included
adjustments for age, sex, site, education, smoking, physical activity, BMI (Kg/m2), waist circumference and LDL
levels. Results from the two cohorts were combined in meta-analyses.
The p-value^ for the 14,15-EET x BMI interaction coefficient in the SHFS analysis was 0.003; the p-value^^ in the
SHS analysis was 0.11; and the p-value^^^ in the meta-analysis was 0.001.
^Inverse probability-of-being-sampled weighted Generalized Estimating Equations (GEE) regression Wald test
with robust sandwich variance-covariance under a family cluster-specific exchangeable working correlation
structure, and results frommultiple imputations combined using Rubin’s rules
^^Linear regression Wald test with robust standard errors and results from multiple imputations combined
using Rubin’s rules.
^^^Inverse-variance weighted fixed-effects meta analysis.
* Mean diff.: mean difference in mg/dL glucose associated with one SD higher log 14,15-EET.
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Table 5
Associations of total plasma 14,15-DHET with fasting insulin according to BMI.

——�SHFS ——� ———SHS——- —Meta-analysis—-
BMI (Kg/m2) GMR* 95% CI GMR* 95% CI GMR* 95% CI

20 0.84 (0.78, 0.91) 0.83 (0.70, 0.97) 0.84 (0.78, 0.90)
25 0.89 (0.85, 0.93) 0.89 (0.81, 0.97) 0.89 (0.85, 0.93)
30 0.94 (0.90, 0.97) 0.94 (0.87, 1.01) 0.94 (0.91, 0.97)
35 0.98 (0.93, 1.02) 0.98 (0.89, 1.09) 0.98 (0.94, 1.02)
40 1.01 (0.95, 1.08) 1.02 (0.89, 1.18) 1.01 (0.96, 1.07)
45 1.05 (0.97, 1.13) 1.06 (0.88, 1.28) 1.05 (0.97, 1.13)
50 1.08 (0.98, 1.18) 1.10 (0.88, 1.37) 1.08 (0.99, 1.18)

Abbreviations: SHFS= Strong Heart Family Study; SHS= Strong Heart Study; DHET= Dihy-
droxyeicosatrieonic acid
The analyses were conducted in 1161 participants in the SHFS and 271 participants in the
SHS and included adjustments for age, sex, site, education, smoking, physical activity, BMI
(Kg/m2), waist circumference and LDL levels. Results from the two cohorts were combined in
meta-analyses.
The p-value^ for the 14,15-DHET x BMI interaction coefficient in the SHFS analysis was
0.002; the p-value^^ in the SHS analysis was 0.11; and the p-value^^^ in the meta-analysis
was <0.001.
^Inverse probability-of-being-sampled weighted Generalized Estimating Equations (GEE)
regression Wald test with robust sandwich variance-covariance under a family cluster-spe-
cific exchangeable working correlation structure, and results from multiple imputations
combined using Rubin’s rules
^^Linear regression Wald test with robust standard errors and results from multiple imputa-
tions combined using Rubin’s rules.
^^^Inverse-variance weighted fixed-effects meta analysis.
* GMR: Geometric mean ratios of insulin associated with one SD higher log 14,15-DHET.
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levels of 11,12-DHET were associated with lower plasma glucose in
the SHFS cohort and in the meta-analysis of SHFS and SHS results
(p = 0.004, Table 3), while the association of 14,15 DHET with glucose
in the meta-analysis was borderline (p = 0.007).

We investigated possible interaction of 14,15-EET and 14,15-
DHET with age, sex and BMI on plasma glucose and insulin (Tables
S2-S5). While accounting for multiple comparisons, we observed an
interaction of 14,15-EET with BMI on plasma glucose (p for interac-
tion=0.001) such that higher plasma concentration of 14,15-EET was
associated with lower plasma glucose at BMIs lower than 30 but
higher glucose at higher BMIs (Table 4). We did not find an interac-
tion of 14,15-DHET with BMI on the outcome of glucose but we
Table 6
Association of total plasma EETs and DHETs with
fasting plasma insulin measured on average 5.4
years later in the Strong Heart Family Study.

GMR* 95% CI p^

14,15-EET 0.99 (0.95, 1.04) 0.76
11,12-EET 1.00 (0.95, 1.05) 0.95
8,9-EET 0.99 (0.95, 1.04) 0.73
5,6-EET 0.99 (0.95, 1.04) 0.70
14,15-DHET 0.98 (0.94, 1.03) 0.42
11,12-DHET 0.99 (0.94, 1.03) 0.55
8,9-DHET 0.99 (0.94, 1.05) 0.84
5,6-DHET 1.00 (0.94, 1.06) 0.90

Abbreviations: EET=Epoxyeicosatrienoic Acid;
DHET= Dihydroxyeicosatrieonic acid
The analyses included adjustments for age, sex,
site, education, smoking, physical activity, BMI
(Kg/m2), waist circumference and LDL levels.
* GMR: Geometric mean ratios of plasma insu-

lin associated with one SD higher log EET/DHET
species.

^ Inverse probability-of-being-sampled
weighted Generalized Estimating Equations (GEE)
regression Wald test with robust sandwich vari-
ance-covariance under a family cluster-specific
exchangeable working correlation structure, and
results from multiple imputations combined
using Rubin’s rules
observed an interaction on fasting insulin (p for interaction < 0.001).
In this case too, the association of 14,15-DHET with lower plasma
insulin was observed at lower BMIs only (Table 5).

We found no evidence of heterogeneity between the SHFS and
SHS cohorts in any of the meta-analyses of EETs and DHETs with
insulin and glucose (main effects and interactions).

3.3. Follow-up fasting insulin and glucose

In the SHFS case-cohort, baseline plasma levels of EETs or DHETS
were not associated with plasma levels of insulin or glucose mea-
sured an average of 5.4 years (range 2.8�8.5 years) after baseline
(Tables 6 and 7).
Table 7
Association of total plasma EETs and DHETs with fasting
plasma glucose measured on average 5.4 years later in
the Strong Heart Family Study.

Mean diff.* 95% CI P^

14,15-EET 0.03 (-0.62, 0.67) 0.94
11,12-EET -0.01 (-0.68, 0.65) 0.97
8,9-EET 0.18 (-0.45, 0.81) 0.58
5,6-EET 0.20 (-0.44, 0.85) 0.54
14,15-DHET -0.11 (-0.77, 0.55) 0.75
11,12-DHET 0.12 (-0.42, 0.67) 0.65
8,9-DHET -0.12 (-0.83, 0.58) 0.73
5,6-DHET -0.28 (-0.96, 0.40) 0.41

Abbreviations: EET=Epoxyeicosatrienoic Acid; DHET=
Dihydroxyeicosatrieonic acid
The analyses included adjustments for age, sex, site,
education, smoking, physical activity, BMI (Kg/m2),
waist circumference and LDL levels.
* Mean diff.: mean difference in mg/dL plasma glu-

cose associated with one SD higher log EET/DHET
species.

^ Inverse probability-of-being-sampled weighted
Generalized Estimating Equations (GEE) regression
Wald test with robust sandwich variance-covariance
under a family cluster-specific exchangeable working
correlation structure, and results from multiple imputa-
tions combined using Rubin’s rules
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4. Discussion

In this large prospective study, we found no overall support for
our a priori hypothesis that circulating EETs are associated with
lower risk of incident diabetes. In this study of participants free of
diabetes at baseline, we observed no association of any of the EET
species with diabetes risk, and no overall associations of EETs with
fasting plasma levels of insulin and glucose.

The findings contrast with a large body of evidence from animal
studies suggesting higher levels of EETs protect against diabetes. In
genetically or diet-induced rodent models of insulin resistance,
increasing EET generation by overexpression of CYP2J3 or inhibition
of sEH reduces HOMAIR and plasma glucose [11,12]. While the ani-
mal studies may inform the effect of EETs in patients with established
diabetes, the present study does not support an involvement of total
EETs measured in plasma in the future development of type 2 diabe-
tes in healthy participants. However, the study did not address the
possibility that plasma levels of free EETs, a minor component of total
plasma EETs, could be associated with diabetes risk.

We observed an interaction of 14,15-EET with BMI such that high
levels of plasma 14,15-EET were associated with decreased plasma
glucose in participants with BMI up to about 30, and increased
plasma glucose in those with higher BMIs. Obesity results in broad
metabolic changes [41] and it is hypothetically conceivable that EET
metabolism and/or biological activities differ in obese and non-obese
individuals. However, this sub-group finding from cross-sectional
analysis should be interpreted cautiously until replicated.

As with EETs, total plasma DHETs were not significantly associ-
ated with lower risk of diabetes. The borderline significant associa-
tion of higher concentration of 5,6-DHET with increased diabetes
risk, observed only in one of the cohorts, may be a chance finding. In
contrast, we observed cross-sectional associations of high concentra-
tions of 14,15-DHET with decreased fasting insulin and decreased
glucose, suggesting the possibility that elevated 14,15-DHET might
be protective during early phases of diabetes. Interestingly, similar
with 14,15-EET, we also observed an interaction of 14,15-DHET with
BMI, such that the inverse association of 14,15-DHET with fasting
insulin was only in participants with BMI � 30.

DHETs are generally accepted to have less biological activity than
EETs. However, the lack of overall association of 14,15-EET with insulin
and glucose in the present study, contrasting with the inverse associa-
tions of 14,15-DHET with circulating fasting insulin and glucose, sug-
gests 14,15-DHET may exhibit biological activities independent of its
EET precursor. Interestingly, 14,15-DHET has been shown to strongly
bind to the peroxisome proliferator-activated receptor (PPAR)-alpha in
vitro and to increase the expression of a PPAR-alpha responsive gene,
prompting the hypothesis that 14,15-DHET may function as an endog-
enous activator of PPAR-alpha [42]. Activation of PPAR-alpha would
lead to fatty acid oxidation that in turn could lead to decreased BMI
and reduced insulin resistance. While this mechanism is speculative,
we observed a univariate, cross-sectional inverse association of 14,15-
DHET with BMI in agreement with this hypothesis. Further exploration
of 14,15-DHET biological activities is warranted.

EETs are generated by several cytochrome P450 enzymes from
arachidonic acid but can also be hydrolyzed from membrane phos-
pholipids and plasma phospholipids where they appear to be stored
in high levels possibly as a sequestered pool [43,44]. In the present
study, we measured total EETs, both free and esterified in plasma
phospholipids, and total DHETs. DHETs are converted from free EETs
by action of sEH. The effects of free EETs are generally accepted to be
limited by the hydrolysis to DHETs [45] and genetic and pharmaco-
logical inhibition of sEH is used to boost free EETs levels in animal
studies. In our study, we observed positive correlations between
plasma levels of total EET species and the corresponding DHET spe-
cies, suggesting that at least in patients without diabetes, higher
plasma esterified DHETs are not a proxy for lower esterified EETs.
During the extraction process of EETs and DHETs from plasma, all
precautions were taken to prevent the in vitro hydrolysis of EETs to
DHETs as detailed in Zeigler et al.; [30] the positive correlation
observed in plasma also indicates the DHETs observed were not due
to hydrolysis of EETs during processing.

Strengths of the study include the setting in a population at high
risk of diabetes, the use of two cohorts with different age distribu-
tions, and detailed risk factors assessment. The study is the first to
measure plasma EETs and DHETs in a large prospective cohort. The
study also has limitations. To reduce variability in the laboratory
measurement, we centered EET and DHET levels to each plate mean,
which may have reduced the power to find associations. The mea-
surement did not provide estimates of absolute levels of EETs and
DHETs. The stability of free EETs and free DHETs in plasma stored at
-80 °C over long periods of time is not known; however, we mea-
sured total EETs and total DHETs, which are mostly esterified to phos-
pholipids and esterified fatty acids are routinely used in association
studies. Cross-sectional associations do not allow assessment of tem-
porality. Finally, the study was observational and causality inferences
cannot be made.

5. Conclusions

In conclusion, the study did not provide evidence that total
plasma levels of EETs and DHETs are associated with incident diabe-
tes risk in a population at high risk of diabetes. The novel associations
of total plasma 14,15-DHET with lower plasma insulin and lower glu-
cose warrant replication and extension to other populations and
exploration of possible mechanisms.
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