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A B S T R A C T

Soluble epoxide hydrolase (sEH) converts several FFA epoxides to corresponding diols. As many as 15 FFA
epoxide-diol ratios are measured to infer sEH activity from their ratios. Using previous data, we assessed if
individual epoxide-diol ratios all behave similarly to reflect changes in sEH activity, and whether analyzing these
ratios together increases the power to detect changes in in-vivo sEH activity. We demonstrated that epoxide-diol
ratios correlated strongly with each other (P< 0.05), suggesting these ratios all reflect changes in sEH activity.
Furthermore, we developed a modeling approach to analyze all epoxide-diol ratios simultaneously to infer global
sEH activity, named SAMI (Simultaneous Analysis of Multiple Indices). SAMI improved power in detecting
changes in sEH activity in animals and humans when compared to individual ratio estimates. Thus, we introduce
a new powerful method to infer sEH activity by combining metabolomic determination and simultaneous
analysis of all measurable epoxide-diol pairs.

1. Introduction

Epoxyeicosatrienoic acids (EpETrEs or EETs) are lipid mediators
with beneficial effects on metabolic and cardiovascular (CV) health
[1–3]. EpETrEs and other FFA epoxides are quickly metabolized to
biologically less active diols by soluble epoxide hydrolase (sEH). In-
hibition of sEH, which increases EpETrEs, has been shown to improve
glucose homeostasis, blood pressure, and CV health in insulin resistant
or diabetic animals [1–3] and is being studied as an effective strategy to
treat diabetes and CV diseases [4,5]. Recent human studies demon-
strated associations of sEH gene polymorphism with various metabolic
or CV abnormalities and eating disorders [6–11], suggesting a major
role of sEH in human diseases. Despite its importance to metabolic, CV,
and neuropsychiatric health, mechanisms by which sEH is regulated in
vivo are largely unknown, especially in humans, in part because sEH has
been difficult to study due to limited access to individual human tissues
where sEH is expressed and a lack of accessible tools to measure sEH
activity.

Over 15 FFA epoxide-diol pairs (and their ratios) can be measured in
blood [12] and sEH activity has been inferred in human studies by
measuring FFA epoxide-diol ratios (i.e., sEH substrate-product ratios)
[13,14]. Given the large number of possible ratios to examine, previous
studies often used only one [15,16] or a few [13,17] selected pairs to
infer in vivo sEH activity, under the assumption they accurately re-
present sEH activity. In many cases, the justification for selecting sub-
sets of ratios is not clearly articulated. Furthermore, in studies where
multiple epoxide-diol pairs were measured and individually compared,
statistical issues arise due to multiple comparisons, which should re-
quire P-value adjustment, but is rarely performed. In addition, when
significant changes were observed for some ratios but not all [14,18],
interpretation might be subjective or biased, as it is difficult to differ-
entiate if differences in sEH estimates arise due to substrate-specific
biology or measurement variation.

We propose that inferring global sEH activity leveraging all mea-
surable epoxide-diol pairs not only facilitates unbiased interpretation,
but also increases the power to detect a change in sEH activity. The
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latter is important, especially for human studies, as increased power
allows detection of smaller effect sizes with smaller sample sizes, which
improves study efficiency and cost. In the present study, we tested this
hypothesis by analyzing and characterizing variations in epoxide-diol
ratios, measured by targeted metabolomic analysis in our previously
published rat and human studies [12,14]. We found that most of ep-
oxide-diol ratios correlate well with each other, especially in the ex-
perimentally-controlled rat study in which all epoxide and diol mea-
surements were made in a single assay [12], indicating that they behave
similarly as sEH activity is altered. We have developed a new modeling
approach that analyzes multiple epoxide-diol pairs simultaneously to
infer sEH activity without the need for multiple comparison correction.
This approach reduces variations in the estimation of sEH activity and
thus increases the power to detect changes in sEH activity. Based on
these findings and developments, we propose a novel approach of in-
ferring in vivo sEH activity, called SAMI (Simultaneous Analysis of
Multiple Indices), combining metabolomic determination and simulta-
neous analysis of all measurable plasma epoxide-diol pairs. This ap-
proach, based on measurements in the blood, could be a crucial tool for
human studies of sEH regulation.

2. Materials and methods

2.1. Metabolomic determination of plasma FFA epoxides and diols

The single enzyme sEH converts a number of FFA epoxides to their
corresponding diols (Fig. 1A). A targeted oxylipin analysis using a li-
quid chromatography/tandem mass spectrometry (LCeMS/MS)
method could detect as many as 15 pairs of FFA epoxides and diols in
rat plasma samples [12], derived from 5 precursor FFAs, that is, linoleic
acid (LA; 18:2n6), α-linolenic acid (ALA; 18:3n3), arachidonic acid
(ARA; 20:4n6), eicosapentaenoic acid (EPA; 20:5n3), and docosahex-
aenoic acid (DHA 22:6n3). The ratios of sEH product to substrate (i.e.,
diol-to-epoxide ratios) can be calculated from these data, resulting in a
(p × n) matrix of the ratios, where p is the number of epoxide-diol pairs
detected, n is the number of animals or subjects in the study, and Yij is
the diol-to-epoxide ratio for pair i on subject j (Fig. 1B). These ratios can
be averaged for individual pairs to compare among different experi-
mental groups. However, because this approach often results in pair-
dependent results with respect to effect sizes and their statistical sig-
nificance [14,18], it is important to test whether individual epoxide-
diol ratios all behave similarly to reflect sEH activity, and, if so, whe-
ther inferring sEH activity based on all ratios has advantages. We tested
this using data from recently published rat [12] and human [14] stu-
dies.

2.2. Rat study

The initial analysis was performed on data collected in a rat study
[12]. In this study, all oxylipin data were obtained from a single assay,
allowing us to avoid inter-assay variations. In addition, samples were
analyzed after short storage times (all less than 40 days), and, therefore,
variation in storage time was smaller than typical clinical studies where
samples are stored over variable and often extended periods of time.
The details of the rat study were previously reported [12]. Briefly, male
Wistar rats were given either a K+-rich (2 % vs. normal 1 %) or a K+-
deficient (0 %) diet (n = 6 each) immediately before 6 PM when lights
were off and feeding began. Blood samples were collected using a tail
artery catheter before (basal) and 2.5 h after the initiation of feeding
(i.e., 8:30 PM; postprandial), and plasma samples were isolated, frozen
immediately in liquid N2, and stored at −80 °C until analysis. Although
basal samples were collected from each of the 12 rats, only 5 samples
were analyzed for oxylipins, and, therefore, postprandial values were
compared with basal values in an unpaired manner. Diet consumption
was matched between the groups by giving slightly less than the
amount of ad libitum consumption for the first 2.5 h of feeding. This

resulted in identical postprandial metabolic milieu between the dif-
ferent K+ diet groups in terms of glucose, FFA, insulin, etc. Oxylipins
were analyzed at the West Coast Metabolomics Center at UC Davis (in
the Hammock laboratory) using a LCeMS/MS method as previously
described [19,20]. Raw data of plasma epoxide and diol levels in in-
dividual animals are provided in Supplemental Table S1.

2.3. Human study

Anorexia nervosa (AN) is a serious eating disorder, associated with
gene polymorphism in epoxide hydrolase 2 (EPHX2), which encodes the
sEH enzyme [11]. Shih et al. [14] measured epoxide substrates of sEH
and associated oxylipins in individuals with AN and healthy controls to
evaluate the biological functions of EPHX2 and their role in AN. The
details of the human study, including inclusion criteria and blood
sampling and handling, were previously reported [14]. Briefly, this was
a cross-sectional study designed to characterize plasma FFAs and their
oxylipin derivatives in two groups of AN (ill and recovered) and healthy
controls. Oxylipins were analyzed at the West Coast Metabolomics
Center at UC Davis (in the Hammock laboratory) as in the rat study. In
the present analysis, we used only the data for ill AN patients (n = 20)
and healthy controls (n = 38); epoxide and diol levels from these in-
dividuals are shown in Supplemental Table S2.

2.4. Modeling approach SAMI to infer sEH activity from all detectable
epoxide-diol ratios

Our previous study demonstrated that individual plasma FFA ep-
oxide-diol ratios (Fig. 1A) showed similar responses to meals in rats
[12], suggesting changes in these ratios may all reflect changes in in
vivo sEH activity (“global” sEH activity). We considered global sEH
activities in individual animals or human subjects as latent parameters
to be identified. The linear association equation declaring the associa-
tion between individual diol-to-epoxide ratios and sEH activities can be
written as:

Yij = αi + βi × Xj + εij

where Yij represents the observed diol-to-epoxide ratio for pair i on
subject j, and Xj represents sEH enzyme activity for subject j (Fig. 2A),
which were unobserved and to be estimated. αi and βi are parameters
relating diol-to-epoxide ratios (Yi1, Yi2,…, Yin) to enzyme activities (X1,
X2, …, Xn) for pair i, allowed to be different among pairs to account for
epoxide-diol pair-dependent variations. εij represents random error.

X parameters (i.e., X1, X2, …, Xn), representing individual animals'
or subjects' sEH activities, are expressed as % of control (i.e., relative to
a reference value). This provides the constraint: (sum of X in a control
group) / c = 100, where c is the number of subjects in a control group,
which could be a subset of or the entire cohort (i.e., c ≤ n). In addition,
coefficient of variation of X estimates was constrained to be equal to
that of Y, calculated for each pair and averaged.

X parameters can be identified by using an iterative algorithm for
parameter identification, starting from an arbitrarily chosen set of in-
itial estimates (Fig. 2B). For a given set of X, αi and βi are estimated by
performing linear regression between X and Y, R2 (proportion of the
variance explained by the linear regression model outlined above) is
calculated as goodness-of-fit for each pair (Fig. 2A), and the overall
goodness-of-fit is calculated as Σ R2

i (i = 1 to p [= the number of
pairs]). An iterative regression algorithm then updates X parameters to
increase the overall goodness-of-fit, and this process continues until it
reaches the maximal overall goodness-of-fit (Fig. 2B). If the iteration
converges (i.e., Σ R2

i is maximized), the results would provide estimates
of individuals' sEH enzyme activities (i.e., X1, X2, …, Xn), together with
α and β parameters defining the behaviors of individual pairs in rela-
tion to enzyme activity. This task (i.e., iterative regression for para-
meter identification) was implemented in Excel using the Solver
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optimizer with the Generalized Reduced Gradient (GRG) nonlinear
method [21] (see Supplemental Table S3). Thus, our proposed metho-
dology here is based on non-linear programing analysis [22]. Similar to
linear programming, non-linear programming analysis is an optimiza-
tion technique where the algorithm is trying to identify a subset of la-
tent (unobserved parameters subject to numerical constraints) values
that provide the best solution for the objective function, which in our
case was the sum of R2 for multiple linear regressions.

2.5. Post-hoc assessment of statistical power of SAMI

To assess the effect of the number of epoxide-diol ratios used on
statistical power of our new methodology, we generated an analysis of
each possible combination of r number of ratios, starting with one pair
and going up to the maximum number of pairs: fifteen for the rat data

and nine for the human data. For each of these combinations, the X
value was estimated for all study animals/subjects. Subsequently, mean
value and standard deviation of X for each of the three groups in rats (0
K, 2 K and Basal) and two groups in humans (controls and AN subjects)
were calculated. Using an ANOVA power analysis with the above-es-
tablished means and standard deviations and assuming alpha = 0.05
and given the total number of subjects used (N), we estimated the
power for each of the combinations in detecting group differences in X.
Subsequently, a mean and 95 % confidence interval (95 % CI) was
calculated per the number of ratios used.

2.6. Statistical analysis

All data are expressed as means± S.E.M. The significance of dif-
ferences in the mean values were assessed by one-way ANOVA.

Fig. 1. Schematic diagrams illustrating sEH substrates and products derived from different precursor FFAs (A) and a matrix of diol-to-epoxide ratios (B). EpOME,
epoxyoctamonoenoic acid; EpODE, epoxyoctadecadienoic acid; EpETrE, epoxyeicosatrienoic acid; EpETE, epoxyeicosatetreaenoic acid; EpDPE, epoxydocosapen-
taenoic acid; DiHOME, dihydroxyoctamonoenoic acid; DiHETrE, dihydroxyeicosatrienoic acid; DiHODE, dihydroxyoctadecadienoic acid; DiHETE, dihydrox-
yeicosatetraenoic acid; DiHDPE, dihydroxydocosa-pentaenoic acid.
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Correlation was assessed using the Pearson test. In the metabolomic
analysis, P values were corrected for multiple comparisons using the
Bonferroni method. A P value less than 0.05 was considered statistically
significant.

3. Results

3.1. Correlation among individual FFA diol-to-epoxide ratios (rat study)

FFA diol-to-epoxide ratios were calculated from plasma FFA

epoxides and diols measured in 17 rats in basal (n = 5) and two
postprandial states (n = 6 each). These ratios, calculated from 15 ep-
oxide-diol pairs (Fig. 1), strongly correlated with each other (mostly
P< 0.01; Fig. 3). Thus, diol-to-epoxide ratios calculated from different
epoxide-diol pairs all behaved similarly, suggesting that the observed
variation between animals largely represent variations in sEH activity,
the common determining factor for these ratios. Fig. 4 shows the effects
of a single K+-deficient (0 % K+ or 0 K) or K+-rich (2 % K+ or 2 K)
meal on diol-to-epoxide ratios averaged for each epoxide-diol pair.
These effects were rather similar across epoxide-diol pairs, suggesting

Fig. 2. Schematic diagrams illustrating relationships between sEH enzyme activities (X1, X2,…, Xn) and individual diol-to-epoxide ratios (A) and iterative procedures
to identify sEH activities (B).
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that altered sEH activity in the postprandial states similarly impacted
all epoxide-diol pairs. Taken together, these data suggest that in rats, all
individual diol-to-epoxide ratios similarly reflect changes in sEH ac-
tivity.

3.2. Assessing sEH activity using all detectable epoxide-diol pairs

If individual diol-to-epoxide ratios all reflect changes in sEH ac-
tivity, an unbiased approach to infer sEH activity might be using all

these ratios, which can be averaged across epoxide-diol pairs to pro-
duce values for individual animals or subjects. However, we noted
significant variations in absolute values of diol-to-epoxide ratios across
epoxide-diol pairs, ranging from 0.16 to 1.59 in basal state and from
0.04 to 0.77 in postprandial states; coefficient of variation (CV or
fractional standard deviation) was 83 %, 107 %, and 121 % in basal and
two postprandial states, respectively (Table 1). In addition, when
postprandial effects were calculated as absolute differences in diol-to-
epoxide ratios between the basal and the postprandial states, sub-
stantial variations were also observed (CV = 80 % and 67 % with 0 K
and 2 K diets, respectively; Table 1). In contrast, when postprandial
effects were assessed as percent or relative changes (vs. basal), varia-
tions across epoxide-diol pairs were markedly reduced (CV = 26 % and
15 % with 0 K and 2 K diets, respectively). Thus, significant variations
existed among individual diol-to-epoxide ratios, presumably due to
variability of substrate abundance and differential substrate preferences
of sEH and other related enzymes/processes that may affect the re-
sulting ratios. Relative changes (or differences) in these ratios, which
may reflect changes (or differences) in sEH activity, were less variable
across individual epoxide-diol pairs, presumably because pair-depen-
dent variations were removed.

Table 2 shows diol-to-epoxide ratios averaged for individual rats,
expressed as absolute or relative values (% basal). For the latter, diol-to-
epoxide ratios were expressed as % of control (i.e., basal) calculated for
each epoxide-diol pair. Variations were reduced in all groups, when
expressed as relative, as compared with absolute values (e.g., CV = 30
% vs. 34 % for the basal group). Reduced variations with relative, as
compared with absolute values increased the significance of differences
in diol-to-epoxide ratios (or sEH activity) among the three experimental
conditions (P = 0.0013 vs. 0.0039; F = 11.1 vs. 8.5). Thus, when
multiple diol-to-epoxide ratios are measured and averaged to infer
global sEH activity, expressing diol-to-epoxide ratios as relative values
produced less variations and thus more power to detect changes in

Fig. 3. Correlations among diol-to-epoxide ratios from different pairs (P1-P15), which are numbered in the same order they appear in Fig. 1. Numbers in the cells
represent Pearson correlation coefficients and colors represent statistical significances, as indicated.

Fig. 4. Changes in individual diol-to-epoxide ratios in the postprandial states
with a K+-deficient (0 K) or a 2 % K+ (2 K) diet, expressed as % of basal. The
numbers on the X-axis represent epoxide-diol pairs as in Fig. 1.
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global sEH activity.

3.3. Modeling approach to assessing sEH activity using all epoxide-diol pairs

sEH activity was estimated by analyzing all detectable epoxide-diol
pairs using a modeling approach. In our new approach, diol-to-epoxide
ratios are assumed to be linearly related to sEH activities in individual
animals, and the regression parameters (α and β) are allowed to be
different among epoxide-diol pairs to account for pair-dependent var-
iations. This assumption will likely be modified in the future as we
develop a deeper understanding of the biology and larger data sets. sEH
activities are considered as latent parameters, expressed as % of control
(i.e., basal), and identified to result in the best fits (i.e., maximal R2 in
linear regression) to all the diol-to-epoxide ratios. This task was suc-
cessfully performed by SAMI implementation in Excel (see Methods),
providing values of sEH activity in individual rats. The estimated global
sEH activity was highly correlated with diol-to-epoxide ratios in all
pairs (R>0.75, P<0.05 for all; Fig. 5). In addition, the significance of
differences among experimental groups was higher with the SAMI-es-
timated sEH activity (P = 0.001) than with individual diol-to-epoxide

ratios in most (13 of 15) pairs (Table 3; based on adjusted P values),
indicating an improved precision with the SAMI (see below, “Statistical
power of SAMI).

3.4. Altered sEH activity in anorexia nervosa (human study)

We have also applied our method to human data reported in a re-
cent publication [14]. Shih et al. compared plasma FFA diol-to-epoxide
ratios between women with anorexia nervosa and normal control
women. Table 4 shows individual diol-to-epoxide ratios in control and
AN subjects. Of the 9 diol-to-epoxide pairs detected in human plasma
samples, 4 showed significant differences between the groups (un-
corrected P<0.05), whereas the rest showed no significant differences.
When P values were corrected for multiple comparisons, only 2 pairs
showed statistical significances. Our modeling approach could infer
sEH activity in individual subjects, which correlated significantly with
diol-to-epoxide ratios in all but one pair (Fig. 6). The model-estimated
sEH activity was 80 % higher in AN than control subjects, similar to
those shown by individual ratios (Table 4). Importantly, the sig-
nificance of the differences between the groups was higher with the
model-estimated global sEH activity than with individual ratios, espe-
cially when P values were corrected for multiple comparisons. Thus,
this analysis with human data, which is consistent with the above
analysis with animal data, suggests that the proposed SAMI approach
increases the power to detect between-group differences in sEH activity,
as compared to those based on individual ratios (see below).

3.5. Statistical power of SAMI

We performed a post-hoc power analysis (see Methods) to show the
effects of increasing the number of epoxide-diol pairs used in the SAMI
on the power to detect group differences. Fig. 7 shows that increasing
the number of pairs in the analysis increased the power to detect group
differences both in the rat and the human studies. In the rat study, effect
sizes were large compared to variations in measurements, and the
power was greater than 0.8 even with single pairs. However, this was
not the case in the human study. The average power was smaller than
0.6 with single pairs, increased as the number of pairs used in the
analysis increased, and exceeded 0.8 when the number of pairs in-
creased to 7 or more. These data clearly demonstrate that increasing the

Table 1
Diol-to-epoxide ratios and their absolute (Δ) or relative (%Δ) changes with a K+-deficient (0 K) or a 2 % K+ (2 K) diet in rats.

Diol-to-epoxide ratio Δ %Δ

FFA Diol / Epoxide Basal 0 K 2 K 0 K 2 K 0 K 2 K

LA 9,10-DiHOME / 9(10)-EpOME 0.28± 0.03 0.09± 0.02 0.07±0.02 0.19 0.20 68 73
LA 12,13-DiHOME / 12(13)-EpOME 0.58± 0.07 0.08± 0.02 0.09±0.03 0.49 0.49 85 85
ALA 9,10-DiHODE / 9(10)-EpODE 0.27± 0.05 0.09± 0.02 0.04±0.01 0.18 0.23 67 84
ALA 12,13-DiHODE / 12(13)-EpODE 0.38± 0.10 0.10± 0.03 0.09±0.04 0.28 0.28 73 75
ALA 15,16-DiHODE / 15(16)-EpODE 0.21± 0.02 0.08± 0.02 0.10±0.03 0.13 0.11 62 51
ARA 8,9-DiHETrE / 8(9)-EpETrE 0.16± 0.03 0.05± 0.01 0.05±0.02 0.11 0.11 68 66
ARA 11,12-DiHETrE / 11(12)-EpETrE 0.35± 0.05 0.11± 0.03 0.10±0.04 0.24 0.25 68 72
ARA 14,15-DiHETrE / 14(15)-EpETrE 0.45± 0.06 0.20± 0.05 0.18±0.06 0.25 0.27 56 60
EPA 11,12- DiHETE / 11(12)-EpETE 0.29± 0.04 0.16± 0.05 0.10±0.03 0.13 0.19 44 65
EPA 14,15- DiHETE / 14(15)-EpETE 0.41± 0.08 0.33± 0.11 0.15±0.05 0.08 0.26 19 63
EPA 17,18- DiHETE / 17(18)-EpETE 1.59± 0.35 0.74± 0.24 0.77±0.27 0.86 0.83 54 52
DHA 10,11-DiHDPE / 10(11) EpDPE 0.26± 0.03 0.07± 0.02 0.07±0.02 0.18 0.19 72 74
DHA 13,14-DiHDPE / 13(14) EpDPE 0.18± 0.03 0.10± 0.04 0.07±0.02 0.08 0.10 43 58
DHA 16,17-DiHDPE / 16(17) EpDPE 0.33± 0.04 0.12± 0.03 0.10±0.02 0.22 0.23 65 69
DHA 19,20-DiHDPE / 19(20) EpDPE 0.54± 0.13 0.19± 0.04 0.19±0.04 0.36 0.35 66 65

mean 0.42 0.17 0.15 0.25 0.27 61 67
SD 0.35 0.17 0.18 0.20 0.18 16 10
CV (%) 83 103 121 80 67 26 15

DiHOME, dihydroxyoctamonoenoic acid; EpOME, epoxyoctamonoenoic acid; DiHETrE, dihydroxyeicosatrienoic acid; EpETrE, epoxyeicosatrienoic acid; DiHODE,
dihydroxyoctadecadienoic acid; EpODE, epoxyoctadecadienoic acid; DiHETE, dihydroxyeicosatetraenoic acid; EpETE, epoxyeicosatetreaenoic acid; DiHDPE, dihy-
droxydocosa-pentaenoic acid; EpDPE, epoxydocosapen-taenoic acid.

Table 2
Diol-to-epoxide ratios, expressed as absolute or relative (% basal) values and
averaged across the epoxide-diol pairs, in basal and postprandial states with a
K+-deficient (0 K) or a 2 % K+ (2 K) diet in rats.

Absolute % Basal

Basal 0 K 2 K Basal 0 K 2 K

0.32± 0.07 0.19± 0.06 0.10± 0.02 79 41 24
0.57± 0.16 0.36± 0.12 0.09± 0.03 125 80 20
0.37± 0.06 0.08± 0.02 0.07± 0.03 98 20 15
0.57± 0.12 0.19± 0.03 0.35± 0.13 134 48 75
0.26± 0.05 0.06± 0.01 0.21± 0.06 63 14 46

0.14± 0.03 0.08± 0.02 32 18

mean 0.42 0.17 0.15 100 39 33
SD 0.14 0.11 0.11 30 24 24
CV (%) 34 64 75 30 60 72
ANOVA P = 0.0039 P = 0.0013

F = 8.5 F = 11.1
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number of pairs in the SAMI increases the power to detect changes in
sEH activity. The data also show that the number of pairs required for
the SAMI to have enough power depends on studies, as effect sizes and
variations, two major determinants of power, differ among studies.

4. Discussion

Previous studies in animals and humans measured plasma epoxides
and diols to infer sEH activity from their ratios [13,14]. However, these
studies often measured only one [15,16] or a few [13,17] preselected

Fig. 5. Correlations between model-estimated sEH activities and individual diol-to-epoxide ratios in rats. Circles, diamonds, and squares represent 0 K diet, 2 K diet,
and basal group, respectively.
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pairs of epoxides and diols, although as many as 15 FFA epoxide-diol
pairs (and their ratios) can be measured in blood [12]. This might be
due to limited assays or focus on specific pairs, e.g., those derived from
ARA because of their direct relevance to CV physiology [4,5]. In me-
tabolomic studies where many epoxide-diol pairs were measured, re-
sults were often dependent on pairs [14,18], making interpretation
difficult. The present study demonstrates that diol-to-epoxide ratios
correlate well with each other and show similar responses to meals (rat
study) or similar differences between individuals with AN and healthy
controls (human study), suggesting that these ratios all reflect changes
in sEH activity. We introduce SAMI, a new modeling approach, which
infers global sEH activity by simultaneously analyzing all diol-to-ep-
oxide ratios. SAMI successfully estimated the change of global sEH
activities in two independent published studies of rats and human
subjects. Moreover, SAMI improved power in detecting changes in sEH
activity in animals and humans when compared to individual ratio
estimates. Thus, the present study introduces a novel method to infer
sEH activity in vivo, which combines metabolomic determination and
simultaneous analysis of all measurable plasma FFA epoxide-diol pairs.

Previous studies demonstrated that increased or decreased sEH ac-
tivity, induced by sEH overexpression or sEH inhibitors, was accom-
panied by expected changes in diol-to-epoxide ratios [23–25]. In ad-
dition, as discussed above, these ratios have been popularly used as a
readout of sEH activity in numerous animal and human studies
[12–18]. Therefore, it was not the focus of the present study to test if
the diol-to-epoxide ratio is a valid readout of sEH activity. Instead, our
goal was to show that analyzing all available diol-to-epoxide ratios
leads to unbiased and more precise assessment of sEH activity and to
provide a new method for such analysis. Our proposed approach SAMI
has several advantages over previous approaches based on individual
epoxide-diol ratios. First, SAMI analyzes all available ratios simulta-
neously to obtain single sEH activity estimate for each animal or human
subject, which can then be compared among groups by traditional
statistical methods. This allows us to avoid issues associated with
multiple comparisons or false interpretation of pair-dependent results,
faced with individual comparisons of the individual ratios. Second,
analyzing multiple pairs simultaneously increases the power to detect
changes (or between-group differences) in sEH activity, as supported by
the current analysis with rat and human data (Fig. 7). This advantage is
important, especially for human studies, as increased power allows
detection of smaller effect sizes with smaller sample sizes, which re-
duces cost. Third, in addition to providing global sEH activity estimates
in individual animals or human subjects, our modeling approach also
provides an important benchmark information to further research the
relationship between global sEH activity and substrate-dependent sEH
activity estimates (see below).

We observed significant correlations between model-estimated
global sEH activity and all individual diol-to-epoxide ratios in rats
(Fig. 5) and in all but one pair in humans (Fig. 6). These correlations
were much stronger in rat than in human data. One reason is that the
range of variation of estimated sEH activity (independent variable;
determined by the study design) was greater in the rat than in the
human study, which could contribute to stronger correlations. Another
possibility is that, based on biology, the variation of oxylipins is ex-
pected to be higher in the humans because experimental animals are
genetically homogenous whereas human subjects are heterogeneous
with admixed genomic background. In addition, animals in the rat
study were treated under a stricter and controlled condition and en-
vironment, whereas human subjects were recruited without fasting
requirement resulting in a mixed state of study visit metabolism.

Table 3
Effects of a K+-deficient (0 K) or a 2 % K+ (2 K) diet on diol-to-epoxide ratios, assessed by individual pairs, and model-estimated sEH activity in rats. P values were
calculated for differences in diol-to-epoxide ratios among the three experimental groups (basal, 0 K diet, and 2 K diet) using one-way ANOVA and adjusted for
multiple comparisons as described in Statistical Analysis. Abbreviations are as in Table 1.

Fold Effect P

FFA Diol-to-epoxide ratio 0 K 2 K Raw Adjusted

LA 9,10-DiHOME / 9(10)-EpOME 0.32±0.06 0.27± 0.08 < 0.001 0.002
LA 12,13-DiHOME / 12(13)-EpOME 0.15±0.04 0.15± 0.06 < 0.001 <0.001
ALA 9,10-DiHODE / 9(10)-EpODE 0.33±0.08 0.16± 0.05 < 0.001 0.005
ALA 12,13-DiHODE / 12(13)-EpODE 0.27±0.08 0.25± 0.10 0.008 0.125
ALA 15,16-DiHODE / 15(16)-EpODE 0.38±0.08 0.49± 0.13 0.003 0.039
ARA 8,9-DiHETrE / 8(9)-EpETrE 0.32±0.08 0.34± 0.12 0.002 0.029
ARA 11,12-DiHETrE / 11(12)-EpETrE 0.32±0.08 0.28± 0.10 0.001 0.009
ARA 14,15-DiHETrE / 14(15)-EpETrE 0.44±0.10 0.40± 0.12 0.007 0.104
EPA 11,12-DiHETE / 11(12)-EpETE 0.56±0.17 0.35± 0.12 0.027 0.404
EPA 14,15-DiHETE / 14(15)-EpETE 0.81±0.27 0.37± 0.11 0.181 1.000
EPA 17,18-DiHETE / 17(18)-EpETE 0.46±0.15 0.48± 0.17 0.104 1.000
DHA 10,11-DiHDPE / 10(11) EpDPE 0.28±0.09 0.26± 0.06 < 0.001 <0.001
DHA 13,14-DiHDPE / 13(14) EpDPE 0.57±0.21 0.42± 0.12 0.087 1.000
DHA 16,17-DiHDPE / 16(17) EpDPE 0.35±0.09 0.31± 0.07 < 0.001 0.006
DHA 19,20-DiHDPE / 19(20) EpDPE 0.34±0.08 0.35± 0.08 0.008 0.113

mean 0.39±0.04 0.33± 0.03

Estimated sEH activity 0.34±0.10 0.29± 0.10 0.001

Table 4
Effects of AN on diol-to-epoxide ratios, assessed by individual pairs, and model-
estimated sEH activity in humans. P values were calculated and adjusted for
multiple comparisons as described in Statistical Analysis. Abbreviations are as
in Table 1.

Fold Effect P

FFA Diol-to-epoxide ratio (AN vs. Control) Raw Adjusted

LA 9,10-DiHOME / 9(10)-EpOME 2.36±0.51 0.002 0.016
LA 12,13-DiHOME / 12(13)-EpOME 1.66±0.28 0.024 0.212
ALA 15,16-DiHODE / 15(16)-EpODE 1.59±0.18 0.003 0.027
ARA 5,6-DiHETrE / 5(6)-EpETrE 1.26±0.20 0.270 1.000
ARA 8,9-DiHETrE / 8(9)-EpETrE 0.49±0.15 0.136 1.000
ARA 11,12-DiHETrE / 11(12)-EpETrE 1.38±0.28 0.475 1.000
ARA 14,15-DiHETrE / 14(15)-EpETrE 0.98±0.11 0.904 1.000
DHA 10,11 DiHDPE / 10(11) EpDPE 1.42±0.21 0.087 0.782
DHA 19,20 DiHDPE / 19(20) EpDPE 1.60±0.26 0.012 0.111

mean 1.42±0.17

Estimated sEH Activity 1.80±0.13 0.003
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Furthermore, in the rat study, all the measurements of epoxides and
diols were made in a single assay, and all plasma samples were ana-
lyzed between 30 and 40 days after sample collection. In contrast, in
the human study, the plasma collected were stored in -80 freezer over
15 years. When applying our approach to analyze future human data, it
is important to determine whether epoxides and diols are stable in long-
term storage condition, and to make efforts to reduce variation in fac-
tors that can affect metabolite integrity.

Our modeling approach used all diol-to-epoxide ratios in inferring
global sEH activity, assuming that these ratios all reflect sEH activities
in a similar manner. Under certain conditions, it may be conceivable
that certain pairs may behave differently for physiological reasons. In
the analysis of rat data, all diol-to-epoxide ratios correlated strongly
with individuals’ sEH activities (Fig. 5). However, in human data, it was
noted that a specific diol-to-epoxide ratio (i.e., 8,9-DiHETrE / 8(9)-
EpETrE; pair 6, Fig. 6) did not correlate at all with sEH activities. One
possibility is that measurement errors were larger with 8,9-DiHETrE or
8(9)-EpETrE than with other epoxides or diols. If there are groups of
pairs showing different pattern of the global sEH activity, additional
analysis focusing on individual groups would reveal new insights into
fatty acid-specific sEH molecular mechanisms. Regarding this, the
ability of revealing relationships between global sEH activity and in-
dividual epoxide-diol ratios may be an important feature of our mod-
eling approach. Altered sEH activity in specific tissue may differentially

impact epoxide-diol pairs in plasma to show unique signature effects of
specific tissue (e.g., endothelial) sEH activity. If this pattern is unique
compared with other tissues (e.g., liver) contributing to plasma oxyli-
pins, this information would help determine the tissue origin of changes
in plasma oxylipins.

The approach of inferring sEH activity from plasma oxylipins (i.e.,
epoxides and diols) has been popular in human studies [11,13–17].
However, it is unclear which tissues these measurements in the blood
represent; sEH activities exist in individual tissues or cells but not in
blood plasma [26]. Plasma oxylipin levels may be largely determined
by exchanges of oxylipins between plasma and individual tissues, the
latter of which may have quite different oxylipin profiles. Plasma ep-
oxide-diol ratios may represent an average of those in all individual
tissues. Alternatively, they may represent those in specific tissues that
predominantly contribute to plasma oxylipin levels. sEH is highly ex-
pressed in the liver and kidneys, but more recent studies demonstrated
that it distributes significantly in their vascular endothelium [4]. The
endothelium is in direct contact with the blood, and its surface area for
its volume surpasses that of any other organs or tissues. Therefore, it is
likely that there is a rapid exchange of oxylipins between plasma and
endothelial cells, and altered sEH activity in the endothelium pre-
dominantly impacts plasma oxylipins. Also, the liver has endothelial
lining different from that of other tissues, due to the presence of open
pores or fenestrae and high endocytotic capacity [27]. These

Fig. 6. Correlations between model-estimated sEH activities and individual diol-to-epoxide ratios in humans. Open and closed circles represent control and AN
subjects, respectively.
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characteristics may allow rapid exchange of metabolites or substances
between the blood and hepatic parenchymal cells, and it would not be
surprising if the liver has a strong influence on plasma oxylipins,
especially considering its tissue size and capacity to generate epoxides/
diols. Therefore, it may be reasonable to propose that global sEH ac-
tivity, estimated from plasma oxylipins, reflects sEH activity in these
metabolically active organs or their vascular endothelium. This im-
portant issue can be directly tested by comparing oxylipins in plasma
with those measured using specific organ tissues both in human samples
and model animals. Also, it is important to test if factors other than sEH
activity alter plasma epoxide-diol ratios. For example, diols are ex-
creted to urine, and changes in urinary diol excretion may alter diol-to-
epoxide ratios in the blood [28]. Considering increasing use of this
approach in human studies [11,13–17], these critical issues will need to
be directly addressed in future studies.

The method proposed here dramatically increases the confidence in
estimating sEH activity from individual epoxide diol ratios. However,
the precise interpretation of this ratio may not be trivial. Limitations in
using these ratios to infer sEH activity have been discussed elsewhere
[4,12]. Epoxide levels may be altered by substrate availability and
multiple enzymes and processes that produce and degrade them at rates
depending on the structure of substrate. Similarly, diol levels may be
regulated by multiple degradation or metabolic processes (e.g., elon-
gation or β-oxidation). However, when multiple epoxide-diol pairs
show similar changes, these changes may be best explained by changes
in sEH activity, which is the common denominator of factors affecting
these ratios [12]. This concept further justifies our new approach of
analyzing all available epoxide-diol ratios together. The technique de-
scribed here represents an important step in improving the reliability
and clinical utility of the epoxide diol ratios. As understanding and
analytical technology improves, this approach of utilizing multiple
metabolites (or indices) in rationally designed models can be generally
applied.
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