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Abstract

Obesity is a serious health problem in the US and is associated with increased risks of various
human diseases. To date, the mechanisms by which obesity increases the risks of a wide range of
human diseases are not well understood. Here we used a LC-MS/MS-based lipidomics, which can
analyze >100 bioactive lipid mediators produced by cyclooxygenase, lipoxygenase, and
cytochrome P450 enzymes, to analyze plasma profiles of lipid mediators in high-fat diet induced
obesity in C57BL/6 mice. Our results show that the plasma concentrations of epoxyoctadecenoic
acids (EpOMEs, also termed as leukotoxins) are significantly increased in plasma of high-fat diet-
fed mice, in addition, EpOMESs are among the most abundant lipid mediators detected in mouse
plasma. Since substantial studies have shown that EpOMESs and their metabolites have a large
array of detrimental effects on health, enhanced levels of EpOMEs could contribute to the
pathology of obesity

1. Introduction

Obesity is growing at an alarming rate in the US: currently, more than 35% adults and nearly
17% children are obese [1,2]. Individuals with obesity have significantly increased risks of
developing various diseases, including cardiovascular diseases, lung and respi- ratory
diseases, diabetes, hypertension, and certain types of cancers [3]. To date, the mechanisms
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by which obesity increases the risks of such diverse range of human diseases are not well
understood. While most previous mechanistic research of obesity has focused on proteinous
mediators [4], the roles of non-proteinous regulators, such as eicosanoids and associated
lipid mediators (LMs), are largely unknown.

Eicosanoids and associated LMs are enzymatic metabolites of polyunsaturated fatty acids
(PUFASs) produced by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450
(CYP) enzymes [5-7]. The enzymatic metabolism of PUFAs leads to formation of several
major classes of LMs, including prostaglandins produced by COX enzymes, leukotrienes
and hydroxyl fatty acids produced by LOX enzymes, and epoxy and dihydroxy fatty acids
produced by CYP enzymes [5-7]. Multiple PUFAs, including linoleic acid (LA, 18:2u~6), &
linolenic acid (ALA, 18:3w-3), dihomo-")'-linolenic acid (DGLA, 20:3u~6), arachidonic acid
(ARA, 20:4 w-6), eicosapentaenoic acid (EPA, 20:5 w-3), and docosahexaenoic acid (DHA,
22:6 w-3), are efficient substrates of these PUFA metabolizing enzymes [7,8]. Together, this
leads to formation of a large array of LMs, which have diverse chemical structures and
biological actions. Previous studies have shown that LMs play central roles in regulating
inflammation and hemostasis, and play important roles in the pathology of obesity [9-14].
Most previous studies of eicosanoids in obesity have focused on profiles of LMs in adipose
tissues, few studies have characterized the profiles of LMs in plasma. Since the circulating
LMs could play an important role in systematic bio- logical responses, here we used a LC—
MS/MS-based lipidomics to analyze the plasma profiles of LMs in high-fat diet (HFD)-
induced obesity in mice (see list of LMs covered by our LC-MS/MS method in
Supplemental Table S1) [15].

2. Materials and methods

2.1. Obesity experiment

C57BL/6 male mice (6-week age, purchased from Charles River) were maintained on a
high-fat diet (60% kcal% fat, purchased from Research Diet Inc., catalog # D12492) and a
control diet (10 kcal% fat, catalog # D12450J from Research Diet Inc.) for 8 weeks. After 8
weeks of dietary feeding, the mice were sacrificed and the plasma was collected for LC—
MS/MS analysis. The animal experiment was conducted in accordance with the protocols
approved by the Institutional Animal Care and Use Committee of the University of
Massachusetts Amherst.

2.2. Extraction of lipid metabolites from plasma and colon tissues

To extract LMs from mouse plasma, 250 uL. mouse plasma was mixed with deuterated
internal standards (500 nM of d4-6-keto PGFla, d4-TXB2, d4-PGE2, d4-LTB4, d11-14,15-
DHET, d4-9-HODE, d8-5-HETE, d11-11,12-EET), then loaded onto pre-washed Waters®
Oasis solid phase extraction cartridges, washed with 95:5 water/methanol with 0.1% acetic
acid, the analytes were eluted with methanol and ethyl acetate, dried using a centrifugal
vacuum evaporator, then reconstituted in methanol for LC-MS/MS analysis, as we described
[15].
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2.3. LC-MS/MS measurement of lipid metabolites

The LC-MS/MS analysis was carried out on an Agilent 1200SL HPLC system (Agilent,
Santa Clara, CA) coupled to a 4000 QTRAP MS/MS (AB Sciex, Foster City, CA) as
described in our previous report [15]. The peaks were identified according to the retention
time and specific multiple reaction monitoring transitions of the standards of lipid
metabolite. The concentrations of the lipid metabolites were calculated against the
calibration curve with standards.

2.4. Data analysis

3. Results

Data are expressed as mean * standard error of the mean (SEM). For the comparison
between control group and HFD group, Shapiro- Wilk test was used to verify the normality
of data. When data were normally distributed, statistical significance was calculated using
two-side ttest; otherwise, significance was determined by Mann-Whitney Utest. All of
these data analysis was performed by using SigmaPlot software (San Jose, CA). P values
less than 0.05 are reported as statistically significant.

3.1. Profiles of CYP-derived LMs in plasma

3.2. Profiles

Dietary feeding of HFD significantly increased body weight in C57BL/6 mice (Fig. 1),
which is in agreement with previous studies of HFD-induced obesity in mice [16]. We used
a LC-MS/MS- based lipidomics to compare the profiles of LMs in the plasma of mice
maintained on HFD or control diet. For the CYP-derived LM, we detected 20 fatty acid
epoxides and diols in mouse plasma, which are metabolites of LA, ARA, ALA, EPA, and
DHA produced by CYP enzymes. Among the detected fatty acid epoxides and diols, the
concentrations of 9,10- and 12,13-EpOMEs were significantly increased in the plasma of
HFD-fed mice: the plasma concentration of 9,10-EpOME was increased from 17.2 +1.9 nM
(mean £ SEM, control group) to 24.6 £ 2.8 nM (HFD group), and the plasma concentration
of 12,13-EpOME was increased from 15.9 £1.7 nM (control group) to 23.9 £ 2.8 nM (HFD
group). In addition, among the detected CYP-derived fatty acid epoxides and diols, 9,10-
and 12,13-EpOMEs were the most abundant LMs in plasma (Fig. 2 and supplemental
information Fig. S1). Previous studies have shown that EpOMEs (termed as leukotoxins),
which are metabolites of LA produced by CYP enzymes, have an array of detrimental
effects on health, inducing inflammation, chemotaxis, lung and cardiovascular diseases, and
death [17-26], suggesting that increased concentrations of EpOMES could contribute to
pathology of obesity. Besides EpOMEs, we also observed other CYP-derived LMs,
including 19,20-DiHOPE and 19,20-EpDPE derived from DHA, and 14,15-DHET derived
from ARA, were significantly increased in plasma of HFD-fed mice (Fig. 2).

of COX-derived LMs in plasma

Our LC-MS/MS method can detect multiple COX-derived LMs (see complete list of LMs
covered in our LC-MS/MS method in Table S1), while we only detected two LMs in plasma
of the treated mice, including 6-keto prostaglandin F1a (6-keto-PGF1a, a stable metabolite
of prostacyclin, PGI2) and thromboxane B2 (TXB2, a stable metabolite of thromboxane A2,
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TXAZ2). The concentrations of these two metabolites were not changed (Fig. 3A). The
relative balance of vasodilative PGI2 (as measured by its stable metabolite 6-keto-PGF1a)
and vasoconstrictive TXA2 (as measured by its stable metabolite TXB2) plays critical role
in regulating vascular tone, and the ratio of PGI2 to TXAZ2 is an important biomarker of
cardiovascular function [6,27]. In our experiment, dietary feeding of HFD did not change the
ratio of PGI2 to TXAZ2 in plasma (Fig. 3B). Together, these results suggest that COX
pathway is not likely to play a major role in the pathology of obesity.

3.3. Profiles of 5-LOX-derived LMs in plasma

3.4. Profiles

3.5. Profiles

5-LOX pathway generates several LMs which play central roles in regulating inflammation
[6]. Our LC-MS/MS analysis showed that in the detected 5-LOX-derived LMs, only the
concentration of leukotriene B5 (LTB5), which is a metabolite derived from EPA and is a
structural analog of ARA-derived leukotriene B4 (LTB4), was significantly increased in
plasma of HFD-fed mice: the plasma con- centration of LTB5 was increased from 0.2 £ 0.03
nM (mean + SEM, control group) to 0.3 0.04 nM (HFD group). The concentrations of other
5-LOX-derived LMs, such as 5-hydroxyeicosatetraenoic acid (5-HETE), 9-
hydroxyoctadecadienoic acid (9-HODE), and 5-hydroxyeicosapentaenoic acid (5-HEPE),
were not changed (Fig. 4).

of 12/15-LOX-derived LMs in plasma

Among the detected 12/15-LOX-derived LMs, the concentration of 15(S)-
hydroxyeicosatrienoic acid (15(S)-HETrE), which is the metabolite of DGLA produced by
15-LOX, was significantly reduced in plasma of HFD-fed mice: the plasma concentration of
15(S)-HETrE was reduced from 1.6 0.21 nM (mean + SEM, control group) to 0.9 = 0.05 nM
(HFD group). Previous studies have shown that 15(S)-HETTE has anti-inflammatory effect
[28,29], therefore it is likely that reduced level of anti-inflammatory 15(S)-HETYE could
contribute to the pathology of obesity (Fig. 5).

of lipid peroxidation products in plasma

We also analyzed the plasma concentration of 12,13-epoxy- 9-keto-10(#rans)-octadecenoic
acid (EKODE), which is a lipid peroxidation product derived from LA [30]. LC-MS/MS
showed that the plasma concentration of EKODE was not changed, suggesting that dietary
feeding of HFD may not change systematic marker of redox stress (Supplemental
information Fig. S2).

4. Discussion

Obesity is a serious health problem in US and it is associated with increased risks of various
diseases, such as cardiovascular diseases, lung and respiratory diseases, diabetes,
hypertension, and certain types of cancers. To date, the mechanism by which obesity
increases a wide range of human diseases is not well understood. Here we used a LC—
MS/MS-based lipidomics to analyze the plasm profiles of LMs in HFD-induced obesity in
mice. Our central findings are that the plasma concentrations of EpOMEs were significantly
increased in plasma of HFD-fed mice, in addition, EpOMESs are among the most abundant
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LMs detected in mouse plasma. Together, these results support a potential role of EpOMEs
in the pathology of obesity.

EpOMEs have been shown to have a large array of detrimental effects on health, and are
termed as “leukotoxins” since leukocytes have been shown to be a major cell type to
produce EpOMES [31-34]. Previous studies have shown that EpOMEs have an array of
detrimental effects on health, inducing chemotaxis, inflammation, cardiovascular disease
and pulmonary diseases [17-26]. In cell culture studies, a dose as low as 10 nM, EpOME
enhanced neutrophil chemotaxis, suggesting potent pro-inflammatory effects of EpOMEs
[21]. In animal studies, treatment with exogenous leukotoxins induced pulmonary edema,
lung injury, and cardio- depression [19,22,32]. Administration of high-dose leukotoxins
caused rapid animal death: 100% of dogs treated with i.v. injection of 50 mg/kg leukotoxin
died within 45 min [22]. In human studies, high plasma levels of leukotoxins were observed
in patients with severe burns, and are associated with multiple organ failure and adult
respiratory distress syndrome in these patients [18,20,24,26]. Therefore, it is likely that
increased levels of EpOMEs in circulation could contribute to obesity-induced health
problems. A limitation of this study is that we did not perform experiments to study the
functional roles of EpOMEs in the pathology of obesity. Further studies are needed to better
characterize the biological effects of EpOMEs, since most previous studies used high doses
of EpOMEs in cell culture and animal experiments, which were designed to reflect the doses
of EpOMES observed in severe burn patients, few studies have studied the effects of
EpOME:s at physiological concentrations. It remains to determine the specific tissues and
cell types involved in production of EpOMEs. It is not likely that the increased
concentrations of EpOMEs in plasma are derived from adipose tissues, since studies by us
and others have shown that there is a dramatic reduction of the expressions of CYP enzymes
involved in biosynthesis of fatty acid epoxides, and reduced levels of CYP-derived fatty acid
epoxides in adipose tissues of HFD-fed mice [10,35]. In our study, we also analyze the ratio
of fatty acid epoxides to diols, which is a potential biomarker of sEH [5]. We found that
there is a significantly increased ratio of 9,10-EpOME to 9,10-DiHOME in plasma of HFD-
fed mice, while the ratios of 12,13- EpOME to 12,13-DiHOME, and 14,15-EET to 14,15-
DHET were not significantly changed (supplemental information Fig. S3). Further studies
are needed to characterize whether SEH plays a role in the changed plasma concentration of
EpOMEs.

To date, it remains debatable whether the observed adverse effects of EpOMESs were caused
by EpOMEs themselves or their sEH-derived diol metabolites. In cell culture studies,
DiHOMEs, the diol metabolites of EpOMEs, have been shown to have more potent pro-
inflammatory effects: at a dose of 1 nM, DIHOMEs caused a 2-fold increase of neutrophil
chemotaxis, while EpOMEs had no effect [21]. In addition, DIHOMES have been shown to
have enhanced toxic effects in cultured cells and animals [17,25]. Pharmacological
inhibition of sEH, which blocks metabolic conversion of EpOMEs to DIHOMEs, attenuated
the toxic effects of EpOMEs [17]. Together, these results support that the observed
detrimental effects of EpOMEs could be at least in part mediated by their diol metabolites.
Since tissue levels of EpOMEs (as well as their diol metabolites DIHOMES) are in part
determined by amount of LA in the diet [5], our study may suggest a novel mechanistic
linkage of dietary LA and obesity. Recent studies showed that LA-rich soybean oil is more
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obesogenic and diabetogenic than saturated fatty acid- rich coconut oil and fructose,

suggesting a potential role of LA in promoting the obesity epidemic [36]. More studies are

needed to better understand the biological actions of EpOMEs and DiHOMEs. Besides
EpOMEs, our results showed that the plasma concentrations of most LMs were not

significantly changed. Among all detected LMs in plasma, only seven LMs showed
significant changes in HFD-induced obesity, including LTB5, 15(S)-HETTrE, 14,15-DHET,

19,20-EpDPE, 19,20-DiHDPE, 9,10-EpOME, and 12,13-EpOME. In addition, we did not
detect the presence of several important pro-inflammatory LMs, such as prostaglandin E2
(PGE2) and LTB4, in mouse plasma. These results are largely in agreement with previous
studies which showed that obesity induced a low-degree inflammation [37]. The profiles of
LMs in adipose tissues and plasma in HFD-induced obesity are very different [10,35]. This
is feasible, since most LMs are short-lived, locally produced and locally acting in response
to cellular stimulation, followed with well-controlled degradation to maintain homeostasis
[5,6]. Therefore, the profiles of LMs could be highly different in different tissues. A
limitation of this study is that since this is an exploratory study, we did not per- form
statistical analysis with correction for multiple comparisons. In summary, here we used a
LC-MS/MS-based lipidomics to analyze plasma profiles of LMs in HFD-induced obesity in
C57BL/6 mice. Our results demonstrate that the plasma concentrations of EpOMES were
significantly increased in plasma of HFD-fed mice, in addition, EpOMESs are among the
most abundant LMs detected in mouse plasma. Since previous studies have shown that
EpOMEs and their diol metabolites have a large array of detrimental effects on human health
[17-26], enhanced levels of EpOMES could contribute to pathology of obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

HFD-induced obesity in C57BL/6 mice. (A) Scheme of animal experiment. (5) Body weight
of mice maintained on control diet and HFD diet. n = 12 mice per group, the results are
mean = SEM, *P < 0.05.
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Fig. 3.
Effects of HFD on plasma profiles of COX-derived LMs. (A) Plasma concentrations of 6-
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Effects of HFD on plasma profiles of 5-LOX-derived LMs. n = 12 mice pergroup, the results

are mean + SEM, *P < 0.05.8-
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