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Abstract

Adipose tissue is the body largest free cholesterol reservoir and abundantly expresses ATP binding 

cassette transporter A1 (ABCA1), which maintains plasma high-density lipoprotein (HDL) levels. 

HDLs have a protective role in atherosclerosis by mediating reverse cholesterol transport (RCT). 

Soluble epoxide hydrolase (sEH) is a cytosolic enzyme whose inhibition has various beneficial 

effects on cardiovascular disease. The sEH is highly expressed in adipocytes, and it converts 

epoxyeicosatrienoic acids (EETs) into less bioactive dihydroxyeicosatrienoic acids. We previously 

showed that increasing EETs levels with a sEH inhibitor (sEHI) (t-AUCB) resulted in elevated 

ABCA1 expression and promoted ABCA1-mediated cholesterol efflux from 3T3-L1 adipocytes. 

The present study investigates the impacts of t-AUCB in mice deficient for the low density 

lipoprotein (LDL) receptor (Ldlr−/− mice) with established atherosclerotic plaques. The sEH 

inhibitor delivered in vivo for 4 weeks decreased the activity of sEH in adipose tissue, enhanced 

ABCA1 expression and cholesterol efflux from adipose depots, and consequently increased HDL 

levels. Furthermore, t-AUCB enhanced RCT to the plasma, liver, bile and feces. It also showed 

the reduction of plasma LDL-C levels. Consistently, t-AUCB–treated mice showed reductions in 

the size of atherosclerotic plaques. These studies establish that raising adipose ABCA1 expression, 

cholesterol efflux, and plasma HDL levels with t-AUCB treatment promotes RCT, decreasing 
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LDL-C and atherosclerosis regression, suggesting that sEH inhibition may be a promising strategy 

to treat atherosclerotic vascular disease.

Keywords

ATP binding cassette transporter A1; Epoxyeicosatrienoic acids; Soluble epoxide hydrolase; High 
density lipoprotein; Reverse cholesterol transport

1. Introduction

Plasma high density lipoprotein cholesterol (HDL-C) levels bear a strong reverse 

relationship with atherosclerotic cardiovascular disease risk [1]. HDL plays a key role in 

reverse cholesterol transport (RCT) by promoting cholesterol efflux from peripheral cells, 

and delivering the cholesterol to the liver for excretion, a process that is believed to be 

atheroprotective [2]. Many studies strongly suggest that HDL-raising strategies may be 

effective therapy for the treatment of atherosclerosis [3–5]. However, our understanding of 

the mechanisms that contribute to HDL regulation remain largely incomplete. ATP-binding 

cassette transporter A1 (ABCA1) is an essential membrane protein for the initial step of 

HDL biogenesis by facilitating the efflux of cellular free cholesterol to extracellular lipid-

free apolipoprotein A-I (apoA-I), forming nascent HDL particles [6]. The critical role of 

ABCA1 in HDL metabolism was first identified as the gene mutated in Tangier disease [7], 

which is characterized by markedly low levels of circulating HDL-C [6]. ABCA1 is highly 

expressed in several tissues [8]. The expression of ABCA1 in liver, adipose tissue and 

intestine are reported to contribute plasma HDL-C pool [9,10]. The liver is considered the 

principal organ for cholesterol biosynthesis and catabolism through bile acid production. 

However, in obese individuals, adipose tissues are the largest cholesterol reservoir [11]. 

Moreover, the obesity state is associated with lower plasma HDL-C, which may be 

attributable to the impaired ability of adipocytes to efflux cholesterol to HDL [1]. Thus, in 

obese persons, ABCA1 role in HDL regulation is more important in adipose tissue than in 

liver and intestine. In 2010, Zhang et al. [12] presented the first evidence that adipocytes 

transfer of cholesterol to HDL in vitro is mediated by ABCA1. Furthermore, Chung et al. 

[13] findings suggested a role for adipose ABCA1 in contributing to plasma HDL-C, 

particularly in the obese state. Lack of adipose ABCA1 impaired cholesterol efflux to apoA-

I, and reduced circulating HDL-C. Therefore, promoting adipose ABCA1-mediated 

cholesterol efflux should raise HDL-C levels, and thus have positive effects on reducing 

atherosclerosis.

The expressions of ABCA1 in adipose tissue is upregulated in states of cholesterol excess by 

transcriptional and post-transcriptional mechanisms [14]. The enzyme soluble epoxide 

hydrolase (sEH), which metabolizes endogenous epoxyeicosatrienoic acid (EETs), is 

abundantly expressed in adipose tissue, and its expression and activity increase with obesity 

[15]. Recently, our group reported that inhibition of endogenous sEH in adipocytes by a sEH 

inhibitor (t-AUCB) results in an increase in ABCA1 mRNA and protein expression, 

indicating a possible relevant role for adipose sEH in regulating ABCA1 [16]. Separately, 

sEHI were found to reduce the progression of atherosclerotic disease in apoE −/− mice 
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[17,18]. These data suggest that inhibition of sEH may be an attractive therapeutic target for 

the treatment of cardiovascular disease; however, many questions remain to be addressed, in 

particular regarding the effect of sEH inhibition on the functionality of produced HDL and 

its ability to promote RCT.

In the current study, we tested the impact of sEH inhibition on RCT and atherosclerosis in 

the hypercholesterolemic and obese mouse model deficient for the LDL receptor (Ldlr−/− 

mice). Atherosclerosis was first established in Ldlr−/− mice by feeding them an atherogenic 

diet (ATD), after which they were treated with an sEHI (t-AUCB) for 4 weeks. We 

demonstrated herein that sEH expression is increased in the adipose tissue of mice fed ATD. 

Importantly, inhibition of sEH in mice effectively decreases plasma LDL-C levels, increases 

ABCA1 expression in adipose tissue and effectively raises circulating HDL. Furthermore, 

inhibition of sEH expression in adipose tissue effectively increases RCT and decreases the 

size of atherosclerotic plaque. These data establish that inhibition of endogenous sEH 

therapeutically reduces plasma LDL-C, increases ABCA1 expression in adipose tissue, 

raises plasma HDL, enhances RCT and induces regression of atherosclerosis.

2. Methods

2.1. Drug delivery

The potent and selective sEHI trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-

benzoic acid (t-AUCB) was synthesized by Dr. Sung Hee Hwang from the laboratory of Pr. 

Bruce D Hammock [19]. The structure and physical properties are shown in online Data 

Supplement S1 and Fig. 1. For mice treatment, 0.5 mg t-AUCB was added to 1.0 mL 

PEG400 and ultrasonicated until the suspension became a completely clear liquid. The stock 

solution (500 mg/L) was diluted to concentrations of 50, 15 and 5 mg/L. Compared with 

earlier sEHI, such as AUDA, t-AUCB has improved water solubility and high oral 

availability such that can it be delivered in drinking water. The water solubility of t-AUCB 

is 160 mg/L.

2.2. Mice

Animal experiments were approved by the Institutional Animal Care and Use Committee of 

the Second Xiangya Hospital of Central South University, China. Forty-two 8-week-old 

male Ldlr−/− mice (C57BL/6 background) were weaned at 4 weeks of age and placed on an 

ATD that containing 21% fat and 0.15% cholesterol for 14 weeks, at which point mice were 

either sacrificed (baseline) (n = 4) or switched to standard chow diet (SCD) for 4 weeks. 

Coincident with the switch to SCD (n = 6), mice were randomized into 4 groups (n = 8): no 

treatment (vehicle only) and t-AUCB 5, 15 or 50 mg/L. The mice were observed to drink 

approximately 3–4 mL water per day, which was consistent with published studies [18], 

indicate this procedure gives a dose of approximately 0.5–5 mg t-AUCB per kg per day, 

clearly with high levels of intake at night. Each mouse was housed in a separate cage in 

order to monitor the daily water and drug intake.
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2.3. Measurement of the concentrations of sEHI in the plasma

Mice were sacrificed after 4 weeks of treatment, and then the blood concentrations of t-

AUCB were measured as the method, which has previously been described [20]. At the end 

of experiments, 10 μL of whole blood was placed into 50 μL distilled water containing 10 

μL of propane 1, 2-diol and EDTA, and then mixed followed by addition of 200 μL of ethyl 

acetate. Similarly, added 50 μL internal standard and shook again. The extracted samples 

were analyzed by liquid chromatography coupled with mass spectrometry [18].

2.4. sEH activity assay

Measurement of sEH activity has previously been described [21,22]. Briefly, epididymal 

adipose tissue depots were homogenized in PMSF, and cytosolic supernatants were obtained 

by centrifugation. In brief, 100 μL of supernatants were incubated with or without 20 μM t-

AUCB at 30 °C for 10 min in 96-well black assay plates, and 80 mM epoxy fluor 7 in 100 

μL reaction buffer (50 mM Tris–HCl buffer containing 0.2 mg/mL BSA, pH 7.0) was added 

to each well. After incubation at 30 °C for 30 min, fluorescence was determined by use of a 

Spectra Fluor Plus Xuorescent plate reader (Tecan Systems, San Jose, CA, USA) with 

excitation wavelength 330 nm and 465 nm at 30 °C. sEH activity was the corrected sample 

fluorescence intensity calculated by sample fluorescence values for the sEHI subtracted 

from those of the non-sEHI.

2.5. Plasma cholesterol determination and fast protein liquid chromatography

Plasma was collected either by tail or retro-orbital plexus bleeding of mice fasted for 4 h. 

Plasma total cholesterol (TC), low density lipoprotein cholesterol (LDL-C) and HDL-C 

levels were measured by enzymatic method (bioMerieux, Lyon, France) using an automated 

analyzer (Type 7170A, Hitachi). For fast protein liquid chromatography analysis, 300 μL 

pooled plasma (n = 4 mice total) was separated on a Superose-6 TM column (Amersham 

Biosciences) at a flow rate of 0.4 mL/min as described previously [23].

2.6. Adipose cholesterol determination

Lipid extracts of liver tissue were assayed for cholesterol according to the manufacturer's 

protocol using the Cholesterol Quantification Kit (BioVision, Mountain View, CA). Data 

were normalized to tissue wet weight or protein, measured by the Lowry assay.

2.7. Cholesterol efflux from adipose tissue

To establish the ex vivo cultures of adipose tissue, freshly isolated epididymal fat (0.1–0.2 g) 

was minced into 2 mm pieces, moved into 10 cm cell culture dishes, and incubated 

overnight in 2.0 mL serum-free DMEM/F12 (Gibico). The next day, adipose tissue cultures 

were washed thoroughly with caution to remove floating cells without aspirating the minced 

tissue explants. Measurement of cholesterol efflux was conducted as described in previous 

studies [13]. Briefly, ex vivo cultures of adipose tissue were incubated with 5 μCi of 3H-

cholesterol for 24 h. Adipose tissue explants were then washed carefully, and 1 mL fresh 

serum-free medium was added. Cholesterol efflux was initiated by adding either 20 μg 

protein/mL of human apoA-I as acceptors. After 4 h of additional incubation, cholesterol 

efflux was quantified by measuring 3H-cholesterol in medium and in the cells after 10% 
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NaOH extraction. Percentage efflux was calculated as follows: cpm 3H-cholesterol in 

medium/cpm 3H-cholesterol (medium + cells)× 100%.

2.8. Murine ex vivo cholesterol efflux

Plasma was collected either via tail vein or retro-orbital plexus after 48 h and 5% serum was 

used as a cholesterol efflux acceptor. Ex vivo efflux from labeled adipocytes to 5% serum or 

a minimal essential medium control was measured over a 4 h period.

2.9. In vivo RCT assay

Raw264.7 macrophages were maintained in 5% CO2 at 37 °C in DMEM supplemented with 

10% FBS. For RCT assays, macrophages were washed twice and incubated with 37.5 μg/mL 

acetylated LDL (acLDL) and 5 μCi/ml 3H-cholesterol for 24 h as described previously [24]. 

On average, cell suspensions with 2.5 105 cells containing 1.15 106 cpm in 0.75 mL DMEM 

were injected intraperitoneally into individually housed mice treated with t-AUCB for 4 

weeks as described above. Blood and bile acid was obtained after 48 h at sacrifice. Feces 

were also collected for 48 h after injection and homogenized in 50% NaOH overnight, after 

which an aliquot was used for liquid scintillation counting (LSC) to measure radioactivity. 

Liver samples were collected and incubated with hexane/isopropanol (3:2) for 48 h and then 

dried overnight. Lipids were resolubilized in liquid scintillation fluid, and radioactivity was 

counted. RCT to plasma, feces, and liver was calculated as a percentage of the total cpm 

injected.

2.10. Evaluation of atherosclerotic lesions

The mice were euthanized by exsanguination and then 4% paraformaldehyde perfusion-

fixed via a cannula placed in the left ventricle of the heart. The arteries were removed from 

the ascending aorta to ileal bifurcation and placed in 4% paraformaldehyde overnight at 

room temperature. The intimal surface was opened longitudinally and stained with Sudan 

III. Stained aortas were pinned on the surface of black wax in a dissecting pan and images 

were captured using a Cannon digital camera. Image J software quantitated the areas of 

luminal atherosclerotic lesions. From the valves to aortic root (≈420 μm), six slices were 

used to determine plaque area following hematoxylin and eosin staining (magnification 

20×).

2.11. Laboratory methods

A description of general laboratory methods including lipid and lipoprotein assays, 

quantitative real-time polymerase chain reaction and Western blot analysis is presented in 

the Methods in online Data Supplement S4.

2.12. Statistical analysis

Data are reported as the mean ± standard error. For atherosclerosis and cholesterol efflux 

analyses, all comparisons were made using a one-way ANOVA and P < 0.05 (two-sided) 

was considered as statistically significant.
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3. Results

3.1. t-AUCB decreases expression of sEH in adipose tissue and increases targeted gene 
ABCA1 expression

To assess the effect of inhibiting sEH with t-AUCB in a model of established 

atherosclerosis, Ldlr−/− mice were first fed ATD for 14 weeks (baseline), after which they 

were switched to a SCD to block atherosclerosis progression and treated with 5, 15, 50 mg/L 

t-AUCB or untreated control (0 mg/L). To determine the efficacy of the treatment, the blood 

concentrations of t-AUCB were measured. Separate studies indicated that, when t-AUCB is 

administered in drinking water, its blood concentrations are approximately two fold higher 

at night than during the day due to increased nocturnal water consumption. In our study, 

blood samples were taken during the day 4 h after the lights were turned on. As expected, 

the plasma concentrations of t-AUCB increased in a dose dependent manner (plasma 

concentrations were under the quantitative limit in the control group (n = 14), while plasma 

concentrations were 35.7 ± 10.4 nM, 58.2 ± 26.6 nM and 113.2 ± 35.6 nM for the 5 mg/L (n 

m= 8), 15 mg/L (n = 8), and 50 mg/L (n = 8) treated mice, respectively). The daily water 

intake was about 3–4 mL per animal, and no significant differences were observed among 

different groups of mice.

We previously showed that sEHI could inhibit the activity of sEH in 3T3-L1 adipocytes and 

increase cellular EETs levels [16]. To gain insight into the expression among fat depots, we 

initially measured relative sEH expression by Western-blot in different fat depots of ATD 

mice. There was a significant variation in sEH expression among fat depots (epididymal > 

subcutaneous (inguinal) > pericardial > brown fat) (Fig. 1A). Next, we examined the effect 

of sEHI on sEH activity and expression in epididymal fat depots from mice. As compared 

with SCD group, ATD mice have 1.6-fold higher sEH activity, while for the t-AUCB 

treatment groups, sEH activity was largely inhibited in a dose-dependent manner (Fig. 1B). 

Consistently, levels of sEH protein, detected by Western Blot, were decreased in t-AUCB-

treated mice compared with those of control mice (Fig. 1C, D). In adipocytes, sEHI 

treatment increases cellular ABCA1 expression via the EETs-ABCA1 pathway [16]. To 

determine whether increased EET levels also regulate adipose ABCA1 expression in vivo, 

we measured the expression levels of target genes ABCA1 in epididymal adipose tissue after 

4 weeks of t-AUCB treatment. We observed that ABCA1 mRNA expression of the 

epididymal adipose tissue decreased in ATD mice compared to SCD groups, while its 

expression in the t-AUCB-treated groups was significantly increased compared with that of 

the untreated mice. However, no change in ABCG1 and SR-BI mRNA was observed (Fig. 

2A). Furthermore, ABCA1 protein expression was dose-dependently increased in 

epididymal fat depot of t-AUCB-treated mice, compared with those of control groups, and 

no significant changes in ABCG1 and SR-BI protein expression (Fig. 2B, C). In addition, 

there were no significant changes of ABCA1, ABCG1 and SR-BI protein expression in liver 

(Fig. 2D). Together these data demonstrate that t-AUCB effectively inhibits sEH activity 

and selectively increases expression of ABCA1 in adipose tissue.
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3.2. t-AUCB treatment increases HDL and enhances ABCA1-mediated cholesterol efflux ex 
vivo

Because increased ABCA1 expression in adipose tissue is predicted to augment HDL 

biogenesis [13], circulating HDL-C levels were measured. Ldlr−/− mice with ATD develop 

obese and severe hyperlipidemia that increased levels of total cholesterol (TC), LDL-C and 

reduced levels of HDL-C (Table 1). Treatment of Ldlr−/− mice with t-AUCB for 4 weeks 

raised HDL-C levels in a dose-dependent manner compared with that of the control mice 

(Table 1). Furthermore, LDL-C levels were reduced compared with the control group, which 

is consistent with previous work [16] (Table 1). There was no difference in plasma 

triglyceride and TC among mice that were treated with t-AUCB or control groups (Table 1). 

Analysis of lipoproteins by FPLC showed an increase in cholesterol content of the HDL 

fractions (fractions 59–75) of the t-AUCB-treated mice compared with those non-treated 

controls, but minimal effect on LDL and VLDL cholesterol mass (Fig. 3A). To determine 

whether increase of ABCA1 in adipose tissue resulted in decreased cholesterol content due 

to cholesterol efflux, cholesterol contents of epididymal fat from 3 to 4 mice after 4 weeks 

of t-AUCB treatment were measured. There is a dose-related decrease in cholesterol content 

in epididymal fat that reached statistical significance in t-AUCB treated mice (Fig. 3B). 

Furthermore, freshly isolated epididymal fat from t-AUCB-treated mice were minced into 

small pieces and cultured in cell dishes with DMEM/F12. Then we incubated with 3H-

cholesterol for 24 h, washed thoroughly with caution to remove floating cells without 

aspirating the minced tissue explants, and incubated them for 4 h with apoA-I to measure 

ABCA1-dependent cholesterol efflux. ABCA1-dependent 3H-cholesterol efflux to apoA-I 

was highly elevated in t-AUCB treated epididymal fat compared with control groups (Fig. 

3C). More importantly, cholesterol efflux from mouse plasma-mediated adipocytes was 

examined in vitro. In our preliminary study, we observed that cholesterol efflux increased 

linearly with plasma concentration, up to a concentration of 0.6% in the media. At higher 

plasma concentrations, there appeared to be saturation of the adipocytes machinery that 

mediates efflux. We therefore used a 0.5% concentration of plasma for all subsequent 

experiments. We demonstrated that t-AUCB treatment dose-dependently increased the 

counts of plasma 3H-cholesterol from (5.04 ± 0.48)% in cells exposed to plasma of no t-

AUCB control mice to 8.19 ± 2.12%, 12.00 ± 1.36% and 12.18 ± 0.72% in cells exposed to 

plasma of mice treated with t-AUCB at 5, 15 or 50 mg/L, respectively (all P < 0.05) (Fig. 

3D). It was consistent with our previous study that t-AUCB promotes excess cholesterol 

efflux from adipocyte and increases the expression of ABCA1 [16]. These results suggested 

that increased cholesterol efflux from adipose explants or 3T3-L1 adipocyte were possibly 

due to activate the expression of functional ABCA1.

3.3. t-AUCB treatment enhances RCT in vivo

To determine whether higher HDL levels in response to t-AUCB treatment upregulates 

cholesterol transport from peripheral cells to the liver for further excretion into bile and 

feces, we performed an in vivo RCT assay that traces 3H-cholesterol from macrophages 

loaded with cholesterol ex vivo.

t-AUCB-treated mice injected intraperitoneally with 3H-cholesterol-labeled Raw264.7 

macrophages showed much higher plasma 3H-counts (P < 0.05), exhibiting an 81–197% 
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increase in a concentration dependent manner compared with the t-AUCB 0 mg/L group 

(Fig. 4A). We further assessed the effects of t-AUCB on subsequent steps in the RCT 

pathway involving hepatic 3H-cholesterol flux through the liver to bile and feces. Liver 3H-

levels in t-AUCB treated mice showed dose dependent increases of 5%, 19% and 62.3%, 

and the 3H-level in 50 mg/L t-AUCB treated mice was greater than that in the 0 mg/L t-

AUCB group. The most pronounced effect of t-AUCB to the RCT step was on 3H-

cholesterol secretion from the liver to bile and feces. 3H-levels in the bile acids were 

significantly increased in t-AUCB treated mice in a dose dependent manner (5 mg/L by 

155%, 15 mg/L by 178% and 50 mg/L by 233%) compared with the 0 mg/L t-AUCB group 

(all P < 0.05) (Fig. 4B). Furthermore, t-AUCB treated mice exhibited higher fecal 3H-

cholesterol levels than the 0 mg/L t-AUCB mice (P < 0.05) (Fig. 4B) and t-AUCB increased 

fecal total sterol excretion to a similar extent (65–226%) compared with 3H-cholesterol 

levels in bile acids. Together, these results establish that t-AUCB not only increases 

circulating HDL, but enhances the RCT pathway by which excess cholesterol is removed 

from peripheral tissues, a process that is particularly important in the removal of cholesterol 

from atherosclerotic lesions.

3.4. t-AUCB treatment induces atherosclerosis regression

Data from mouse models of apoA-I overexpression or HDL infusion suggest that raising 

HDL-C favorably attenuates atherosclerosis [25]. We, thus, hypothesized that the enhanced 

RCT in t-AUCB-treated mice would promote removal of cholesterol from vessel wall foam 

cells, leading to plaque regression. The mean lesion area of Ldlr−/− mice were almost 

completely covered with atherosclerotic lesions in the aortic arches, descending thoracic and 

abdominal aortas after 14 weeks of ATD feeding (baseline). By contrast, striking decrease in 

the extent of aortic atherosclerosis were observed in visualized (unstained) plaque among 5, 

15 and 50 mg/L t-AUCB treated mice compared with the no t-AUCB animals (Fig. 5A). 

Likewise, sudan III staining of atherosclerotic lesions of aorta en face similarly showed 

significant reductions of lesion size (Fig. 5B). Examination of hematoxylin- and eosin-

stained cross sections of the aortic root showed that in addition to a reduction in size, 

plaques in t-AUCB-treated mice appeared to have been substantially remodeled compared 

with plaques in control mice (Fig. 4C). Furthermore, quantization of the percentage area 

covered by atherosclerotic lesions using Photoshop CS 9.0 showed that t-AUCB treatment 

had a dose dependent effect on reducing aortic plaque formation (Fig. 5D, E).

4. Discussion

Although our previous reports showed that sEH inhibition increases ABCA1 expression and 

cholesterol efflux in 3T3-L1 adipocytes [16], the current innovative study demonstrates that 

in Ldlr−/− mice the sEHI t-AUCB penetrates the adipose tissue of the mice and inhibits sEH 

activity and expression. This increases the levels of epoxy-fatty acids such as EETs from 

arachidonic acid, which upregulate ABCA1 expression and enhance cholesterol removal. 

Building on previous reports showing that inhibition sEH in apoE knockout mice attenuated 

the development of atherosclerosis [17,18], our study shows that inhibition of sEH in Ldlr−/− 

mice reduces plasma LDL-C, raises circulating HDL, enhances RCT, and promotes the 

regression of established atherosclerosis. However, the mechanism is still unclear. This 
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study demonstrated that increased adipose ABCA1 and circulating HDL-C levels caused by 

t-AUCB treatment promote removal of excess cholesterol from the periphery into the RCT 

pathway for excretion. The reduction of LDLC and increase in RCT is very likely 

responsible for the favorable effect of t-AUCB on atherosclerosis in that we observed 

reductions in lesion area. Together, these data establish sEH as an attractive therapeutic 

target for regressing atherosclerosis.

EETs are synthesized from intracellular arachidonic acid by cytochrome P450s [26]. EETs 

and other epoxy-fatty acids possess a wide array of potent biological actions in regulating 

lipid metabolism and treating obesity and insulin resistance [27,28]. The sEH plays a key 

role in regulating the levels of EETs by effectively degrading them into more polar and 

usually less potent metabolites, dihydroxyeicosatrienoic acids (DHETs) [29]. sEH activity is 

increased in epididymal fat pads of mice fed a high fat diet [15]. Moreover, the increased 

sEH expression in obese rodents can be directly attributed to obesity and adipose 

endoplasmic reticulum stress [30]. The sEHI targeting adipose tissue could inhibit the sEH 

activity and protein expression [30]. The current findings are in line with a previous study 

that reported increased adipose sEH activity in mice fed an ATD for 14 weeks [30]. 

However, another study indicates that high fat feeding (for 20 weeks) does not alter adipose 

sEH expression (but elevates adipose sEH activity) [15]. The discrepancy in adipose sEH 

protein expression could be due to differences in diets (42% kcal from fat versus 20% fat 

used in this study) and/or duration of the challenge.

ABCA1 modulates the rate-limiting step in the biogenesis of HDL particles by mediating the 

efflux of cellular cholesterol to apoA-I and therefore plays a critical role in RCT [31]. Liver 

and intestine ABCA1 expression are the mainly sites that affect plasma HDL formation 

[9,10]. In addition to the additive contribution of hepatic and intestinal ABCA1 to the HDL-

C pool, conditional deletion of ABCA1 in the brain also surprisingly reduced HDL-C [32]. 

Recently, much evidence has pointed toward a potential contribution of adipose in mediating 

HDL lipidation. Adipose tissue is the major storage place for cholesterol within the body 

[33], and therefore represents a large pool of substrate to support HDL biogenesis. Adipose 

tissue expresses high levels of the key cholesterol transporter ABCA1, providing a gateway 

for cholesterol to efflux onto HDL [12]. Adipocytes promote HDL lipidation in vivo, and the 

absence of adipocyte ABCA1 expression impairs this process [12]. Chung et al. [13] 

recently reported that specific deletion of adipose ABCA1 significantly reduces plasma 

HDL-C. These data suggest that adipose ABCA1 regulates circulating HDL-C in vivo.

Our previous study demonstrated that the inhibition of endogenous sEH by t-AUCB 

elevated ABCA1 expression in 3T3L1 adipocytes [16]. We consistently observed that t-

AUCB increased the expression of ABCA1 in adipose tissue and no significant change in 

ABCG1 and SR-BI expression. In addition, t-AUCB has no influence on hepatic ABCA1, 

ABCG1 and SR-BI expression. ABCA1 is important regulator of cholesterol efflux from 

adipocytes [12,13]. t-AUCB promoted apoA-I-induced cholesterol efflux in adipocytes by 

increasing ABCA1 expression [16]. Furthermore, apoA-I mediated cholesterol efflux from 

epididymal adipose explants was highly elevated in the increase of functional ABCA1 

expression. Consistently, plasma from t-AUCB treated mice also promoted adipocyte 

cholesterol efflux in vitro. Interesting, adipose depots differentially contribute to cholesterol 
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efflux. The highest contribution is from epididymal depots [1,13]. Consistently, depot-

specific differences in adipose sEH expression was observed, with higher expression in 

metabolically active epididymal depots compared with the less metabolically active 

subcutaneous depot and brown fat. In our study, t-AUCB treatment dose-dependently reduce 

cholesterol content in epididymal fat of mice, which is consistent with the effect on 

cholesterol efflux. Our results support other studies that mice with targeted deletion or 

pharmacological inhibition of sEH prevented body weight gain, and reduced subcutaneous 

and visceral fat in high-fat induced obesity mice [21,34], although we observe no significant 

effect on body weight.

sEH gene polymorphism is associated with plasma lipid and lipoprotein level [35]. The 

present data demonstrate that inhibition of sEH is capable of reducing plasma LDL-C and 

increasing circulating HDL-C levels. Recently, Chung et al. [13] showed that lack of 

adipose ABCA1 impaired cholesterol efflux to apoA-I and reduced circulating HDL-C. We 

speculate that the observed decrease in plasma HDL-C is attributed to a role for t-AUCB in 

adipose ABCA1 expression. Studies in animal models have shown that raising circulating 

HDL by overexpression of apoA-I or infusion of recombinant HDL retards plaque 

development [3,4], thus, we chose to test the effects of t-AUCB on atherosclerosis. 

Atherosclerosis was first established in Ldlr−/− mice by feeding them ATD for 14 weeks. In 

this setting, treatment with t-AUCB for 4 weeks caused a dose-dependent reduction in lesion 

size. Our results agree with those of previous studies in which a sEHI (AEPU or AR9276) 

reduced the development of atherosclerosis in apoE−/− mice [17,18]. However, the precise 

mechanism of action was not demonstrated. HDL plays a key role in RCT by promoting 

cholesterol efflux from peripheral cells, and delivering acquired cholesterol to liver for 

excretion, a process that is believed to be atheroprotective [1]. To test the functionality of 

HDL generated in the setting of t-AUCB treatment, we performed an in vivo RCT assay that 

measures the integrated rate of movement of 3H-cholesterol from macrophages to the serum, 

liver, bile and feces. t-AUCB showed a concentration dependent increase trend toward 

plasma 3H-levels. In vivo, t-AUCB increased the amount of 3H-cholesterol in the liver, bile 

and feces in a dose dependent manner, indicating stimulation of RCT. However, the smallest 

increase was observed in the liver. RCT is a dynamic process and different intermediate 

compartments may influence liver 3H-counts from cholesterol in opposite directions; for 

example, improved adipocyte cholesterol efflux increases liver 3H-levels, whereas enhanced 

flux through the liver to feces may decrease them [24,36]. Thus, we speculate that the excess 

cholesterol present in the plasma after the drug treatment could have already been 

transported through the liver to the bile and feces. This is consistent with our finding that 

treatment with t-AUCB increased not only the flux of 3H-cholesterol into the liver but also 

the transport of 3H-cholesterol out of the liver into bile, resulting in no net increase in 

hepatic 3H-cholesterol at 48 h. Notably, this increase in RCT may reflect the actions of t-

AUCB that its ability to increase HDL-C in plasma due to promote the efflux of cholesterol 

from adipose tissue by increasing expression of ABCA1. While it is not known whether t-

AUCB is directly delivered to the arterial wall or taken up by circulating monocytes and 

delivered to plaques. Therefore, the reversal in the development of atherosclerosis by t-

AUCB is associated with the promotion of RCT process.
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Hyperlipidemia plays a causal role in progression of atherosclerosis [37]. Atherosclerotic 

lesions start with increased delivery and oxidation of LDL-C in the intima layer of the 

arterial wall that initiates LDL uptake by monocytes and macrophages to form foam cells 

[38]. In addition, LDL tends to destabilize platelet membrane activity and disrupt normal 

functions of macrophages and endothelium [39]. An important mechanism by which statins 

prevent atherosclerosis and exert therapeutic effects in coronary artery disease is by 

lowering LDL [39]. Consistent with our study, Zhang et al. [17] also demonstrated that sEH 

inhibition lowered circulating LDL, which could contribute, at least partially, to the 

attenuation of atherosclerosis.

5. Conclusion

Our study in Ldlr−/− mice shows that t-AUCB inhibits sEH activity and increases ABCA1 

expression in adipose tissue, increases circulating HDL, enhances the RCT pathway, reduces 

LDL-C levels, and regresses established atherosclerosis. Put together, our results indicate 

that sEH might be a promising target for raising HDL in the treatment of cardiovascular 

disease.
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Abbreviations

ABCA1 ATP binding cassette transporter A1

HDL high-density lipoprotein

RCT reverse cholesterol transport

sEH soluble epoxide hydrolase

EETs epoxyeicosatrienoic acids

DHETs dihydroxyeicosatrienoic acids

sEHI sEH inhibitors

ATD atherogenic diet

t-AUCB trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid

SCD standard chow diet

acLDL acetylated LDL
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LSC liquid scintillation counting
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Fig. 1. 
The activity and protein expression of sEH in adipose tissues. (A) The protein expression of 

sEH in epididymal, pericardial, inguinal (subcutaneous) and brown fat depot. (B) 

Epididymal adipose tissue was homogenized. Cytosolic supernatants were incubated with or 

without 20 μM t-AUCB in 96-well black assay plates. Fluorescence was determined by use 

of a Spectra Fluor Plus Xuorescent plate reader. sEH activity was the corrected sample 

fluorescence intensity calculated by sample fluorescence values for the sEHI subtracted 

from those of the non-sEHI. Data are presented as mean ± SD. (C) Western blot analysis of 

protein levels of sEH and β-actin in adipose tissue. (D) Analysis of the relative protein levels 

of sEH and β-actin as a normalization control in adipose tissue. *P < 0.05, compared to t-

AUCB 0 mg/L group.
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Fig. 2. 
The expression of ABCA1, ABCG1 and SR-BI in epididymal adipose tissue and liver. (A) 

Reverse transcription polymerase chain reaction quantification of relative mRNA expression 

in liver of mice. The signal of t-AUCB 0 mg/L mice was set at a normalized value. GAPDH 

was used as internal control. (B) Western blot analysis of protein levels of ABCA1, ABCG1 

and SR-BI in epididymal adipose tissue and (C) relative protein content compared to that of 

β-actin. (D) Western blot analysis of protein levels of ABCA1, ABCG1, SR-BI and β-actin 

as a normalization control in liver. Data are presented as mean ± SD. *P < 0.05, compared 

to t-AUCB 0 mg/L group.
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Figure 3. 
The effect of t-AUCB on HDL levels and cholesterol efflux. (A) FPLC lipoprotein profiles 

from pooled plasma (n = 4) of t-AUCB-treated mice. (B) Cholesterol contents in epididymal 

adipose tissue. (C) In vitro cultures of epididymal fat from wide type and t-AUCB-treated 

mice were radiolabeled with 3H-cholesterol for 24 h, washed, and then incubated with apoA-

I (20 μg/mL) for 4 h to measure 3H-cholesterol efflux into the medium. (D) In vitro cultures 

of 3T3-L1 adipocytes were radiolabeled with 3H-cholesterol for 24 h, washed, and then 

incubated with plasma from wide type and t-AUCB-treated mice for 4 h to measure 3H-

cholesterol efflux into the medium. *P < 0.05, compared to t-AUCB 0 mg/L group.
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Fig. 4. 
The effect of t-AUCB on RCT. The rate of RCT is increased in t-AUCB-treated mice. After 

4 weeks of the indicated treatment, Ldlr−/− mice (n = 8/group) were injected 

intraperitoneally with 3H-cholesterol-labeled, acLDL-loaded macrophages. Data are 

expressed as the percentage of the 3H-cholesterol tracer relative to that of total cpm tracer 

injected ± SD. (A) 3H-cholesterol distribution in plasma and liver after 48 h. (B) 3H-

cholesterol tracer levels in bile acid and feces. Feces were collected continuously from 0 to 

48 h after injection. *P < 0.05, compared with t-AUCB 0 mg/mL.
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Fig. 5. 
t-AUCB decreases plaque formation in Ldlr−/− mice. (A) Photographs of the gross 

appearance of atherosclerotic lesions in SCD and t-AUCB-fed mice were visualized in situ 

prior to staining, in which yellowish-white lesions are observed (1, SCD mice; 2, 3, 4, 5 

represent ATD mice with 0, 5, 15, 50 mg/L t-AUCB treatment respectively). (B) 

Representative descending aorta of mice shown en face after staining with Sudan III. (C) 

Cross-section through the aortic sinus of mice stained with hematoxylin/eosin. The three 

valve leaflets (at arrow-heads) were filled with extensive lesions, which are showed at 

arrow. (D) Quantitative measurement of data in B from all mice. The extent of covered 

lesions in entire aorta is shown as a percentage of the surface area. (E) Quantitative 

measurement of data in C from mice. The average lesion size in cross-sections through the 

aortic origin is indicated in μm2. Values are mean ± SEM. Control group n = 6, t-AUCB 

treated group n = 32. Data represent mean ± S.D. #P < 0.05, compared to SCD group, *P < 

0.05, compared to t-AUCB 0 mg/L group (magnification: ×20).
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Table 1

The effect of t-AUCB on plasma lipid levels and body weight. Body weight was obtained at baseline (after 14 

weeks ATD) and at sacrifice (after 4 weeks treatment with t-AUCB 0, 5,15, 50 mg/mL). Total plasma TC, 

LDL-C and HDL-C levels were obtained at sacrifice. All data are expressed as mean ± SD (n = 8 mice/group).

SCD Baseline t-AUCB 0 mg/mL t-AUCB 5 mg/mL t-AUCB 15 mg/mL t-AUCB 50 mg/mL

Starting treatment BW 
(g)

21.8 ± 1.93
29.4 ± 2.5

# 30.8 ± 3.5 31.2 ± 2.8 28.9 ± 3.1 30.4 ± 2.4

BW at sacrifice (g) 22.6 ± 2.4
30.5 ± 1.8

# 31.5 ± 2.5 29.8 ± 2.2 29.0 ± 2.3 28.5 ± 3.3

TG (mmol/L) 1.22 ± 0.21 1.48 ± 0.28 1.36 ± 0.32 1.13 ± 0.19 1.19 ± 0.12 1.09 ± 0.09

TC (mmol/L) 11.56 ± 2.6
24.8 ± 1.1

# 23.3 ± 1.4 24.6 ± 1.2 22.5 ± 1.9 21.4 ± 1.5

LDL-C (mmol/L) 7.63 ± 1.6
14.3 ± 1.9

# 14.4 ± 1.3
10.4 ± 2.1

*
9.6 ± 2.9

*
8.9 ± 1.9

*

HDL-C (mmol/L) 1.43 ± 0.28
0.76 ± 0.1

# 0.71 ± 0.26
1.0 ± 0.06

*
1.2 ± 0.1

*
1.4 ± 0.15

*

NEFAs (mg/dl) 0.68 ± 0.11 0.79 ± 0.16 0.62 ± 0.06 0.69 ± 0.12 0.88 ± 0.15 0.73 ± 0.18

#
P < 0.05, SCD vs baseline

*
P < 0.05, t-AUCB 0 mg/L vs 5, 15, 50 mg/L groups.
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