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Summary

Ample evidences demonstrate that cytochrome P450 epoxygenase-derived epoxye-

icosatrienoic acids (EETs) exert diverse biological activities, which include potent

vasodilatory, anti-inflammatory, and cardiovascular protective effects. In this study,

we investigated the effects of endothelium-specific CYP2J2 overexpression on age-

related insulin resistance and metabolic dysfunction. Endothelium-specific targeting

of the human CYP epoxygenase, CYP2J2, transgenic mice (Tie2-CYP2J2-Tr mice)

was utilized. The effects of endothelium-specific CYP2J2 overexpression on aging-

associated obesity, inflammation, and peripheral insulin resistance were evaluated

by assessing metabolic parameters in young (3 months old) and aged (16 months

old) adult male Tie2-CYP2J2-Tr mice. Decreased insulin sensitivity and attenuated

insulin signaling in aged skeletal muscle, adipose tissue, and liver were observed in

aged adult male mice, and moreover, these effects were partly inhibited in

16-month-old CYP2J2-Tr mice. In addition, CYP2J2 overexpression-mediated insulin

sensitization in aged mice was associated with the amelioration of inflammatory

state. Notably, the aging-associated increases in fat mass and adipocyte size were

only observed in 16-month-old wild-type mice, and CYP2J2 overexpression

markedly prevented the increase in fat mass and adipocyte size in aged

Tie2-CYP2J2-Tr mice, which was associated with increased energy expenditure and

decreased lipogenic genes expression. Furthermore, these antiaging phenotypes of

Tie2-CYP2J2-Tr mice were also associated with increased muscle blood flow,

enhanced active-phase locomotor activity, and improved mitochondrial dysfunction

in skeletal muscle. Collectively, our findings indicated that endothelium-specific

CYP2J2 overexpression alleviated age-related insulin resistance and metabolic dys-

function, which highlighted CYP epoxygenase-EET system as a potential target for

combating aging-related metabolic disorders.
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1 | INTRODUCTION

Aging is a complex biological process characterized by a progressive

deterioration in physiological functions and metabolic processes that

increase vulnerability to death. Metabolic syndrome, an aging-related

disorder, includes a set of clinical conditions such as dyslipidemia,

hyperglycemia, insulin resistance, and hypertension (Barbieri, Rizzo,

Manzella & Paolisso, 2001; Ford, Giles & Dietz, 2002). Insulin resis-

tance is a key component of the metabolic syndrome and a prelude

to type 2 diabetes mellitus (T2DM). Evidence suggests that insulin

sensitivity gradually decreased during the aging process in humans

and animals (Catalano, Bergman & Ader, 2005; Petersen et al.,

2003). However, those factors which contribute to aging-related

insulin resistance and metabolic dysfunction remain poorly

understood.

Aging is accompanied by deleterious physiological changes,

including reduced energy expenditure and changes in body composi-

tion favoring increased adiposity (Akasaki et al., 2014; Camporez

et al., 2016). Adipose tissue mass is maintained by the balance

between lipid synthesis and catabolism. Disruption in this equilibrium

is implicated in the pathophysiology of various metabolic disorders,

particularly obesity and type two diabetes (Guilherme, Virbasius, Puri

& Czech, 2008). Furthermore, adipose tissue is associated with a

chronic, low-grade inflammation that contributes to defects in the

critical nodes of insulin signaling (Palmer & Kirkland,2016; Tchkonia

et al., 2010). In addition, aging is also associated with reductions in

skeletal muscle mitochondrial function. These aging-related reduc-

tions in mitochondrial ATP production rates (MAPRs) have also been

associated with concomitant reductions in skeletal muscle mitochon-

drial enzyme activities and protein expression in humans and rodents

(Karakelides, Irving, Short, O’Brien & Nair, 2010; Kim, Wei & Sowers,

2008; Petersen et al., 2003). However, it should be recognized that

the association between insulin resistance and mitochondrial dys-

function is not consistent.

Cytochrome P450 2J2 (CYP2J2), a human epoxygenase, metabo-

lizes arachidonic acid to four regioisomeric epoxyeicosatrienoic acids

(5,6-, 8,9-, 11,12-, and 14,15-EET). EETs are expressed in livers, car-

diac myocytes, vascular endothelium, pancreas, and other tissues and

likely play important roles in regulating cardiovascular functions and

malignancy under physiological and/or pathological conditions (Xu,

Zhang & Wang, 2011). In vivo experiments have demonstrated that

EETs reduce insulin resistance and metabolic syndrome in fructose-

treated rats and ob/ob and db/db mice (Burgess, Vanella, Bellner,

Schwartzman & Abraham, 2012; Xu et al., 2010). Another study

shows CYP2J2 overexpression attenuates the diabetic phenotype

and insulin resistance by reducing hepatic inflammation via the

PPARc (Li et al., 2015). In addition, endothelium-specific CYP2J2

overexpression alleviates high-fat diet-induced hyperlipidemia via

increased fatty acid oxidation mediated by the AMPK pathway

(Zhang et al., 2015). It has also been reported that EET-A (an EET

analogue) increased mitochondrial biogenesis and insulin sensitivity,

thereby providing metabolic syndrome protection in high-fat

diet-induced obesity in mice (Singh, Bellner et al., 2016; Singh,

Schragenheim et al., 2016). These studies reinforce the importance

of the development of EETs as promising drugs for the treatment of

insulin resistance. Despite advances in our understanding of meta-

bolic regulation by the EETs and the regulatory mechanisms of cyto-

chrome P450-mediated eicosanoids are achieved (Theken et al.,

2012), little is known regarding the involvement of EETs in aging-

related metabolic dysfunction.

In this study, the effects of endothelium-specific CYP2J2 overex-

pression on the metabolic dysfunction in 16-month-old male mice

were investigated. Interestingly, our findings revealed that CYP2J2

overexpression significantly ameliorated age-related metabolic dys-

function.

2 | RESULTS

2.1 | Identification of Tie2-CYP2J2-Tr mice

Tie2-CYP2J2-Tr mice on a pure C57BL/6J genetic background were

obtained from Dr. Darryl Zeldin’s colony. As expected, abundant

CYP2J2 protein expression determined by Western blots was

observed in livers, skeletal muscles, and epididymal fat of Tie2-

CYP2J2-Tr mice (Figure S1a). However, there was no CYP2J2 expres-

sion in these tissues in their littermate control mice. In addition,

serum 14, 15-EET level in Tie2-CYP2J2-Tr mice was higher than that

in WT mice. Interestingly, aging significantly reduced 14, 15-EET level

in serum compared with young WT controls (Figure S1b). These

results indicate that Tie2-CYP2J2-Tr mice were successfully

introduced into our laboratory and can be used in this study.

2.2 | Tie2-CYP2J2-Tr mice are protected against fat
accumulation and peripheral insulin resistance during
aging

Fat tissue is at the nexus of mechanisms involved in longevity and

aging-related metabolic dysfunction. Fat distribution and function

change dramatically throughout life (Barbieri et al., 2001; Tchkonia

et al., 2010). Considering Tie2-CYP2J2-Tr-HF mice had a reduction

in body weight gain and insulin levels (Abraham et al., 2014), the

potential effects of endothelium-specific CYP2J2 overexpression on

aging-related adiposity and insulin resistance were explored in this

study. As shown in Figure 6a, no difference in the food intake of

the four groups of mice suggests no change in energy intake. Male

wild-type mice at 16 months of age (hereafter referred to as 16-

month-old WT mice) displayed significant increases in total body

weight, percentage of fat mass, percentage of epididymal fat, and

percentage of subcutaneous fat as compared with those at

3 months of age (hereafter referred to as 3-month-old WT mice)

(Figures 1a,b and S2). Furthermore, lean mass relative to body

weight in 16-month-old WT mice was lower than that in 3-month-

old wild-type mice as shown in Figure 1c. Importantly, these alter-

ations in 16-month-old WT mice were partially prevented in age-
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matched Tie2-CYP2J2-Tr mice (hereafter referred to as 16-month-

old CYP2J2-Tr mice). In addition, systolic blood pressure was signif-

icantly lower in 16-month-old CYP2J2-Tr mice compared with that

of 16-month-old WT mice (Figure 1d). Collectively, these data indi-

cated that endothelium-specific targeting of CYP2J2 markedly

inhibited aging-related adiposity.

Consistent with this, the aging-associated increases in fasting

serum insulin level, fed insulin level, and HOMA-IR index (a quantita-

tive analysis to measure insulin resistance) were also partially inhib-

ited in the age-matched Tie2-CYP2J2-Tr mice (Figure 1e,f).

Moreover, glucose tolerance tests indicated that aging-related glu-

cose intolerance was suppressed significantly in 16-month-old

F IGURE 1 CYP2J2 overexpression protects against fat accumulation and insulin resistant during aging. (a) Total body weight of male 3- and
16-month-old wild-type (WT) and Tie2-CYP2J2-Tr (2J2-Tr) mice. (n = 8–10 mice in each group). (b, c) fat mass and lean mass were analyzed
by Bruker’s minispec LF 50 Whole Body Composition Analyzer. (d) Systolic blood pressure of the mice. (e) Plasma insulin concentrations during
fasting and fed conditions. (f) Insulin resistance as measured by HOMA-IR. HOMA-IR index (homeostatic model assessment index of insulin
resistance) was calculated as follows: HOMA-IR index = (fasting blood glucose, mmol/L) 9 (fasting insulin, mU/l)/22.5. (g) GTT and
corresponding AUC analysis. (h) ITT and corresponding AUC analysis. Data are shown as means � SE (n = 8 per group). §p < .05,16 mWT vs.
3 mWT; §§p < .01, 16 mWT vs. 3 mWT; #p < .05, 16 m2J2-Tr vs. 16 mWT; ##p < .01, 16 m2J2-Tr vs. 16mWT
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CYP2J2-Tr mice (Figure 1g). Insulin tolerance tests also showed that

16-month-old CYP2J2-Tr mice had increased insulin sensitivity when

compared with 16-month-old WT mice (Figure 1h). No significant

differences were found in these parameters between 3-month-old

Tie2-CYP2J2-Tr mice (hereafter referred to as 3-month-old CYP2J2-

Tr mice) and their WT littermate control. Numerous studies have

linked aging with deregulation of insulin signaling in multiple organs

(Gonz�alez-Rodr�ıguez et al., 2012; Ropelle et al., 2013). In this study,

we assessed the activation status of the insulin signaling cascade fol-

lowing insulin stimulation. In adipose tissue (Figure 2a,b) and muscle

(Figure 2c,d), a lower level of IRb, AKT, and GSK3b phosphorylation

was observed in 16-month-old WT mice compared with

3-month-old WT mice. Endothelium-specific CYP2J2 overexpression

significantly prevented the decrease in IRb, AKT, and GSK3b

phosphorylation. These data indicated that endothelium-specific

CYP2J2 overexpression markedly attenuated aging-related insulin

resistance.

2.3 | Aged endothelium-specific CYP2J2
overexpression mice are protected against hepatic
insulin resistance and coincide with repressed PP2A
in liver

The effect of endothelium-specific CYP2J2 overexpression on liver

insulin downstream signaling pathway was assessed in this study. As

expected, insulin-stimulated AKT (S473) and AKT (T308) phosphory-

lations were decreased in the livers of 16-month-old WT mice com-

pared with that in 3-month-old WT mice, and moreover, this

decrease was significantly reversed in 16-month-old CYP2J2-Tr mice

(Figure 3a). However, as shown in Figure 3b, Tie2-driven endothelial

expression of CYP2J2 did not alter protein abundance of the p-IRb,

p-IRS-1, and p85 regulatory subunit of PI3K in 16-month-old

CYP2J2-Tr mice compared to their WT littermates. These data

demonstrated the ability of CYP2J2 overexpression to enhance insu-

lin sensitivity in livers without altering upstream IRS-1/PI3K signaling

pathway. Therefore, we next focused on alternative pathways involv-

ing the regulatory mechanism of AKT phosphorylation. Previous

study indicated that PHLPP1 and PP2A (protein phosphatase 2A)

were two key negative regulators which act to dephosphorylate and

inactivate AKT (Liu et al., 2012; Resj€o et al., 2002). Interestingly, in

this study, endothelium-specific CYP2J2 overexpression did not alter

the level of PHLPP1 protein in livers of 16-month-old CYP2J2-Tr

mice (Figure 3b). An aging-related increase in liver PP2Ac protein

expression was observed in 16-month-old WT mice, and furthermore,

endothelium-specific CYP2J2 overexpression did promote a signifi-

cant reduction in the protein abundance of the PP2A catalytic sub-

unit (PP2Ac) in the liver as shown in Figure 3c. To further explore

the potential mechanism of EETs on liver phosphorylated AKT

expression, HepG2 cells were used in in vitro study. Saturated fatty

acids are known to induce insulin resistance in hepatic cell lines (Lee

et al., 2016). Here, we made use of the palmitate-treated HepG2

cells to investigate the effect of 14, 15-EET on HepG2 cells phospho-

rylated AKT expression. As expected, palmitate treatment decreased

phosphorylated AKT expression, and 14,15-EET administration mark-

edly prevented the decrease in phosphorylated AKT expression as

shown in Figure 3d. Importantly, the regulatory effect of 14, 15-EET

on phosphorylated AKT expression was abolished by co-treatment

with DES, a potent PP2A agonist (Figure 3d). These data indicate that

PP2A as a key component in age-related insulin resistance in liver,

whereby its repression in response to endothelial CYP2J2 gene tar-

geting may serve to alleviate inactivation of AKT.

2.4 | Endothelium-specific CYP2J2 overexpression
exerts anti-inflammatory and anti-adipogenic effects
in adipose tissue of aged mice

As adipose tissue accretion and inflammation may be causatively

linked to insulin resistance, the potential effects of endothelium-spe-

cific CYP2J2 overexpression on obesity-induced inflammation asso-

ciated with aging were explored in this study. The aging-related

increases in serum levels and mRNA expressions of cytokines,

including TNF-a, IL-6, and MCP-1, were significantly prevented in

16-month-old CYP2J2-Tr mice (Figures 4a and S3). Immunohisto-

chemical staining with antibodies against F4/80, a macrophage mar-

ker, revealed massive infiltration of macrophages into adipose tissue

in 16-month-old WT mice, and macrophage infiltration was mark-

edly inhibited by endothelium-specific CYP2J2 overexpression as

shown in Figure 4b. Furthermore, inflammatory signals were also

attenuated in WAT of 16-month-old CYP2J2-Tr mice. Phosphoryla-

tion of p38 MAPK, ERK, and JNK was decreased in aged Tie2-

CYP2J2-Tr mice. Nuclear NF-jB p65 level was also attenuated in

16-month-old CYP2J2-Tr mice (Figure 4c). Decreased inflammatory

signals resulted in improved insulin signaling as shown in Figure 2a.

In addition, the increase in expression of adhesion molecules such

as VCAM-1 and E-selectin in the aortas of aged WT mice was pre-

vented in 16-month-old CYP2J2-Tr mice. Simultaneously, eNOS

expression was significantly increased in 16-month-old CYP2J2-Tr

mice, which may have contributed to the lower blood pressures

(Figure S4).

It is now widely recognized that obesity increases the risk of devel-

oping insulin resistance (Catalano et al., 2005). Consistent with this,

our body composition analysis revealed that endothelium-specific

CYP2J2 overexpression promoted a greater reduction in body fat mass

in aged mice compared to aged WT littermates (Figure 1b). Histologi-

cal examination of eWAT showed a direct relationship between fat

accumulation and adipocyte hypertrophy. The aging-related increases

in mean adipocyte cross-sectional area in 16-month-old WT mice

were significantly inhibited in 16-month-old CYP2J2-Tr mice (Fig-

ure 4d). We next examined the mRNA levels of the lipogenic genes in

epididymal fat tissue, including FAS, SREBP-1, PPARc2, and SCD1. In

accord with its anti-obesity effect in older mice, an aging-related

increase in mRNA level of FAS in 16-month-old WT mice was

observed, which was inhibited by endothelium-specific CYP2J2 over-

expression. In addition, 16-month-old WT mice had a tendency to

have a higher SREBP1 mRNA level than younger counterparts, but this

did not quite reach statistical significance. However, the mRNA level
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of SREBP-1 was decreased in the 16-month-old CYP2J2-Tr mice com-

pared with that in age-matched WT mice (Figure 4e). Furthermore,

plasma levels of adiponectin were lower in 16-month-old WT mice vs.

3-month-old WT mice, but not in 16-month-old CYP2J2-Tr mice (Fig-

ure 4f). The level of leptin in the 16-month-old WT mice was higher

than that in the age-matched Tie2-CYP2J2-Tr mice. However, no sig-

nificant difference was seen in resistin levels between these two

groups as shown in Figure 4f. Therefore, these data indicated that

endothelium-specific CYP2J2 overexpression exerted inhibitory

effects on aging-related adipose tissue inflammation and adipogenesis.

F IGURE 2 CYP2J2 overexpression recovers insulin signaling in adipose and muscle from 16-month-old mice. After overnight fasting, mice
were anesthetized and 1 IU per kg insulin or an equal volume of vehicle was administered through the portal vein. Adipose tissue and
gastrocnemius muscle were collected 120 s after the injection and analyzed by Western blot. (a, b) Representative immunoblots and
quantitation of insulin signaling. Immunoblots of p-IRb, IRb, p-Akt (S473), T-Akt, p-GSK3b,GSK3b, and b-actin in epididymal adipose tissue of
mice at 3 or 16 month of age. (c, d) Representative blots and quantitation of insulin signaling. Immunoblots of p-IRb, IRb, p-Akt (S473), T-Akt,
p-GSK3b,GSK3b, and b-actin in gastrocnemius muscle of the different experimental groups of mice. Data are shown as means � SE (n = 5–6
per group). §§p < .01, 16 mWT vs. 3 mWT; #p < .05, 16 m2J2-Tr vs. 16 mWT; ##p < .01, 16 m2J2-Tr vs. 16 mWT
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2.5 | Effects of endothelium-specific CYP2J2
overexpression on adipose tissue macrophage
polarization

Consistent with the enhanced influx of macrophages into adipose

tissue as determined by an immunohistochemical approach, gene

expression levels of general macrophage marker F4/80 was

increased in 16-month-old WT mice compared with that in 3-month-

old WT mice (Figure S3). Noticeably, gene expression and serum

level of the chemoattractant MCP-1 were increased in the old WT

mice, which were inhibited in age-matched CYP2J2-Tr mice

(Figures 4a and S3). The levels of M1 markers CD11c and iNOS
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were lower at mRNA (Figure 5a) and protein levels (Figure 5c,d) in

16-month-old CYP2J2-Tr mice compared to age-matched WT mice.

In contrast, typical markers for M2-type macrophages, Arg1 and

chi3 l3, were increased in adipose tissue of 16-month-old CYP2J2-Tr

mice compared with 16-month-old WT mice (Figure 5b,c,e). These

data revealed that the immune balance within the WAT of the

16-month-old CYP2J2-Tr mice was skewed to the M2 macrophages.

2.6 | Effects of endothelium-specific CYP2J2
overexpression on energy expenditure in 16-month-
old mice

To determine the cause of resistance to age-related fat accumulation

in 16-month-old CYP2J2-Tr mice, energy expenditure parameters

were examined. There were no significant differences in daily food

intake between groups (Figure 6a). Furthermore, indirect calorimetry

analysis showed that 16-month-old CYP2J2-Tr mice consumed much

greater O2 and produced more CO2 than their age-matched control

littermates during light and dark periods (Figure 6b,c). Of note, no

differences between genotypes and age in respiratory quotient (RQ)

values were observed, which indicated that Tie2-CYP2J2 gene tar-

geting does not alter fuel selection between fatty acids and carbohy-

drate during aging (Figure 6d). Then, we assessed whether

locomotor activity was affected by endothelial CYP2J2 gene target-

ing. As shown in Figure 6e, 16-month-old WT mice exhibited a

greater reduction in locomotor activity during light and dark phases

compared with younger counterparts, yet in 16-month-old CYP2J2-

Tr mice, locomotor activity remained high compared with 16-month-

old WT mice. Consistent with activity, energy expenditure (EE) was

lower in 16-month-old WT mice vs. 3-month-old WT mice during

light and dark cycles, which did not occur in 16-month-old CYP2J2-

Tr mice (Figure 6f). Together, these results suggest that the progres-

sive decrease in fat mass in 16-month-old CYP2J2-Tr may be due, at

least in part, to increased energy expenditure.

Finally, we determined differences in expression levels of genes

controlling fatty acid oxidation. In the liver (Figure 6g), there was a

significant increase in PPARa, CPT1a, and Acox1 levels in 16-month-

old CYP2J2-Tr mice as compared with the wild-type controls at

16 months. In skeletal muscle, PPARa, CPT1a, and MCAD were

increased in 16-month-old CYP2J2-Tr mice as compared with the

wild-type mice of the same age (Figure 6h). These data indicated

that Tie2-CYP2J2 promoted the process of energy expenditure at

least partly via increased fatty acid oxidation.

2.7 | Mitochondrial content and function are
increased in muscles of aged endothelium-specific
CYP2J2 overexpression mice

As Tie2-CYP2J2 gene targeting decreased aortic vascular adhesion

molecules and increased eNOS expression, respectively (Figure S4),

we measured blood flow in muscle, a major insulin-sensitive tissue,

using the fluorescent microsphere method. As expected, endothelial

CYP2J2 gene targeting significantly increased blood flow in the mus-

cles of 16-month-old mice (Figure 7a), which suggests involvement

in the prevention of age-induced insulin resistance. Aging is also

associated with reductions in skeletal muscle mitochondrial function,

and mitochondrial dysfunction relates to the pathophysiology of in-

sulin resistance in classic insulin-responsive tissue (Kim et al., 2008;

Petersen et al., 2003). Studies have shown that PGC-1a is a master

regulator of energy metabolism and mitochondrial biogenesis (Li

et al., 2016; Wenz, 2013). Mitochondria are responsible for the pro-

duction of cellular energy through the electron transport chain (ETC.)

that consists of five protein complexes I–V. Next, we examined mito-

chondrial protein expression and mitochondrial function in gastroc-

nemius muscles of different groups. Protein expressions of PGC-1a

and complexes I–V were significantly reduced in 16-month-old WT

mice compared with younger counterparts, suggesting aging-asso-

ciated decline in mitochondrial biogenesis. Furthermore, the increase

in PGC-1a expression in the 16-month-old CYP2J2-Tr mice corre-

lated with the increases in protein levels of all five ETC. complexes,

I, II, III, IV, and V (Figure 7b–e).

We thus further focused on the effect of Tie2-CYP2J2 gene tar-

geting on mitochondrial function. As shown in Figure 7f, aging-asso-

ciated decreases in ATP levels in the muscle mitochondria of 16-

month-old WT mice were inhibited in the 16-month-old CYP2J2-Tr

mice. We also measured citrate synthase activity (n mol/min/mg pro-

tein) in the muscle tissue. As displayed in Figure 7g, the activity of

mitochondrial citrate synthase was markedly increased in 16-month-

old CYP2J2-Tr mice compared with their age-matched WT group. In

addition, we examined the effect of endothelium-specific CYP2J2

overexpression on the activities of mitochondrial complexes I, II, III,

IV, and V. 16-month-old WT mice showed reduced activities of com-

plexes I, II, and III; however, no change in the activity of complexes

IV and V was noted in comparison with 3-month-old WT mice. Inter-

estingly, we observed a significant increase in activities of complexes

I-IV in muscles from 16-month-old CYP2J2-Tr mice (Figure 7h).

Taken together, these results suggested that the endothelium-specific

F IGURE 3 CYP2J2 overexpression-mediated improvement in insulin sensitivity coincides with repressed PP2A in liver. Mice were
anesthetized after overnight fasting, and 1 IU per kg insulin or an equal volume of vehicle was administered through the portal vein. Liver
tissue was collected 120 s after the injection and analyzed by Western blot. (a) Immunoblots of p-Akt (S473), p-Akt (T308), and T-Akt in liver
of 3- or 16-month-old WT and 2J2-Tr mice. (b) Liver lysates from 16-month-old WT and 2J2-Tr mice were immunoblotted using the
antibodies as shown. (c) Representative immunoblots and quantitation of PP2Ac and b-actin in liver extracts. Data are shown as means � SE
(n = 6 per group). §p < .05, 16mWT vs. 3 mWT; §§p < .01, 16 mWT vs. 3 mWT; #p < .05, 16 m2J2-Tr vs. 16 mWT; ##p < .01, 16 m2J2-Tr vs.
16 mWT. In addition, HepG2 hepatocytes (ATCC) were exposed to 0.25 mM palmitate for 24 h in the presence or absence of 10 nM D-
erythro-sphingosine (DES) and 1 lM 14,15-EET in serum-free medium prior to stimulation with insulin (Sigma–Aldrich) or vehicle control (20 nM
for 10 min). (d) Resulting cell lysates were immunoblotted using p-Akt (T308) and T-Akt antibodies. Values presented are the mean � SE from
three independent experiments. *p < .05, #p < .05
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CYP2J2 overexpression led to stimulation of mitochondrial energy

metabolism, which protected the mice against age-related obesity

and insulin resistance.

3 | DISCUSSION

Insulin resistance increases with age and plays a key role in the

pathogenesis of type two diabetes mellitus. Therapeutic interven-

tions are therefore needed to improve insulin sensitivity in the

elderly. In this study, the protective effects of Tie2-CYP2J2 gene

targeting in aging-related insulin resistance were observed in

16-month-old mice. We demonstrated that endothelium-specific

CYP2J2 overexpression prevented the development of aging-

related insulin resistance by improving energy homeostasis, which

was associated with decreased inflammatory response. Therefore,

these findings revealed that CYP epoxygenase-EETs system pro-

tected against aging-related insulin resistance and metabolic

dysfunction.

Previous studies indicated a significant reduction in EETs level

in mice fed with a HF diet, which was accompanied by increased

inflammatory response and oxidative stress (Sodhi et al., 2012). In

the present study, we observed an aging-related decrease in serum

level of 14, 15-EET in wild-type mice. Consistent with previous

studies, Tie2-CYP2J2-Tr mice displayed increased levels of plasma

and tissue EETs (Abraham et al., 2014; Deng et al., 2011; Lee

et al., 2010). Sterile inflammation is a common feature of aging,

which is an independent risk factor for both type two diabetes and

F IGURE 5 Effects of Endothelium-
specific CYP2J2 overexpression on
macrophages polarization in eWAT of old
mice. (a) M1 marker genes of macrophages
CD11c and iNOS and (b) M2 marker genes
of macrophages Arg1 and Chi3 l3 were
measured by real-time PCR. (c-e)
Representative immunoblots and
quantitation of M1 (CD11c and iNOS) and
M2 (Arg1 and Chi3 l3) markers. Data are
shown as means � SE (n = 8 per
genotype). §p < .05,16 mWT vs. 3 mWT;
§§p < .01, 16 mWT vs. 3 mWT; #p < .05,
16 m2J2-Tr vs. 16 mWT; ##p < .01,
16 m2J2-Tr vs. 16 mWT

F IGURE 4 CYP2J2 overexpression conveys both anti-inflammatory and anti-adipogenic responses in adipose tissue of aged mice. (a) Serum
levels of TNF-a, IL-6, and MCP-1 were measured by ELISA. (b) Macrophage infiltration in WAT assessed by F4/80 immunostaining and the
quantification of the amount of CLS (crown-like structure) in epididymal WAT from different experimental groups of mice. Scale bars represent
100 lm. (c) Attenuation of inflammatory signaling pathways in WAT of 16 m2J2-Tr mice. Immunoblot and quantitation of p-p38 MAPK, p-
ERK, p-JNK, NF-jB p65, and their total proteins in WAT of the different experimental groups of mice. (d) Representative hematoxylin–eosin
(HE) staining and quantification of adipocyte size of epididymal adipose tissue. Scale bars represent 100 lm. (e) FAS (fatty acid synthase),
SREBP-1 (sterol regulatory element binding protein-1), PPARc2 (peroxisome proliferator-activated receptor c2), and stearoyl-CoA desaturase-1
(SCD1) mRNA levels determined by real-time PCR from adipose tissue. (f) Serum levels of adiponectin, leptin, and resistin as indicated from
overnight-fasted mice. Data are shown as means � SE (n = 8 per group). §p < .05, 16 mWT vs. 3 mWT; §§p < .01, 16 mWT vs. 3 mWT;
#p < .05, 16 m-2J2-Tr vs. 16 mWT; ##p < .01, 16 m-2J2-Tr vs. 16 mWT
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F IGURE 6 Effects of CYP2J2 overexpression on energy expenditure in 16-month-old mice. (a) Food intake, (b) VO2, (C) VCO2, (d) RQ
(VCO2/VO2), (e) spontaneous activity, and (f) energy expenditure (EE) were measured by Columbus Instruments Comprehensive Lab Animal
Monitoring System (CLAMS). (g) Expression of mRNA controlling fatty acid oxidation (FAO) in livers, including PPARa, carnitine
palmitoyltransferase-1a (CPT-1a), acyl-coenzyme A oxidase 1 (Acox1), and medium-chain acyl-CoA dehydrogenase (MCAD), was measured by
real-time PCR. (h) PPARa, CPT1a, Acox1, and MCAD mRNA levels determined by real-time PCR from gastrocnemius. Data are shown as
means � SE (n = 8 per genotype). *p < .05, 3 m2J2-Tr vs. 3 mWT; §p < .05, 16 mWT vs. 3 mWT; §§p < .01, 16 mWT vs. 3 mWT; #p < .05,
16 m2J2-Tr vs. 16 mWT; ##p < .01, 16 m2J2-Tr vs. 16 mWT
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cardiovascular disease. Adipose tissue is thought to be a major

contributor to the chronic, low-grade inflammation seen in aging

(Guilherme et al., 2008; Palmer & Kirkland,2016; Tchkonia et al.,

2010). Our data showed that fat mass was increased in 16-month-

old wild-type mice, and moreover, endothelium-specific CYP2J2

overexpression effectively inhibited WAT inflammation, including

F IGURE 7 Mitochondrial content and function are increased in muscles of aged CYP2J2 overexpression mice. (a) Gastrocnemius muscle
blood flows of the different experimental groups of mice were measured with the fluorescent microsphere method. (b–e) Representative
immunoblots and quantitation of PGC-1a and mitochondrial ETC. chain protein in different groups. (f) Skeletal muscle ATP levels, (g) citrate
synthase (CS) activity, (h) activities of the electron transport chain (ETC.) complexes I-V were assayed as described in MATERIALS AND
METHODS. Data are shown as means � SE (n = 8 per genotype). *p < .05, 3 m2J2-Tr vs. 3 mWT; §p < .05,16 mWT vs. 3 mWT; §§p < .01,
16 mWT vs. 3 mWT; #p < .05, 16 m2J2-Tr vs. 16 mWT; ##p < .01, 16 m2J2-Tr vs. 16 mWT
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macrophage infiltration, adipocyte hypertrophy, and the expression

of pro-inflammatory markers in aged mice. In addition, we also

examined the effect of aging on adiponectin concentrations. Adipo-

nectin has been suggested to have both anti-inflammatory and

antidiabetic properties (Luo et al., 2010; Yamauchi et al., 2001).

Our results indicated that endothelial CYP2J2 gene targeting

increased the concentrations of adiponectin in 16-month-old

CYP2J2-Tr mice.

The aging-related increase in adiposity has been suggested to

underlie the reduced insulin sensitivity with age (Catalano et al.,

2005; Karakelides et al., 2010). From middle age, the distribution of

adipose tissue shifts from primarily subcutaneous depots to visceral

depots, which is more closely associated with development of meta-

bolic syndrome and insulin resistance. The location and function of

adipose tissue have been suggested to be more important than the

absolute amount of adipose tissue in terms of its effect on insulin

sensitivity (Palmer & Kirkland, 2016; Preis et al., 2010). Inadequate

angiogenic remodeling during adipose tissue expansion promotes

migration of immune cells into adipose depots, resulting in adipose

tissue dysfunction (Crewe, An & Scherer, 2017). In addition to the

anti-inflammatory effect, systemic administration of an EET agonist

also lowers adiposity (Sodhi et al., 2009, 2012). In accord with this,

our study indicated that endothelium-specific CYP2J2 overexpres-

sion repressed aging-associated lipogenesis, respectively, in aged epi-

didymal fat tissue. Furthermore, the 16-month-old CYP2J2-Tr mice

are leaner apparently due to increased total body energy expendi-

ture. 16-month-old CYP2J2-Tr mice also showed signs of increased

FAO in liver and skeletal muscle, as evidenced by higher mRNA

levels of PPARa, CPT1a, Acox1, and MCAD. These may account, at

least in part, for the reduction in fat depots in these mice. It is likely

that the beneficial effect of EETs is primarily due to local EET pro-

duction in the vasculature of the fat tissue. The mechanisms by

which vascular endothelial EETs affect adipocyte function are yet to

be fully explored. Hence, based on previous studies suggesting the

existence of an EET receptor (Chen, Falck, Manthati, Jat & Campbell,

2011), we postulated that vascular endothelial EETs affected adipo-

cyte function via a receptor-mediated mechanism in an autocrine

and/or paracrine fashion.

Recent study demonstrated that antimyostatin antibody

increases muscle mass and strength and improves insulin sensitivity

in old mice (Camporez et al., 2016). Aging-associated sarcopenia that

accompanies increased weakness and fatigability have devastating

consequences for patients. Sarcopenia reduces quality of life and

physical activity, and markedly increases the incidence of falls and

fractures. For older people in particular, declining muscle mass

causes morbidity from loss of strength, reduced energy expenditure,

changes in body composition favoring increased adiposity, and

increased insulin resistance (Janssen, Heymsfield, Wang & Ross,

2000; Lee et al., 2010; Piers, Soares, McCormack & O’Dea, 1998;

Ryan, 2000). Our results demonstrated that endothelium-specific

CYP2J2 overexpression led to increased skeletal muscle mass and

locomotor activity in aged mice. In addition, the antisarcopenic

effects of CYP2J2 overexpression were associated with increased

insulin-stimulated whole-body metabolism in the old mice. Further-

more, eNOS expression and blood flow in muscles were enhanced in

16-month-old CYP2J2-Tr mice, which produced a virtuous cycle for

increased microcirculation and decreased pro-inflammatory

responses (Hasegawa et al., 2012). We infer that these effects are

associated with increased activity in aged mice. In contrast, the

attenuation of microcirculatory blood flow observed in eNOS-defi-

cient mice decreases transcapillary passage of insulin to metabolically

active tissues such as muscle, thereby contributing to impairment of

insulin action (Kubis, Richer, Domergue, Giudicelli & L�evy, 2002).

Consequently, the negative regulation of eNOS expression during

aging in endothelial cells may be another important mechanism

underlying insulin resistance, reduction in lean mass, and decreased

locomotor activity. However, the precise mechanisms of CYP2J2

overexpression-mediated antisarcopenic effects need to be further

explored.

Aging is also associated with reductions in skeletal muscle mito-

chondrial function. In particular, skeletal muscle mitochondrial ATP

production rates (MAPRs) are reduced in elderly people. These

aging-related reductions in MAPRs are also associated with concomi-

tant reductions in skeletal muscle mitochondrial enzyme activities,

protein synthesis and expression, and mtDNA abundance in humans

and rodents (Karakelides et al., 2010; Petersen et al., 2003). Of

interest, insulin resistance is closely associated with skeletal muscle

mitochondrial dysfunction (Karakelides et al., 2010; Kim et al., 2008;

Petersen et al., 2003). This close association between muscle mito-

chondrial dysfunction and insulin resistance has led to the hypothe-

sis that mitochondrial dysfunction could be the basis of insulin

resistance. Our data demonstrated that the aging-related skeletal

muscle mitochondrial dysfunction was attenuated in 16-month-old

CYP2J2-Tr mice. Furthermore, this attenuation occurred with

increased mitochondrial biogenesis evidenced by increased mito-

chondrial protein expression. Others found that UA-8, a synthetic

compound that possessed both EET-mimetic and sEH inhibitory

properties, provided significant cardioprotection against ischemia–

reperfusion injury via limiting mitochondrial dysfunction (Batchu

et al., 2011). Some other studies showed that EETs failed to enhance

mitochondrial content (Liu et al., 2011; Sarkar et al., 2014). How-

ever, the current study revealed a partial reversal of an aging-related

decline in mitochondrial biogenesis by 2J2 overexpression in the

skeletal muscle of old mice. Moreover, Tie2-CYP2J2 gene targeting

had no effects on mitochondrial content and function in young mice.

This apparent discrepancy between the current finding and prece-

dent literature may be explained by the possibility that EETs may

enhance mitochondrial content only under conditions where dys-

function is evident.

To summarize, endothelium-specific EET production in male adult

mice is able to counteract aging-related metabolic disorders, particu-

larly overweight, fat accumulation, and peripheral insulin resistance.

These findings revealed the new role for EETs in conferring age-

induced insulin resistance and metabolic dysfunction, although fur-

ther investigation is required to extrapolate these results into human

scenarios.
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4 | EXPERIMENTAL PROCEDURES

4.1 | Animals

All animal studies were approved by The Academy of Sciences of

China and complied with standards stated in the National Institutes

of Health Guidelines for the Care and Use of Laboratory Animals.

Endothelium-specific CYP2J2 overexpression mice (Tie2-CYP2J2-Tr)

on a pure C57BL/6J genetic background were obtained from Dr. Dar-

ryl Zeldin’s colony at the National Institute of Environmental Health

Science (RTP, NC, USA) and were genotyped using PCR-based meth-

ods. 3-month-old wild-type (WT) littermate control mice (3 mWT), 3-

month-old Tie2-CYP2J2-Tr (3m2J2-Tr), 16-month-old WT littermate

control mice (16 mWT), and 16-month-old Tie2-CYP2J2-Tr mice

(16 m2J2-Tr) were used in this study. Mice were fed with a standard

chow diet ad libitum and had free access to drinking water.

4.2 | Evaluation of in vivo insulin signaling

After overnight fasting, mice were anesthetized and 1 IU per kg

human insulin (Novo Nordisk, Novo Alle0, Denmark) or an equal vol-

ume of vehicle was administered through the portal vein. Adipose

tissue (epididymal fat pads), liver, and gastrocnemius muscle were

collected 120 s after the injection and immediately stored in liquid

nitrogen for subsequent Western blotting analysis (Law et al., 2010).

4.3 | Quantitative real-time PCR

Total RNA extracts were isolated from tissue lysate using TRIzol

reagent (Invitrogen, USA) following the manufacturer’s instructions.

Total RNA was reversely transcribed using the TransScript First-Strand

cDNA Synthesis kit, and quantitative real-time PCR was performed on

an ABI7900 PCR system (Applied Biosystems, Darmstadt, Germany)

using the TransStartTM Eco Green qPCR Kit (Qiagen, Valencia, CA,

USA). Primers used for real-time PCR are shown in Table 1.

4.4 | Insulin and Glucose Tolerance Tests

For glucose tolerance tests (GTTs), mice were injected intraperi-

toneally with 2 g/kg glucose after a 16-hr fasting. Blood glucose

levels were measured immediately before and 30, 60, 90, and

120 min after glucose injection. Insulin tolerance tests (ITTs) were

performed on 5-hr-fasted mice injected intraperitoneally with 0.75

U/kg human insulin (Novo Nordisk, Novo Alle0 , Denmark). Blood glu-

cose levels were determined as described above. Area under the

curve (AUC) values were calculated with the GraphPad Prism soft-

ware (GraphPad Software Inc.).

4.5 | Indirect calorimetry analysis

In vivo metabolic assessment via indirect calorimetry was performed

using the Oxymax CLAMS (Columbus Instruments, Columbus, OH,

USA) with an airflow of 0.6 L/min and sample flow of 0.5 L/min.

Mice were individually housed in metabolic chambers maintained at

20–22°C in a 12-hr light/12-hr dark cycle. After the mice had

adapted to the environment of the metabolic chamber for 48 hr, the

subsequent 24 hr period was utilized for data collection.

4.6 | Statistical analysis

All values are presented as mean � SEM. The in vivo data were ana-

lyzed using Student’s unpaired t test or two-way ANOVA with

TABLE 1 Primer sequences for
quantitative real-time PCR

Gene Forward primer Reverse primer

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

TNF-a CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

IL-6 GGACCAAGACCATCCAATTCATCTTGAAA GACCACAGTGAGGAATGTCCACAAA

MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

FAS AGAGACGTGTCACTCCTGGACTT GCTGCGGAAACTTCAGAAAAT

SREBP1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT

PPARc2 GCTGCAGCGCTAAATTCATCT GGGAGTGGTCATCCATCACAG

SCD1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAGATTTCTGCAAACC

Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC

Chi3 l3 AGAAGGGAGTTTCAAACCTGGT GTCTTGCTCATGTGTGTAAGT GA

CD11c GCTGTCTCCAAGTTGCTCAGA GAGCACACTGTGTCCGAACT

iNOS CCAAGCCCTCACCTACTTCC CTCTGAGGGCTGACACAAGG

PPARa GAGGGTTGAGCTCAGTCAGG GGTCACCTACGAGTGGCATT

CPT1a ACTCCTGGAAGAAGAAGTTCAT AGTATCTTTGACAGCTGGGAC

Acox1 GGGAGTGCTACGGGTTACATG CCGATATCCCCAACAGTGATG

MCAD TGGCATATGGGTGTACAGGG CCAAATACTTCTTCTTCTGTTGATCA

b-actin AGGCCCAGAGCAAGAGAGGTA GGGGTGTTGAAGGTCTCAAACA
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Bonferroni’s multiple comparison post-test. The in vitro data were

analyzed by one-way ANOVA followed by the Tukey’s multiple com-

parison post hoc test. Statistical calculations were performed using

the GraphPad Prism software (GraphPad, San Diego, CA). p values of

<.05 were considered significant.

All other methods are described in the Appendix S1.
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