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Myocardial fibrosis is an important pathophysiological 
process occurring with various cardiac injuries and diseases 
(1). Cardiac fibroblasts have been described to exhibit the 
earliest, most dramatic, and most sustained proliferative, 
migratory, and transformational responses to profibrotic 
factors resulting in cardiac fibrosis (2–4). Arachidonic acid 
(AA) is a kind of polyunsaturated fatty acid, which has been 
widely studied in recent years, especially in the cardiovascu-
lar field (5). We focused on the cytochrome P450 epoxy-
genase (CYP450) metabolite pathway, which acts as the 
third pathway of AA metabolism after the pathway of cyclo-
oxygenase and lipoxygenase (LOX). Epoxyeicosatrienoic 
acids (EETs) are predominant metabolites of the AA-
CYP450 metabolic pathway and are primarily generated by 
cytochrome P450 2J2 (CYP2J2) in human heart (6). The 
AA-CYP2J2-EET pathway has been widely studied in recent 
years and has been shown to play multiple biological roles 
in cardiovascular homeostasis (6–10). Previous research 
has demonstrated that a polymorphism of CYP2J2 is sig-
nificantly associated with coronary artery disease and the 
risk of ischemic stroke (11, 12). Additionally, pharmaco-
logical and genetic manipulations of CYP450 and soluble 
epoxide hydrolase (sEH) with changed EET levels have 
demonstrated contributions for the AA-CYP450-EET-sEH 
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metabolic pathway to cardiovascular diseases, given the im-
pact of EETs to cardiovascular physiology (6–10). Our pre-
vious works have demonstrated protective effects of the 
AA-CYP2J2-EET metabolic pathway from the perspective of 
cardiomyocytes and cellular cross-talk (8, 13–15). However, 
the role of the AA-CYP2J2-EET system on cardiac fibrosis 
and fibroblasts has not been completely elucidated. There-
fore, this study focused on the role of the AA-CYP2J2-EET 
metabolic pathway in cardiac fibrosis from the perspective 
of cardiac fibroblasts and the underlying mechanisms in-
volved in this process.

Previous research has excluded the competitive binding 
ability of EETs to angiotensin II (Ang II) type I receptor 
(AT1R) for the reason that neither EET nor dihydroxye-
icosatrienoic acid (DHET) showed any appreciable affinity 
for AT1Rs (16). Increasing evidence from experimental 
animal models and humans indicates that  subunits of 
G12 family G proteins (G12/13) activity is increased in the 
failing heart and its activation contributes to the pathogen-
esis of myocardial fibrosis (17, 18). Recent progress toward 
understanding the mechanisms of cardiac fibrosis has re-
vealed that G12/13 activation plays a pivotal role in regulat-
ing the phenotype of cardiac fibroblasts (19, 20), while it 
also acts as a key determinant of the migration and growth 
of various types of cells (21–23). All of these factors contrib-
ute to collagen accumulation in cardiac tissue. The profi-
brotic effects of G12/13 have been shown to be mainly 
mediated by RhoA and subsequent Rho kinase (ROCK) 
activation (24, 25). Therefore, we investigated the role of 
the AA-CYP2J2-EET metabolic pathway on G12/13 and its 
effectors RhoA/ROCK cascade in cardiac fibroblasts. As 
eNOS and NO release, which is induced by EETs (26–28), 
can inhibit the activation of G12/13 (29), we postulated 
that EETs might attenuate fibrotic response by inhibiting 
the G12/13/RhoA/ROCK pathway via NO/cyclic guano-
sine monophosphate (cGMP) activation. This hypothesis 
will be confirmed in vivo and in vitro in mice exhibiting 
cardiomyocyte-specific expression of CYP2J2 and primary 
cardiac fibroblast cultures, respectively.

MATERIALS AND METHODS

Animal experiment
Mice with cardiomyocyte-specific expression of CYP2J2 were 

kindly gifted by Dr. Zeldin’s laboratory (National Institute of Envi-
ronmental Health Sciences), and transgenic mice were genotyped 
as described previously (30). All experimental procedures were 
approved by the Experimental Animal Research Committee of Tongji 
Medical College, Huazhong University of Science and Technology, 
and were in strict accordance with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996) and the Public Health 
Service Policy on Humane Care and Use of Laboratory Animals.

Eight-week-old male CYP2J2 transgenic mice and age-/sex-
matched littermates breeding from the heterozygous CYP2J2-
transgenic mice were anesthetized by an intraperitoneal injection 
of a mixture of xylazine (5 mg/kg) and ketamine (80 mg/kg) and 
then osmotic mini-pumps (Alzet model 1002; Alza) containing 
saline or Ang II (Sigma-Aldrich, St. Louis, MO) (n = 10 per group) 

were implanted subcutaneously for 2 weeks. The infusion rate of 
Ang II or saline was 1.5 g/kg/min. Two weeks later, the mice 
were euthanized with carbon dioxide and tissues were collected 
for various experiments.

Hemodynamic measurements and echocardiography
Echocardiographic examination was performed by using an 

echocardiography system with a 30 MHz high-frequency scan 
head (VisualSonicsVevo770; VisualSonics Inc., Toronto, Canada) 
under light (1–2%) isoflurane anesthesia, as previously described 
(31). Left ventricle hemodynamic measurements were performed 
by using a Millar catheter system through the left carotid artery 
under intraperitoneal injection of 90 mg/kg ketamine and  
10 mg/kg xylazine, as described previously (32).

Neonatal rat cardiac fibroblast isolation and cultures
Cardiac fibroblasts were isolated and cultured as described pre-

viously (33, 34). Briefly, hearts were excised from 1- to 2-day-old 
rats after 4–5% isoflurane inhalation anesthesia. Hearts were 
minced and digested in 0.06% (w/v) trypsin (Invitrogen, Life 
Technologies Corporation, Carlsbad, CA) and 0.025% (w/v) col-
lagenase type II (Invitrogen, Life Technologies Corporation) in 
calcium-free Hanks’ buffer (with HEPES) by serial digestion. Cells 
were centrifuged and resuspended in Dulbecco’s modified Ea-
gle’s medium:F12 medium (Invitrogen, Life Technologies Cor-
poration) with 10% (v/v) fetal calf serum and 1% penicillin/
streptomycin (Invitrogen, Life Technologies Corporation). Car-
diac fibroblasts were separated from cardiomyocytes by differen-
tial adhesion. The attached cardiac fibroblasts were subsequently 
cultured with Dulbecco’s modified Eagle’s medium:F12 medium 
(Invitrogen, Life Technologies Corporation) with 10% (v/v) fetal 
calf serum and 1% penicillin/streptomycin. Cardiac fibroblasts 
grew robustly and were confluent in 4–6 days and the cells were 
passed once to eliminate any myocytes that adhered during the 
incubation. The second to fifth passages of cardiac fibroblasts 
were used for the following experiments.

Treatments of cardiac fibroblasts.  In treatment 1, cardiac fibro-
blasts (3 × 105 cells per well) were serum-starved overnight and 
then incubated with or without Ang II (1 M) in the presence or 
absence of 11,12-EET (1 M; Cayman Chemical, Ann Arbor, MI) 
or 14,15-EEZE (1 M) for 5 min, 6 h, or 24 h. In treatment 2, 
transfections with G12 siRNA, G13 siRNA, RhoA siRNA, and con-
trol siRNA (100 nM; RiboBio, Guangzhou, China) were per-
formed with Lipofectamine 2000 reagent (Invitrogen, Life 
Technologies Corporation) for 48 h and then the cells were incu-
bated with or without Ang II or 11,12-EET for 5 min, 6 h, or 24 h, 
respectively. In treatment 3, cardiac fibroblasts (3 × 105 cells per 
well) were serum-starved overnight and then incubated with or 
without Ang II (1 M) in the presence or absence of 11,12-EET, 
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (10 M; Sigma-
Aldrich), hydroxocobalamin (200 M; Sigma-Aldrich), or L-N5- 
(1-iminoethyl)ornithine hydrochloride (100 M; Sigma-Aldrich) 
for 5 min.

The cells that were incubated with various reagents for 5 min 
were used for G12/13/RhoA/ROCK cascade detection; the cells 
that were incubated with various reagents for 6 h were used  
for migration detection; and the cells that were incubated with 
various reagents for 24 h were used for Western blots and 
immunofluorescence.

Neonatal mouse cardiomyocyte isolation and cultures
Neonatal cardiomyocytes from WT mice or transgenic mice were 

isolated as described previously (35). Cells were incubated with 
saline or Ang II (1 mol/l) for 6 h, after overnight serum-starvation, 
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and then cultured medium was collected for eicosanoid detec-
tion. The detailed experimental process is described in the sup-
plemental data.

Histological analysis
Heart sections were stained with -smooth muscle actin (-SMA) 

(Abcam, Cambridge, MA) and picrosirius red (Sigma-Aldrich) as 
previously described (36).

Western blotting analysis
Western blots were performed to detect expression of various 

proteins. Quantity One software was used for band analysis (Bio-
Rad, Hercules, CA).

Immunofluorescence
Immunofluorescent staining for -SMA and proliferating cell 

nuclear antigen (PCNA) (Proteintech, Wuhan, China) was per-
formed as described previously (37).

Plasmid constructions
cDNAs encoding the regulatory tetratricopeptide repeat domain 

(TPR) of Ser/Thr protein phosphatase type 5 (PP5-TPR) with 
BamHI and EcoRI sites were generated by PCR from mouse cDNA 
using the primers, 5′-CGGGATCCGAGTGTGCTGAGACCCCCC-3′ 
and 5′-CGGAATTCATCTTGGCATCCTTGTCATTAG-3′, and sub-
cloned into BamHI/EcoRI sites of the PGEX-6p-1 vector, respectively.

Recombinant protein expression
Recombinant proteins were expressed as glutathione S-trans-

ferase (GST)-TPR fusion proteins in BL21 (DE3) pLysS chem-
ically competent cells (Transgene Biotek) and purified on 
glutathione-Sepharose beads according to the method of Amano 
et al. (38).

RhoA activity assay
RhoA activity was detected as described previously (29). Briefly, 

cardiac fibroblasts treated with various reagents were lysed with an 
ice-cold cell lysis buffer [10 mM MgCl2, 25 mM HEPES (pH 7.5), 
10% glycerol, 150 mM NaCl, 1 mM EDTA, and 1% Igepal CA-
630]. Cell lysates were incubated with glutathione-Sepharose 
beads (Cytoskeleton, Inc.), which were bound to the GST-fused 
Rho-binding domain of Rhotekin (GST-RBD) for 1 h at 4°C, and 
bound proteins were immunoblotted with anti-RhoA antibodies. 
Detailed protocols for RhoA activity detection are presented in 
the supplemental Methods.

G12/13 activity assay
G12/13 activity was detected as described previously (29). 

Briefly, cardiac fibroblasts treated with various reagents were lysed 
with ice-cold cell lysis buffer [20 mM HEPES, 0.1% Triton X-100 
(pH 8.0), 2 mM MgCl2, 1 mM EDTA, 10 g/ml aprotinin, 1 mM 
phenylmethylsulfonyl fluoride, and 10 g/ml leupeptin]. Cell ly-
sates were then incubated with glutathione-Sepharose beads, 
which were bound to GST-TPR fusion protein for 2 h at 4°C. The 
bound proteins were immunoblotted with anti-G12 and anti-G13 
antibodies. Detailed protocols for G12/13 activity detection are 
presented in supplemental Methods.

Determination of NO concentrations
NO concentrations were detected as described previously (26). 

Samples were analyzed for NO (nitrate and nitrite) concentra-
tions by using nitrate/nitrite fluorometric assay kits (Cayman 
Chemical). NO concentrations were normalized to the protein 
content. A detailed protocol for the detection of NO is presented 
in supplemental Methods.

cGMP measurements
Cardiac tissue cGMP and intracellular cGMP were determined 

by enzyme immunoassay kits (Cayman Chemical) following the 
manufacturer’s instructions. A detailed protocol for cGMP detec-
tion is presented in the supplemental Methods.

Transwell analysis
Transwell Boyden chambers (24-well insert, 8.0 m; BD Biosci-

ences) were used to determine the migration of cardiac fibro-
blasts, as described previously (39). Cells were pretreated with 
various reagents, and then 1 × 105 cells were seeded in the top 
chamber with noncoated membranes. Cells were then seeded in a 
serum-free medium migrated toward medium incubated with 
Ang II. Cells that migrated to the lower surface of the filters were 
counted in five random high-power fields.

Eicosanoid detection
Eicosanoids were measured by LC/MS/MS following the estab-

lished method described previously (40, 41). Detailed informa-
tion, including the sample preparation, LC/MS/MS conditions, 
and precision and accuracy of this method are described in the 
supplemental Methods.

Statistical analysis
All data are expressed as mean ± SEM. The in vivo data were 

analyzed using paired t-test and one-way ANOVA. The in vitro 
data were analyzed by one-sample t-test and one-way ANOVA. Sta-
tistical significance was defined as P < 0.05.

RESULTS

Cardiomyocyte-specific expression of CYP2J2 enhances 
production of EETs

LC/MS/MS results showed that concentrations of all 
four EETs in cardiac tissue were increased in transgenic 
mice compared with WT mice under the saline-infused 
condition (Table 1). Ang II infusion reduced concentra-
tions of all four EETs in cardiac tissue of WT mice compared 
with the saline-WT group, but did not affect concentrations 
of EETs in cardiac tissue of transgenic mice (Table 1). Sim-
ilar results were observed in plasma and cardiomyocyte cul-
tured medium (Tables 1, 2, and 3). As EETs are further 
converted to more stable and less bioactive metabolites, 
DHETs (42), this leads to increased concentrations of 
DHETs in cardiac tissue, plasma, and cultured medium in 
CYP2J2 transgenic mice (Tables 1–3). Therefore, we per-
formed additional experiments to detect whether DHETs 
affect cardiac fibroblasts. Results showed that collagen type I 
(COL I) and -SMA upregulation induced by Ang II were 
not attenuated by 11,12-DHET from 0.3 to 3 M (supple-
mental Fig. S3C, D). Other metabolites were not changed 
by CYP2J2 overexpression compared with WT mice under 
both saline- and Ang II-infused conditions (Tables 1–3). 
We also detected whether 17,18-epoxyeicosatetraenoic 
acid (EEQ), the predominant epoxide of EPA, could affect 
cardiac fibrotic response. Results showed that COL I and 
-SMA upregulation induced by Ang II (1 M) were not 
attenuated by 17,18-EEQ (1 M) incubation (supplemental 
Fig. 3A, B). These results revealed that cardiomyocyte-
specific expression of CYP2J2 enhanced AA metabolizing 
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to EETs and did not influence levels of eicosanoids in other 
metabolic pathways, suggesting that the anti-fibrotic effects 
of CYP2J2 are specific for EETs.

CYP2J2 overexpression with elevation of EETs attenuates 
cardiac dysfunction and fibrosis

Echocardiography and hemodynamic assessments showed 
that CYP2J2 overexpression in heart attenuated Ang II-
induced cardiac dysfunction (Table 4). Picrosirius red 
staining showed that Ang II induced markedly enhanced 
collagen accumulation in heart; however, these effects 
were attenuated in aMHC-CYP2J2-Tr mice (Fig. 1A, B). 
Similarly, the -SMA- or COL I-positive area of aMHC-
CYP2J2-Tr mice infused with Ang II was significantly de-
creased compared with controls (Fig. 1A, C, D).

Western blots were performed to examine expression of 
COL I, -SMA, proliferation marker PCNA, and fibrosis-
related transcription factor, myocardin-related transcrip-
tion factor A (MRTF-A). CYP2J2 was expressed in CYP2J2 
transgenic mice, but not in WT mice (Fig. 1E). CYP2J2 
overexpression downregulated Ang II-induced expression 
of COL I and -SMA in cardiac tissue (Fig. 1E, F). More-
over, PCNA and MRTF-A nuclear translocation induced by 
Ang II infusion were alleviated by CYP2J2 overexpression 
(Fig. 1G, H). However, sEH upregulation induced by Ang II 
was not inhibited by CYP2J2 overexpression (supplemen-
tal Fig. 4A).

Collectively, these results suggest that Ang II induces car-
diac dysfunction and cardiac fibrosis, including enhanced 

collagen accumulation and increased myofibroblast trans-
formation; these detrimental effects were associated with 
increased nuclear translocation of MRTF-A and PCNA. 
However, CYP2J2 overexpression attenuated these harmful 
effects induced by Ang II.

Inhibition of G12/13/RhoA/ROCK signaling is involved 
in anti-fibrotic effects of CYP2J2 in cardiac tissue

As the G12/13/RhoA/ROCK pathway is essential for Ang 
II-induced cardiac fibrosis and is a target of fibrotic disease, 
we, therefore, investigated the effects of CYP2J2 on this 
pathway. A GST pull down assay showed that CYP2J2 over-
expression inhibited the elevation in activities of both 
G12/13 and RhoA in cardiac tissue induced by Ang II 
(Fig. 2A–D). Moreover, the p-myosin phosphatase tar-
get subunit-1 (MYPT)/MYPT ratio, which reflects activity 
of ROCK, was reduced by CYP2J2 overexpression (Fig. 2E, F). 
Above all, CYP2J2 overexpression with elevation of EETs 
inhibited the G12/13 activity and subsequent RhoA/ROCK 
activation in cardiac tissue. These results revealed that in-
hibition of G12/13 activity and subsequent RhoA/ROCK 
activation are correlated with the anti-fibrotic effect of 
CYP2J2/EETs.

Fibrotic response of cardiac fibroblasts induced by Ang II 
is inhibited by 11,12-EET incubation

The fibroblasts isolated from neonatal rat heart were cul-
tured and treated with Ang II to induce fibrotic response 
and, moreover, an exogenous EET role was observed. The 

TABLE  1.  Eicosanoids levels in cardiac tissue measured by LC/MS/MS

Saline Ang II

WT MHC-CYP2J2-Tr WT MHC-CYP2J2-Tr

AA-CYP epoxygenase
  5,6-EET 51.90 ± 2.33 172.20 ± 6.13a 39.78 ± 2.00a 160.93 ± 3.87a,b

  8,9-EET 62.61 ± 2.54 247.40 ± 4.48a 50.34 ± 3.25a 235.53 ± 5.40a,b

  11,12-EET 80.69 ± 4.51 248.81 ± 5.75a 67.79 ± 3.75a 244.57 ± 2.13a,b

  14,15-EET 142.54 ± 5.32 360.52 ± 6.55a 127.50 ± 4.73a 344.88 ± 2.10a,b

  5,6-DHET 0.78 ± 0.07 1.41 ± 0.08a 0.53 ± 0.03a 1.17 ± 0.08a,b

  8,9-DHET 1.70 ± 0.06 6.01 ± 0.10a 1.52 ± 0.05 5.55 ± 0.13a,b

  11,12-DHET 2.65 ± 0.04 6.38 ± 0.18a 2.55 ± 0.03 5.95 ± 0.23a,b

  14,15-DHET 2.58 ± 0.16 6.99 ± 0.18a 2.04 ± 0.10a 7.20 ± 0.13a,b

LA-CYP epoxygenase
  12,13-EpOME 80.03 ± 2.73 82.08 ± 3.28 76.76 ± 2.41 79.30 ± 3.51
  9,10-EpOME 98.24 ± 2.07 95.00 ± 3.43 102.42 ± 2.55 96.12 ± 2.98
  12,13-diHOME 46.81 ± 2.49 50.42 ± 2.84 51.22 ± 3.28 53.27 ± 2.46
  9,10-diHOME 31.22 ± 2.25 36.26 ± 3.20 35.13 ± 3.04 34.65 ± 3.53
AA-CYP allylic-oxidase
  9-HETE 148.75 ± 3.82 150.73 ± 3.56 187.66 ± 1.17a 192.27 ± 1.91a

  11-HETE 105.75 ± 2.10 110.29 ± 2.10 143.18 ± 3.78a 148.46 ± 5.02a

AA-LOX
  15-HETE 154.15 ± 1.20 155.96 ± 1.24 197.26 ± 1.87a 201.49 ± 2.24a

  5-HETE 188.28 ± 1.22 190.48 ± 1.04 237.41 ± 2.71a 242.65 ± 2.65a

  8-HETE 64.10 ± 1.51 65.20 ± 1.14 85.08 ± 1.55a 84.23 ± 1.32a

AA-CYP -hydrolase
  16-HETE 4.55 ± 0.12 4.77 ± 0.13 4.95 ± 0.10 5.00 ± 0.22
  17-HETE 1.48 ± 0.07 1.39 ± 0.08 1.59 ± 0.07 1.22 ± 0.05
  18-HETE 1.56 ± 0.08 1.78 ± 0.09 1.70 ± 0.10 1.68 ± 0.09
  19-HETE 1.77 ± 0.05 1.93 ± 0.13 2.01 ± 0.06 1.82 ± 0.03
  20-HETE 0.48 ± 0.05 0.61 ± 0.06 1.63 ± 0.05a 1.53 ± 0.03a

Eicosanoid levels are in picograms per milligram. LC/MS/MS results revealed that EETs and DHETs in cardiac 
tissue were increased in MHC-CYP2J2-Tr mice under both saline- and Ang II-infused condition (n = 5 for each group). 
LA, linoleic acid; EpOME, epoxy-12Z-octadecenoic acid; diHOME, dihydroxyoctadecenoic acid.

aP < 0.05 versus WT-saline.
bP < 0.05 versus WT-Ang II.
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11,12-EET was most effective in inhibiting upregulation of 
COL I and -SMA induced by Ang II (supplemental Fig. 
S1A). Moreover, effects of 11,12-EET on -SMA were dose-
dependent (supplemental Fig. S1B). Based on these re-
sults, 11,12-EET, at a concentration of 1 M, was used for 
the following experiments. Immunofluorescence staining 
showed that 11,12-EET reduced the numbers of -SMA 
and nuclear PCNA immunofluorescence-positive cells in-
duced by Ang II, revealing that 11,12-EET alleviates myofi-
broblast transformation and proliferation (Fig. 3A–C). A 
transwell assay was performed to determine the migration 
ability of cardiac fibroblasts and results showed that 11,12-
EET attenuated Ang II-induced fibroblast migration (Fig. 
3D, E). Consistent with in vivo findings, 11,12-EET re-
duced expression of COL I and -SMA induced by Ang II 
(Fig. 3F, G). Moreover, nuclear translocation of PCNA and 
MRTF-A induced by Ang II were inhibited by 11,12-EET 
(Fig. 3H, I). However, all the anti-fibrotic effects of 11,12-
EET were blocked by putative EET receptor antagonist, 
14,15-EEZE (Fig. 3). These results suggest that 11,12-EET 
inhibits cardiac fibrotic response, including cardiac fibro-
blast transformation, proliferation, migration, and colla-
gen secretion.

G12/13/RhoA/ROCK cascade inhibition is involved in 
anti-fibrotic effects of 11,12-EET in cardiac fibroblasts

The well-established downstream effectors of G12/13-
mediated signaling are the monomeric GTPase, RhoA, and 
the RhoA effector, ROCK, which are regulators of a variety 

of intracellular processes, including actin stress fiber for-
mation, cell movement, and growth. In an in vivo study, we 
have demonstrated that inhibition of the G12/13/RhoA/
ROCK pathway was involved in anti-fibrotic effects of 
CYP2J2. To further identify whether inhibition of the 
G12/13/RhoA/ROCK pathway was involved in anti-fibrotic 
effects of EETs in cardiac fibroblasts, we detected G12/13/
RhoA/ROCK pathway activation in cardiac fibroblasts un-
der various treatments. First, we detected activation of 
G12/13 and RhoA induced by Ang II under different con-
centrations and various time points. Results showed that 
Ang II at a concentration of 1 M was the most powerful to 
induce activation of G12/13 and RhoA and the effects re-
mained from 5 to 10 min (supplemental Fig. 2A–D). There-
fore, the Ang II (1 M) for 5 min treatment was used for 
inducing activation of G12/13 and RhoA in the following 
experiment. Moreover, 11,12-EET inhibited activation of 
G12/13 and RhoA induced by Ang II in cardiac fibroblasts 
(Fig. 4A–C) and these effects remained from 5 to 10 min 
(supplemental Fig. S2E, F). Furthermore, the p-MYPT/
MYPT ratio, which reflects activity of ROCK, was reduced 
by 11,12-EET as well (Fig. 4D). The anti-fibrotic effects of 
11,12-EET were blocked by the putative EET receptor an-
tagonist, 14,15-EEZE (Fig. 4). We also detected PLC phos-
phorylation, the main effector pathway of Gq/11, could not 
be affected by 11,12-EET (supplemental Fig. S4B). Above 
all, these results indicated that inhibition of G12/13/
RhoA/ROCK activities is involved in the anti-fibrotic ef-
fects of 11,12-EET.

TABLE  2.  Eicosanoids levels in plasma measured by LC/MS/MS

Saline Ang II

WT MHC-CYP2J2-Tr WT MHC-CYP2J2-Tr

AA-CYP epoxygenase
  5,6-EET 15.49 ± 0.82 36.40 ± 2.34a  8.92 ± 0.54a 30.53 ± 3.23a,b

  8,9-EET 14.42 ± 0.86 26.31 ± 1.28a 9.84 ± 0.24a 22.14 ± 2.02a,b

  11,12-EET 18.39 ± 0.66 51.85 ± 1.34a 13.90 ± 0.97a 44.97 ± 2.26a,b

  14,15-EET 22.97 ± 1.65 70.08 ± 1.68a 17.55 ± 1.10a 61.09 ± 2.19a,b

  5,6-DHET 0.04 ± 0.01 0.79 ± 0.05a 0.03 ± 0.01 0.63 ± 0.06a,b

  8,9-DHET 0.70 ± 0.06 1.56 ± 0.10a 0.66 ± 0.03 1.37 ± 0.09a,b

  11,12-DHET 0.65 ± 0.04 6.37 ± 0.18a 0.55 ± 0.03 5.94 ± 0.23a,b

  14,15-DHET 1.21 ± 0.07 3.48 ± 0.14a 1.12 ± 0.08 3.10 ± 0.08a,b

LA-CYP epoxygenase
  12,13-EpOME 22.00 ± 0.99 19.62 ± 1.28 20.94 ± 1.09 19.48 ± 1.43
  9,10-EpOME 19.75 ± 1.80 18.66 ± 1.44 21.76 ± 1.73 20.56 ± 1.50
  12,13-diHOME 49.90 ± 1.71 46.98 ± 2.29 48.67 ± 3.38 45.99 ± 2.34
  9,10-diHOME 14.62 ± 1.30 15.96 ± 1.07 12.34 ± 0.88 13.97 ± 1.24
AA-CYP allylic-oxidase
  9-HETE 53.35 ± 1.23 55.91 ± 1.49 72.46 ± 2.09a 70.70 ± 3.56a

  11-HETE 3.76 ± 0.17 3.48 ± 0.10 5.75 ± 0.12a 5.90 ± 0.23a

AA-LOX
  15-HETE 8.58 ± 0.13 9.14 ± 0.24 13.39 ± 0.23a 13.95 ± 0.19a

  5-HETE 5.96 ± 0.17 5.55 ± 0.14 11.13 ± 0.31a 10.94 ± 0.37a

  8-HETE 8.80 ± 0.32 9.14 ± 0.26 12.98 ± 0.44a 13.56 ± 0.18a

AA-CYP -hydrolase
  16-HETE 0.68 ± 0.08 0.70 ± 0.07 0.81 ± 0.06 0.63 ± 0.08
  17-HETE 0.40 ± 0.03 0.46 ± 0.02 0.43 ± 0.02 0.36 ± 0.03
  18-HETE 0.75 ± 0.10 0.71 ± 0.07 0.73 ± 0.08 0.69 ± 0.06
  19-HETE 0.35 ± 0.05 0.33 ± 0.04 0.40 ± 0.03 0.30 ± 0.04
  20-HETE 0.30 ± 0.02 0.32 ± 0.02 1.54 ± 0.12a 1.43 ± 0.09a

Eicosanoids levels are in nanograms per milliliter. LC/MS/MS results revealed that EETs and DHETs in plasma 
were increased in MHC-CYP2J2-Tr mice under both saline- and Ang II-infused condition (n = 5 for each group). 
LA, linoleic acid; EpOME, epoxy-12Z-octadecenoic acid; diHOME, dihydroxyoctadecenoic acid.

aP < 0.05 versus WT-saline.
bP < 0.05 versus WT-Ang II.
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The 11,12-EET attenuated Ang II-induced fibrotic 
response of cardiac fibroblasts by inhibiting the  
G12/13/RhoA /ROCK signaling pathway

To further elucidate whether 11,12-EET attenuated Ang 
II-induced fibrotic response via the G12/13/RhoA/ROCK 
signaling pathway, siRNA was used to knock down G12/13 
or RhoA. Western blots showed that G12/13 or RhoA 
knockdown by their corresponding siRNAs, as well as 
incubation of 11,12-EET, attenuated activity of the RhoA 
effector, ROCK (Fig. 5J). Results of immunofluorescence 

staining showed that silencing of G12/13 or RhoA, as well 
as 11,12-EET, reduced the numbers of -SMA or nuclear 
PCNA immunofluorescence-positive cells induced by Ang II 
(Fig. 5A, C, D), which indicates that silencing G12/13 or 
RhoA, as well as 11,12-EET, alleviates myofibroblast trans-
formation and proliferation. A transwell assay was per-
formed to determine the migration ability of cardiac 
fibroblasts and the results revealed that specific knock-
down of G12/13 or RhoA by siRNA or 11,12-EET attenu-
ated Ang II-induced migration of fibroblasts (Fig. 5B, E). 

TABLE  4.  Hemodynamic and echocardiography results

Saline AngII

WT MHC-CYP2J2-Tr WT MHC-CYP2J2-Tr

Hemodynamic
  HR (bmp) 424 ± 6 425 ± 5 431 ± 5 427 ± 5
  LVEDP (mmHg) 4.23 ± 0.04 4.19 ± 0.04 7.73 ± 0.09a  5.42 ± 0.08b

  dp/dt max (mmHg/s) 5,998 ± 20 6,020 ± 18 2,793 ± 17a 4,107 ± 17b

  dp/dt min (mmHg/s) 4,632 ± 17 4,593 ± 24 1,817 ± 23a 3,106 ± 21b

Echocardiography
  Ejection fraction (%) 81 ± 0.3 80 ± 0.3 47 ± 0.4a 70 ± 0.3b

  Fraction shortening (%) 39.7 ± 0.4 39.6 ± 0.4 26.5 ± 0.3a 37.4 ± 0.3b

  LVID (d) (mm) 3.57 ± 0.04 3.58 ± 0.04 4.63 ± 0.03a 3.77 ± 0.02b

  LVID (s) (mm) 2.60 ± 0.03 2.54 ± 0.04 3.39 ± 0.03a 2.94 ± 0.04b

dp/dt max, maximal slope of systolic pressure increment; dp/dt min, minimal slope of diastolic pressure 
decrement; LVID (d), left ventricular internal dimension in diastole; LVID (s), left ventricular internal dimension in 
systole; LVEDP, left ventricular end diastolic pressure; HR, heart rate; CYP2J2, CYP2J2 transgenic mice (n = 10 for 
each group).

aP < 0.05 versus WT-saline.
bP < 0.05 versus WT-Ang II.

TABLE  3.  Eicosanoids levels in cultured medium measured by LC/MS/MS

Saline Ang II

WT MHC-CYP2J2-Tr WT MHC-CYP2J2-Tr

AA-CYP epoxygenase
  5,6-EET 17.8 ± 0.86 85.81 ± 4.72a  7.00 ± 0.55a 84.80 ± 4.97a,b

  8,9-EET 30.42 ± 2.00 126.22 ± 1.23a 24.840 ± 1.66a 119.25 ± 2.16a,b

  11,12-EET 60.00 ± 2.36 314.00 ± 10.30a 33.40 ± 1.89a 312.00 ± 13.93a,b

  14,15-EET 56.00 ± 2.91 148.00 ± 5.83a 34.00 ± 2.92a 140.00 ± 4.47a,b

  5,6-DHET 12.00 ± 0.34 42.05 ± 0.68a 11.36 ± 0.46 40.44 ± 0.60a,b

  8,9-DHET 14.39 ± 0.49 47.03 ± 0.67a 12.84 ± 0.59 43.35 ± 1.15a,b

  11,12-DHET 27.55 ± 1.26 88.24 ± 1.59a 23.87 ± 0.73 84.65 ± 1.19a,b

  14,15-DHET 70.62 ± 1.73 171.67 ± 4.09a 67.56 ± 1.65 161.07 ± 3.32a,b

LA-CYP epoxygenase
  12,13-EpOME 46.09 ± 2.00 47.77 ± 2.29 43.85 ± 2.29 45.50 ± 2.15
  9,10-EpOME 67.71 ± 2.95 72.04 ± 2.50 70.33 ± 3.00 69.00 ± 1.91
  12,13-diHOME 70.61 ± 1.62 73.30 ± 2.52 69.45 ± 2.12 68.86 ± 3.41
  9,10-diHOME 58.84 ± 2.41 57.62 ± 2.56 55.50 ± 1.29 56.37 ± 2.24
AA-CYP allylic-oxidase
  9-HETE 46.15 ± 1.63 45.87 ± 1.34 75.57 ± 1.86a 75.93 ± 1.88a

  11-HETE 111.30 ± 3.62 108.44 ± 2.81 150.35 ± 2.38a 147.86 ± 2.85a

AA-LOX
  15-HETE 107.93 ± 2.20 105.94 ± 1.87 147.89 ± 1.97a 150.70 ± 3.12a

  5-HETE 26.61 ± 1.26 22.53 ± 0.95 40.04 ± 2.46a 39.77 ± 3.59a

  8-HETE 69.05 ± 2.65 73.64 ± 2.37 110.24 ± 2.67a 108.77 ± 2.58a

AA-CYP -hydrolase
  16-HETE 6.39 ± 0.17 7.08 ± 0.28 6.83 ± 0.26 6.73 ± 0.30
  17-HETE 3.52 ± 0.10 3.71 ± 0.85 3.86 ± 0.10 4.04 ± 0.86
  18-HETE 14.96 ± 0.41 15.05 ± 0.43 16.16 ± 0.50 15.67 ± 0.61
  19-HETE 14.09 ± 0.31 13.77 ± 0.28 14.24 ± 0.23 13.91 ± 0.28
  20-HETE 13.72 ± 0.46 13.12 ± 0.19 22.81 ± 0.22a 23.49 ± 0.52a

Eicosanoids levels are in picograms per milliliter. LC/MS/MS results revealed that secretion of EETs and DHETs 
were increased in cardiomyocytes from MHC-CYP2J2-Tr mice under both saline- and Ang II-infused condition (n = 
5 for each experiment). LA, linoleic acid; EpOME, epoxy-12Z-octadecenoic acid; diHOME, dihydroxyoctadecenoic 
acid.

aP < 0.05 versus WT-saline.
bP < 0.05 versus WT-Ang II.
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The 11,12-EET attenuates G12/13 activity via activating 
the NO/cGMP pathway

Next, we detected the content of NO/cGMP in cardiac 
tissue and cultured cardiac fibroblasts. Results showed that 
CYP2J2 overexpression elevated NO and cGMP levels in 
cardiac tissue and similar effects were observed in cardiac 
fibroblasts with 11,12-EET treatment (Fig. 6A, B). More-
over, 11,12-EET attenuated Ang II-induced G12/13 activa-
tion. However, the inhibition of G12/13 by 11,12-EET was 

Fig.  1.  Expression of CYP2J2 in cardiomyocytes prevents the development of Ang II-induced cardiac fibrosis. A: Evaluation of collagen 
deposition by picrosirius red staining, histological analysis of cardiac fibroblast transformation and collagen secretion by immunohistochemi-
cal staining of -SMA and COL I, respectively. B: Quantitation of cardiac fibrosis. C: Quantitation of COLI-positive area. D: Quantitation of 
-SMA-positive area. E: Representative immunoblots for CYP2J2, COL I, and -SMA. F: Quantitation of COL I and -SMA expression in 
cardiac tissue. G: Representative immunoblots for nuclear PCNA and MRTF-A in cardiac tissue. H: Quantitation of nuclear PCNA and MRTF-A 
in cardiac tissue. **P < 0.05 versus WT-saline; &P < 0.05 versus WT-Ang II (n = 10 for each group).

In line with the morphological results, COL I and -
SMA, as well as the nuclear translocation of MRTF-A 
and PCNA, were attenuated by specific knockdown of 
G12/13 or RhoA by siRNA or 11,12-EET (Fig. 5F–I). Above 
all, reduced expression of G12/13 or RhoA exerts simi-
lar effects as 11,12-EET on inhibition of fibrotic re-
sponse. These results suggest that EETs alleviate cardiac 
fibrotic response by inhibiting the G12/13/RhoA/ROCK 
pathway.
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partially blocked by selective eNOs inhibitor, L-N5-(1-imi-
noethyl)ornithine hydrochloride, NO scavenger, hydroxo-
cobalamin, or guanylate cyclase inhibiter, 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (Fig. 6C, D). These 
results suggest that CYP2J2 overexpression or 11,12-EET 
attenuates G12/13 activity by activating the NO/cGMP 
pathway.

DISCUSSION

Main findings
The present work identified that CYP2J2 overexpression 

with elevation of EETs inhibited Ang II-induced cardiac 
dysfunction and cardiac fibrosis. Furthermore, we eluci-
dated the underlying mechanisms: 1) Cardiomyocyte-
specific expression of CYP2J2 increases EET release from 

cardiomyocytes, which results in inhibition of the fibrotic 
response of cardiac fibroblasts, including cardiac fibroblast 
proliferation, transformation, migration, and collagen se-
cretion. 2) Our data provides new evidence that EETs in-
hibit fibrotic response of cardiac fibroblasts by targeting 
G12/13 protein and subsequent RhoA/ROCK signaling 
activation. 3) EETs inhibit Ang II-induced G12/13 activa-
tion via NO/cGMP signaling.

Direct effects of EETs on cardiac fibroblasts are an 
important mechanism that contributes to the protective 
effects of EETs

Cardiac hypertrophy and fibrosis is a complicated 
pathophysiological process and EETs have multiple bio-
logical functions, so our group did a series of works in this 
field. Our present and previous works have demonstrated 
that cardiac and systemic EET levels were increased in 
MHC-CYP2J2-Tr mice (13). Moreover, EETs that are able 

Fig.  2.  Inhibition of the G12/13/RhoA/ROCK pathway is involved in the anti-fibrotic effects of CYP2J2. A: 
Representative immunoblots of G12 (TPR), G12 (Total), G13 (TPR), and G13 (Total) in cardiac tissue. B: 
Quantitation of G12 activity and G13 activity by determining the ratio of G12 (TPR)/G12 (Total) and G13 
(TPR)/G13 (Total), respectively. C: Representative immunoblot of RhoA (RBD) and RhoA in cardiac tissue. 
D: Quantitation of RhoA activity by the ratio between RhoA (RBD) and RhoA (Total). E: Representative im-
munoblot of p-MYPT and MYPT in cardiac tissue. F: ROCK activity was evaluated by the ratio between p-MYPT 
and MYPT. **P < 0.05 versus WT-saline; &P < 0.05 versus WT-Ang II (n = 10 for each group).



1346 Journal of Lipid Research  Volume 58, 2017

Fig.  3.  Treatment of neonatal rat cardiac fibroblasts with 11,12-EET inhibits Ang II-induced fibrotic response in cardiac fibroblasts, includ-
ing cardiac fibroblast transformation, proliferation, migration, and collagen secretion. A: Representative immunofluorescent images 
of -SMA-positive cells and PCNA-positive cells in cultured neonatal rat cardiac fibroblasts treated with various reagents for 24 h. B: Quantita-
tion of -SMA-positive cells in (A). C: Quantitation of PCNA-positive cells in (A). D: Representative images of migrated fibroblasts treated 
with various reagents for 6 h. E: Quantitation of migrated fibroblasts in (D). F: Representative immunoblots for COL I and -SMA in cultured 
neonatal rat cardiac fibroblasts treated with various reagents for 24 h. G: Quantitation of COL I and -SMA in cardiac fibroblasts. H: Repre-
sentative immunoblots for nuclear PCNA and MRTF-A in cultured neonatal rat cardiac fibroblasts treated with various reagents for 24 h. I: 
Quantitation of nuclear PCNA and MRTF-A in cardiac fibroblasts. **P < 0.05 versus DMSO; &P < 0.05 versus Ang II; #P < 0.05 versus Ang II + 
11,12-EET (n = 5 for each experiment).
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Fig.  4.  Inhibition of the G12/13/RhoA/ROCK pathway is involved in the anti-fibrotic effects of EETs. A: Representative immunoblots of 
G12 (TPR), G12 (Total), G13 (TPR), and G13 (Total) in cardiac fibroblasts treated with various reagents for 5 min. B: Quantitation of G12 
activity and G13 activity by determining the ratio of G12 (TPR)/G12 (Total) and G13 (TPR)/G13 (Total), respectively. C: Representative 
immunoblot of RhoA (RBD) and RhoA (Total) and quantitation of RhoA activity by the ratio between RhoA (RBD) and RhoA (Total) in 
cardiac fibroblasts treated with various reagents for 5 min. D: Representative immunoblot of p-MYPT and MYPT and quantitation of ROCK 
activity by the ratio between p-MYPT and MYPT in cardiac fibroblasts treated with various reagents for 5 min. **P < 0.05 versus DMSO; 
&P < 0.05 versus Ang II; #P < 0.05 versus Ang II + 11,12-EET (n = 5 for each experiment).

to release into the extracellular fluid can produce para-
crine and autocrine effects in the local environment (43), 
so EETs could act on cardiomyocytes, cardiac fibroblasts, 
and immune cells. In previous research, the cardio-protec-
tive effects of CYP2J2/EETs by acting directly on cardio-
myocytes were elucidated. EETs can suppress cardiac 
dysfunction and remodeling through inhibiting the eleva-
tion of the intracellular Ca2+ level and subsequent ER 
stress response via upregulating and stabilizing SERCA2a 
by anti-oxidative stress (8). However, this previous work 
did not illustrate the anti-oxidative stress mechanism of 
EETs. Furthermore, other research was performed illus-
trating that EETs could inhibit oxidative stress by acti-
vating PPAR- (13). Interestingly, we have found that 
CYP2J2 and EETs enhanced Akt1 nuclear translocation 
through interaction with AMPK221 and protected 
against cardiac hypertrophy (14). As cellular cross-talk 
contributes largely to cardiac remodeling, we studied 
the effects and mechanisms of EETs on cross-talk be-
tween cardiomyocytes, cardiac fibroblasts, and macro-
phages. We have found that EETs inhibited cardiac fibrosis 
by alleviating pro-fibrotic and pro-inflammatory responses 

of cardiomyocytes that were transmitted to cardiac fibro-
blasts and macrophages, respectively (13, 15). Cardiac fi-
broblasts constitute two-thirds of all cells in the heart and 
are the main source of extracellular matrix (2, 44). How-
ever, the direct effects of EETs on cardiac fibroblasts have 
not been elucidated. In the present studies, we identified 
that CYP2J2 overexpression with elevation of EETs inhib-
ited Ang II-induced cardiac dysfunction and cardiac fibro-
sis by directly acting on cardiac fibroblasts, including 
inhibition of cardiac fibroblast transformation, prolifera-
tion, migration, and collagen secretion. The anti-fibrotic 
effects of 11,12-EET were blocked by the putative EET an-
tagonist, 14,15-EEZE. DHETs, the stable and less bioactive 
diols of EETs, were elevated by CYP2J2 expression; how-
ever, they could not affect fibrotic response in cardiac fi-
broblasts, suggesting that the anti-fibrotic effects are 
abolished after sEH-mediated hydrolysis to the corre-
sponding DHETs. This result was also supported by pre-
vious studies that showed that conversion of EETs to 
DHETs by sEH enzyme is responsible for decreasing 
EET levels and, thus, diminishing their beneficial cardio-
vascular properties (45, 46). Levels of eicosanoids in other 
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Fig.  6.  Cardiomyocyte specific expression of CYP2J2 or treatment with 11,12-EET attenuate Ang II-induced 
G12/13 activity via NO/cGMP activation. A: Quantitation of NO and cGMP level in cardiac tissue. NO concen-
tration (picomoles per milligram protein): Saline-WT, 2.725 ± 0.50; Saline-Ang II, 5.025 ± 0.75; Ang II-WT, 
2.225 ± 0.50; Ang II-CYP2J2, 4.400 ± 0.25. cGMP concentration (picomoles per milligram protein): Saline-WT, 
0.1650 ± 0.045; Saline-CYP2J2, 0.2835 ± 0.030; Ang II-WT, 0.1350 ± 0.015; Ang II-CYP2J2, 0.2340 ± 0.030. *P < 
0.05 versus WT-saline (n = 5 for each group). B: Quantitation of NO and cGMP level in cardiac fibroblasts 
treated with various reagents for 5 min. NO concentration (picomoles per milligram protein): DMSO, 1.68 ± 
0.210; EET, 3.78 ± 0.420; Ang II, 2.10 ± 0.315; Ang II + EET, 3.57 ± 0.420; Ang II + EET + EEZE, 2.31 ± 0.294. 
cGMP concentration (picomoles per milligram protein): DMSO, 0.117 ± 0.0208; EET, 0.246 ± 0.0299; Ang II, 
0.143 ± 0.0260; Ang II + EET, 0.234 ± 0.0130; Ang II + EET + EEZE, 0.156 ± 0.0247. *P < 0.05 versus DMSO; 
#P < 0.05 versus Ang-II + 11,12-EET (n = 5 for each experiment). C: Representative immunoblots of G12 
(TPR), G12 (Total), G13 (TPR), and G13 (Total) in cardiac fibroblasts treated with various reagents for 5 min. 
D: Quantitation of G12 activity and G13 activity by determining the ratio of G12 (TPR)/G12 (Total) and G13 
(TPR)/G13 (Total), respectively. **P < 0.05 versus DMSO; #P < 0.05 versus Ang II; &P < 0.05 versus Ang II + 
11,12-EET (n = 5 for each experiment).

Fig.  5.  siRNA mediated knockdown of G12/13 or RhoA inhibits Ang II-induced fibrotic response in cardiac fibroblasts, including cardiac 
fibroblast transformation, proliferation, migration, and collagen secretion. A: Representative immunofluorescent images of -SMA-positive 
cells and PCNA-positive cells in cultured neonatal rat cardiac fibroblasts treated with and without Ang II or various siRNAs for 24 h. B: Rep-
resentative image of migrated fibroblasts treated with and without Ang II or various siRNAs for 6 h. C: Quantitation of -SMA-positive cells. 
D: Quantitation of PCNA-positive cells. E: Quantitation of migrated fibroblasts. F: Representative immunoblots for G12, G13, RhoA, COL 
I, and -SMA in cardiac fibroblasts treated with and without Ang II or various siRNA for 24 h. G: Quantitation of COL I and -SMA in cardiac 
fibroblasts. H: Representative immunoblots for nuclear PCNA and MRTF-A in cardiac fibroblasts treated with and without Ang II or various 
siRNAs for 24 h. I: Quantitation of nuclear PCNA and MRTF-A in cardiac fibroblasts. J: Representative immunoblot of p-MYPT and MYPT 
and quantitation of ROCK activity by the ratio between p-MYPT and MYPT in cardiac fibroblasts treated with and without Ang II or various 
siRNAs for 5 min. **P < 0.05 versus siControl; &P < 0.05 versus Ang II + siControl (n = 5 for each experiment).

metabolic pathways were not influenced in transgenic 
mice in vivo and in vitro. Moreover, 17,18-EEQ, the pre-
dominant EPA epoxide, could not inhibit Ang II-induced 
upregulation of COL I and -SMA. These results suggest 
that the anti-fibrotic effects of CYP2J2 are specifically 

mediated by EETs. The present work is a new and impor-
tant component of our systematic and persistent re-
search in the field of preventing cardiac hypertrophy and 
fibrosis. We have summarized previous and present works 
in a scheme picture (Fig. 7).
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The role of the NO/cGMP pathway for G12/13 inhibition 
by EETs

The signal transduction induced by NO is performed 
intracellularly by its second messenger, cGMP, which ex-
erts its effects via cGMP-dependent kinases, channels, or 
phosphodiesterases (47, 48). In this study, we found that 
CYP2J2 overexpression or EET treatment elevated the 
NO/cGMP level in cardiac tissue and cardiac fibroblasts, 
respectively. Moreover, inhibition of G12/13 activity by 
EETs was blocked by NO/cGMP pathway inhibitors, sug-
gesting that EETs attenuate G12/13 activity via the NO/
cGMP pathway. Some research supported this concept; 
previous research has demonstrated that EETs are able to 
stimulate eNOs activity and elevate NO level (26–28) and, 
moreover, that NO elevation by eNOS gene transfer or 
pharmacological treatment inhibits the G12/13/RhoA/
ROCK pathway (29, 49). How does the NO/cGMP path-
way stimulated by EETs result in an inactivation of G12/13? 
As previous studies have demonstrated that G12 and G13 
possess a potential phosphorylation site for PKG (R/K-R/

K-X-S/T) and, therefore, could be phosphorylated, the 
phosphorylation motif and surrounding sequences are 
well-conserved beyond the species in the subunits of 
G12/13, but not in the subunits of other G proteins (29). 
We postulated that the inhibition effects of EETs on 
G12/13 were attributed to G12/13 phosphorylation by PKG 
because EETs were able to stimulate the NO/cGMP path-
way (26, 50). This postulation was supported by previous 
studies where NO/cGMP/PKG cascade activation by 
eNOS gene-transfer or pharmacological treatment mark-
edly enhanced G13 phosphorylation in this conserved 
motif and subsequently inhibited RhoA activation in SMCs 
(29, 49). Furthermore, we postulated that PKG-mediated 
phosphorylation of G12/13 might inhibit its interaction 
with G leading to reduced G12/13 activity, as a previous 
study has demonstrated that PKC phosphorylates G12 
and inhibits its interaction with G (51). In the current 
study, we first provided evidence that G12/13 was a new 
target of EETs and that NO/cGMP pathway activation me-
diated this process.

Fig.  7.  Schematic of mechanisms on EET-mediated signaling in response to cardiac hypertrophy and fibrosis. EETs inhibit cardiac hyper-
trophy by acting directly on cardiomyocytes through the PPAR-/oxidative stress/SERCA2a/ER stress pathway and interaction of Akt1 and 
AMPK221 (8, 13, 14). Moreover, EETs attenuate pro-fibrotic and pro-inflammatory responses of cardiomyocytes transmitted to cardiac 
fibroblasts and macrophages, respectively (13, 15). This study indicates that EETs inhibit cardiac fibrosis by inhibiting fibrotic response of 
cardiac fibroblasts, including inhibition of cardiac fibroblast activation, proliferation, migration, and collagen secretion. Mechanistically, 
EETs stimulate the NO/cGMP signaling pathway, which reduces G12/13 and subsequently inhibits RhoA/ROCK activation (Dashed lines 
represent previous findings and solid lines represent present findings).
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The role of G12/13 activity inhibition in protective effects 
of CYP2J2/EET

Previous research has excluded the antagonism effects 
of EETs on the AT1R (16). Therefore, we sought to investi-
gate whether the anti-fibrotic effects of 11,12-EET were me-
diated by antagonizing downstream mediators of AT1R. 
Ang II, a critical neurohumoral factor during myocar-
dial damage, induces cardiac fibrosis through its receptor 
AT1R, which is coupled with G proteins, such as G12/13, 
Gq/11, Gs, Gt, and Gi/o (52). Previous studies have 
demonstrated that many GPCRs can influence Rho activi-
ties via signaling through both Gq/11 and G12/13 families 
of heterotrimeric G proteins. G12/13-mediated RhoA acti-
vation involves direct interactions with RhoGEF proteins, 
e.g., PDZ-RhoGEF, LARG, and p115-RhoGEF (53), and 
subsequent activation of pro-fibrotic signaling (17, 19, 20). 
G12/13-mediated Ang II- or ET-1-induced cardiac fibro-
blast transformation is essential for cardiac remodeling 
and heart failure induced by pressure overload (17–20). 
Moreover, G12/13 are indispensable for cell proliferation 
(54) and migration (55). Gq/G11 alone can couple GPCRs 
to the rapid activation of RhoA by direct protein-protein 
interaction with p63RhoGEF independently (56) and, 
therefore, mediated induction of CTGF and TGF-1 (57). 
As discussed above, RhoA could be activated by both 
G12/13 and Gq/11. However, RhoA activation induced by 
receptor agonists via Gq/11 occurs with lower potency than 
RhoA activation via G12/13 in NIH3T3 fibroblasts (53), sug-
gesting a predominant role of G12/13 for RhoA activation. 
In line with this, other previous studies have demonstrated 
that Gq family protein predominantly regulates the patho-
genesis of hypertrophy (17, 58, 59) and G12/13 primarily 
mediates fibrosis (17). The concepts above suggest limited 
contributions of Gq/11 for RhoA activation and subse-
quent fibrotic response. In the present study, we have 
shown that G12/13 activation induced by Ang II was attenu-
ated by 11,12-EET. Moreover, silencing G12/13 exerted 
similar effects of 11,12-EET on alleviating RhoA activation 
and subsequent fibrotic response. We also detected PLC 
phosphorylation, which represents the major downstream 
effecter pathway of Gq/11 (60). Results showed that PLC 
phosphorylation induced by Ang II was not inhibited by 
11,12-EET. Taken together, we identified that 11,12-EET 
inhibits RhoA activation and subsequent fibrotic response 
by targeting G12/13.

Inhibition of the RhoA/ROCK/MRTF-A pathway 
mediated anti-fibrotic effects of EETs

Once AT1R is stimulated, the coupled G12/13 is acti-
vated, subsequently activate RhoA by DH/PH domains of 
RhoGEF, which facilitate the exchange of GDP for GTP 
(29, 61, 62). Effects of RhoA are mediated by the well-estab-
lished downstream effectors, ROCKs, which stimulate actin 
polymerization, liberate MRTF-A from G-actin, and expose 
a nuclear localization sequence within the actin-binding 
domain of MRTF-A (63). The above process ultimately ac-
tivates the myofibroblast-like phenotype in cultured cardiac 
fibroblasts and enhances the transcription of genes encoding 
ECM components from cardiac fibroblasts (64). The RhoA/

ROCK/MRTF-A pathway, which is the downstream media-
tor of G12/13, was detected to further elucidate mecha-
nisms of the anti-fibrotic effects of EETs. Results revealed 
that, besides G12/13 inhibition, CYP2J2 overexpression or 
EET treatment inhibited the activities of RhoA and ROCK, 
as well as decreasing MRTF-A nuclear translocation in vivo 
and in vitro, which indicated that G12/13/RhoA/ROCK/
MRTF-A pathway inhibition was involved in the anti-fibrotic 
effects of EETs. Silencing of G12/13 or RhoA exerts similar 
effects of 11,12-EET on the inhibition of fibrotic response 
and MRTF-A nuclear translocation, which further supports 
the concept that EETs alleviate cardiac fibrotic response 
by inhibiting the G12/13/RhoA/ROCK/MRTF-A pathway. 
This mechanism was supported by various other studies be-
cause the G12/13/RhoA/ROCK/MRTF-A pathway is pivotal 
in the pathophysiological process, including mechanical 
stress fiber formation, tissue fibrosis, cell proliferation, cell 
migration, and myofibroblast transformation (21–23, 64–
67). Moreover, inhibition of the G12/13/RhoA/ROCK/
MRTF-A pathway by pharmacological inhibition or gene 
knockout exerts similar effects of EETs, which alleviate 
solid organ remodeling including cardiac hypertrophy and 
fibrosis (17, 18, 24, 68–70) and attenuate transcription of 
genes encoding ECM components at the molecular level 
(64, 71). In conclusion, G12/13 inhibition by EETs exerts 
an anti-fibrotic role by reducing activation of the RhoA/
ROCK/MRTF-A pathway.

CONCLUSIONS

Our data indicate that cardiomyocyte-specific expres-
sion of CYP2J2 improves EET formation and, therefore, 
prevents cardiac hypertrophy and fibrosis. EETs attenuate 
cardiac hypertrophy by acting directly on cardiomyocytes 
via targeting the PPAR-/oxidative stress/SERCA2a/ER 
stress pathway and promoting interaction of Akt1 and 
AMPK221 (8, 13, 14). EETs alleviate cardiac fibrosis by 
acting on diverse cell types. Previous studies have indi-
cated that EETs alleviate cardiac fibrosis by decreasing se-
cretion of pro-fibrotic factors (TIMP1, TGF-1, and H2O2) 
and pro-inflammatory cytokines (IL-6, IL-1, and MCP-1) 
from cardiomyocytes and macrophages, respectively, 
which results in inhibitory effects on the activation of car-
diac fibroblasts (13, 15). This study focuses on the direct 
effects of EETs on cardiac fibroblasts and indicates that 
EETs attenuate cardiac fibrosis by inhibiting the fibrotic 
response of cardiac fibroblasts, including inhibition of car-
diac fibroblast proliferation, transformation, migration, 
and collagen secretion. Mechanistically, the anti-fibrotic 
effects of EETs are mediated by inhibiting the G12/13/
RhoA/ROCK pathway via activating NO/cGMP signaling. 
This study yields significant insights into the beneficial 
effects of EETs in cardiac fibroblasts during cardiac 
fibrosis.

The present study demonstrates that EETs markedly at-
tenuate fibrotic response by reducing activation of cardiac 
fibroblasts via inhibition of the G12/13/RhoA/ROCK path-
way by activating NO/cGMP signaling. The beneficial 
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effects of EETs on cardiac fibroblasts, however, may involve 
other mechanisms, which warrant further study in fu-
ture.

The authors are grateful to Yi Zhu and his research team for 
help with the LC/MS/MS analysis at Tianjin Medical University.
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