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Activation of the endocannabinoid system mediates cardiac
hypertrophy induced by rosiglitazone
Ya-han Liu1, Yan Liu1, Xu Zhang1,3, Li Fang1, Bei-lei Zhao1 and Nan-ping Wang2

Rosiglitazone (RSG) is a synthetic agonist of peroxisome proliferator-activated receptor-γ (PPARγ), which plays a central role in the
regulation of metabolism. Meta-analyses have suggested that RSG is associated with increased cardiovascular risk. However, the
mechanisms underlying such adverse cardiac effects are still poorly understood. Here, we found that activation of PPARγ by RSG
stimulated the endocannabinoid system (ECS), a membrane lipid signaling system, which induced cardiac hypertrophy. In neonatal
rat cardiomyocytes, RSG increased the level of anandamide (AEA); upregulated the expression of N-acyl phosphatidylethanolamine
phospholipase D (NapePLD), a key enzyme for AEA synthesis; and downregulated the expression of fatty acid amide hydrolase
(FAAH), the enzyme responsible for the degradation of AEA. Importantly, PPARγ activation increased the expression of cannabinoid
receptor type 1 (CB1) through an identified binding site for PPARγ in the CB1 promoter region. Moreover, both the in vitro and
in vivo results showed that inhibition of the ECS by rimonabant, an antagonist of CB1, attenuated RSG-induced cardiac hypertrophy,
as indicated by decreased expression of cardiac hypertrophy markers (ANP and BNP), deactivation of the mTOR pathway, and
decreased cardiomyocyte size. Thus, these results demonstrated that the ECS functions as a novel target of PPARγ and that the
AEA/CB1/mTOR axis mediates RSG-induced cardiac remodeling.
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INTRODUCTION
The endocannabinoid system (ECS) is a signaling system mainly
composed of two types of cannabinoid receptors (CB1 and
CB2); the two most studied endogenous agonists of such
receptors, the endocannabinoids (eCBs) anandamide (AEA) and
2-arachidonoylglycerol (2-AG); and the key enzymes regulating
the synthesis and degradation of these molecules. The ECS
participates in various brain functions in the central nervous
system (CNS). In addition to being expressed in the brain,
components of the ECS system are also abundantly expressed
and exert several important effects in cardiovascular tissues,
where they influence various pathophysiological processes
[1–3]. Accumulating evidence suggests that aberrant activation
of the ECS is linked to different types of cardiac disorders [4, 5].
In aortic stenosis patients, an increased concentration of AEA in
cardiomyocytes has been proven to be associated with
myocardial hypertrophy [6]. In mouse models, cirrhosis and
doxorubicin-induced cardiomyopathy were characterized by
increased myocardial AEA levels [7, 8]. Increases in both
myocardial AEA levels and CB1 expression were observed in
type 1 diabetic cardiomyopathy, contributing to cardiac dysfunction
and fibrosis [9]. In addition, blockade of CB1 alleviated left
ventricular hypertrophy in mice with chronic kidney disease and
improved cardiac contractility in cirrhotic rats [8, 10]. Furthermore,
pharmacological inhibition or genetic deletion of CB1 attenuated

diabetes- and doxorubicin-induced cardiac dysfunction [7, 9, 11]. In
contrast, activation of CB2 has been shown to exhibit protective
effects in many cardiac disorders. Administration of 2-AG or CB2
agonist during ischemia/reperfusion (I/R) in mice improved myo-
cardial recovery, and these cardioprotective effects were abolished
by administration of CB2 antagonist [12, 13]. In addition, CB2
deficiency enhanced apoptosis and remodeling after myocardial
infarction (MI), leading to ventricular dysfunction and exacerbation
of fibrosis [14, 15].
Thiazolidinediones (TZDs), such as rosiglitazone (RSG) and

pioglitazone (PIO), are high-affinity ligands for peroxisome
proliferator-activated receptor γ (PPARγ), which is a member of the
PPAR nuclear receptor superfamily. TZDs are insulin sensitizers and
have been successfully used in the clinical treatment of type 2
diabetes [16, 17]. When PPARγ is activated by TZDs, it regulates
countless downstream genes involved in multiple critical biological
processes, including cardiac metabolism, function, and structure [18].
In the past decades, a large body of emerging evidence has
suggested that RSG is associated with increased cardiovascular risk,
especially for heart failure events [19–22]. Although the trials of
pioglitazone indicated mostly positive effects, reporting a lower risk
of stroke and MI, it is worth noting that in some reports, pioglitazone
appeared to increase the risk of edema and congestive heart failure
(CHF) [23]. In rodent models, either RSG treatment or PPARγ
overexpression can induce cardiac hypertrophy, which is an
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important pathophysiologic step in the development of heart failure
[24–29]. However, the mechanisms underlying the hypertrophic
effects of RSG are incompletely known.
In addition to TZDs, the synthetic ligands of PPARγ, natural

PPARγ ligands include polyunsaturated fatty acids such as
arachidonic acid and its metabolites. Recent accumulating
evidence indicates that eCBs and endocannabinoid-like com-
pounds can also bind directly to and activate PPARγ, mediating
several physiological effects. AEA can induce PPARγ transcriptional
activation and promote adipocyte differentiation [30, 31]. Eleva-
tion of the AEA level by inhibition of its degradation or transport
potentiates the LPS-induced increase in the circulating TNF-α
level, which can be blocked by PPARγ antagonist [32]. In the
cardiovascular system, a PPARγ-sensitive vasorelaxant response in
the aorta has been observed in response to AEA [33]. It has also
been reported that PPARγ is an intracellular target of 2-AG and
mediates the suppression of IL-2 production by 2-AG in Jurkat
T cells [34]. In models of Alzheimer’s disease, 2-AG performs a
neuroprotective function by inhibiting β-amyloid formation via
PPARγ [35]. Here, we sought to determine whether PPARγ and ECS
can reciprocally regulate each other. To explore the potential
mechanisms of ECS–PPARγ interactions, based on that both the
ECS and PPARγ play important roles in regulating cardiac
dysfunction, we tested the hypothesis that ECS activation
mediates the cardiac hypertrophic effects of PPARγ.

MATERIALS AND METHODS
Reagents and cells
Rosiglitazone (RSG) was obtained from GlaxoSmithKline (Brent-
ford, Middlesex, United Kingdom). Pioglitazone (PIO), 2-AG,
rimonabant, AM251, SR144528, URB597, and AM630 were
purchased from Cayman (Ann Arbor, MI, USA). AEA and oleamide
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Rat
neonatal cardiomyocytes (NCMCs) and cardiac fibroblasts were
isolated from neonatal rat hearts as previously described and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) [36]. Briefly, ventricles of 1- to 3-
day-old Sprague–Dawley (SD) rats were cut into 1 mm3 piece and
digested in PBS containing 0.1% trypsin (Invitrogen, Carlsbad, CA,
USA) and 0.05% type I collagenase (Invitrogen) under constant
stirring at 37 °C for 6 min, and the supernatants were then
collected. The digestion cycle was repeated until the ventricle
pieces became very small and turned white. Cells were pelleted
and resuspended in DMEM containing 10% FBS and were then
plated in culture dishes. After 2 h, unattached cells were
harvested, counted, and plated as a confluent monolayer in new
culture dishes. The adherent cells, being considered as cardiac
fibroblasts, were gently washed with pre-warmed culture medium
to remove unattached cells and debris, and then fresh complete
medium was added.

Cell treatment
To determine the effects of TZDs on the ECS, cardiomyocytes or
caridac fiborblasts were subjected to treatment with RSG (1 or
20 μmol · L−1) or PIO (20 μmol · L−1) for 4–48 h. To investigate
whether activation of the ECS is mediated by PPARγ, cardiomyo-
cytes were pretreated with GW9662 (40 μmol · L−1) for 2 h and
were then treated with RSG (20 μmol · L−1) for 24 h. To test the
hypertrophic effect of eCBs on NCMCs, cardiomyocytes were
treated with AEA (10 μmol · L−1) or OEA (50 μmol · L−1) for 24 h or
48 h or were pretreated with the CB1 antagonist rimonabant
(3 μmol · L−1) for 2 h and were then treated with AEA (10 μmol · L−1)
for 24 or 48 h. To test the hypothesis that CB1 but not CB2 mediates
RSG-induced cardiac hypertrophy, cardiomyocytes were preincu-
bated with a CB1 antagonist (rimonabant, 3 μmol · L−1 or AM251,
5 μmol · L−1), or a CB2 antagonist (SR144528, 1 μmol · L−1 or AM630,
1 μmol · L−1) for 2 h and were then treated with RSG (20 μmol · L−1)

for 24 or 48 h. To investigate the effect of inhibition of FAAH on the
levels of AEA and 2-AG, cardiomyocytes were treated with FAAH
inhibitor URB597 (10 μmol/L) for 24 h.

Animal experiments and sample collection
All animal experiments followed the guidelines of the National
Institute of Health and were approved by the Institutional
Animal Care and Use Committee. SD rats (8 weeks old) were
housed under specific pathogen-free (SPF) conditions with ad
libitum access to water and a standard laboratory diet
throughout the experiments. Rats were treated with RSG
(15 mg · kg−1 · d−1) or vehicle [aqueous solution containing 2%
Tween 80 (w/v) and 0.5% methylcellulose (w/v)] [37] by
intragastric gavage (i.g) daily for 2 weeks as previously described
[38]. For rimonabant (Rimo) treatment, Rimo (10 mg · kg−1 · d−1)
was administered together with RSG via intragastric gavage for
4 weeks. The body weight was measured weekly. Rats were
euthanized by intraperitoneal injection of an overdose of
pentobarbital sodium (200 mg · kg−1). The hearts were rapidly
removed, dried on filter paper, weighed, snap-frozen in liquid
nitrogen, and stored at −80 °C. For protein and mRNA analysis,
ventricular tissues were homogenized with a TissueLyser II
(QIAGEN, Germantown, MD, USA).

Western blot analysis
Protein samples were extracted with RIPA buffer containing
protease and phosphatase inhibitor cocktail. Protein samples were
separated by 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes, and the membranes were incu-
bated with primary antibodies against CB1 (Abcam, Cambridge,
MA, USA), mTOR, phosphorylated mTOR and 4EBP1 (Cell Signaling
Technology, Beverly, MA, USA). Subsequently, the membranes
were incubated with the corresponding HRP-conjugated second-
ary antibodies, and immunoreactions were detected by chemilu-
minescence [39].

Quantitative reverse transcription–polymerase chain reaction
(qRT–PCR)
Total RNA was extracted from cells or tissues with TRIzol reagent
and reverse transcribed into cDNA. Quantitative PCR was
performed with GoTaq® qPCR Master Mix (Promega, Madison,
MI, USA) in an Mx3000P qPCR system (Agilent, Santa Clara, CA,
USA). Please see the supplemental materials for the primer
sequences (Supplemental Table 1).

Chromatin immunoprecipitation (ChIP) assay
NCMCs were treated with RSG (20 μmol · L−1) for 24 h and were
then incubated with formaldehyde to crosslink DNA and proteins.
Cells were harvested, and the fixed chromatin was sheared into
fragments with an average size of 500 bp (range, 200 to 1000 bp)
by sonication. The lysates were incubated with 2 μg of an anti-
PPAR-γ antibody (Santa Cruz Biotechnology, Dallas, TX, USA) or
control rabbit IgG, and the complexes were then precipitated by
using protein A/G agarose beads. The immunoprecipitated
products were extensively washed. DNA was purified by using a
QIAGEN PCR purification kit and amplified with primers flanking
the putative PPAR-responsive element (PPRE) [38] (nucleotides
4811–4823, forward: 5′-CGCGCATGATTAACGG-3′ and reverse: 5′-
TGTGTCATCCTCACTCTCTG-3′).

Measurement of endocannabinoid levels
The levels of AEA and 2-AG in NCMCs were quantified by liquid
chromatography–mass spectrometry (LC–MS) [40]. The values are
expressed as pmol per 106 cells. NCMCs were homogenized in
2 mL of a 1:1 mixture of cold methanol and acetonitrile containing
AEA-d8 and 2-AG-d8 as internal standards (ISs). The homogenates
were centrifuged at 4 °C (14,000 × g for 20 min), and the
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supernatants were collected and transferred to clean tubes. Then,
the supernatants were evaporated to dryness under nitrogen and
resuspended in 100 µL of MeOH:H2O (70:30, v/v) solution [41]. The
LC system used for analysis was a Waters Acquity UPLC system
(Waters Corporation, MA, USA). Liquid chromatographic separa-
tion of eCBs was achieved by using a Waters BEH C18 column
(2.1 × 50mm, 1.7 µm, 130 Å) at 30 °C. Mobile phase A consisted of
H2O with 0.1% formic acid. Mobile phase B consisted of
acetonitrile with 0.1% formic acid. Gradient elution was performed
at a flow rate of 600 μL · min–1, and the injection volume was 10
μL. The initial composition of the gradient was 50% B and was
held isocratically for the first half-minute. Then, the concentration
of mobile phase B was increased to 80% B over 5 min and was
held constant for 1 min. At 6.5 min, the concentration was
returned to the initial condition of 50% B to reequilibrate the
column. The total run time was 7min. The UPLC system was
connected to a 5500 QTRAP hybrid triple quadrupole/linear ion
trap mass spectrometer (AB Sciex, Foster City, CA) equipped with a
turbo ion spray electrospray ionization source. The ion source
parameters were as follows: CUR= 40 psi, GS1= 30 psi, GS2= 30
psi, ISV= 4500 V, CAD=MEDIUM, and TEMP= 500 °C. eCBs were
detected by multiple reaction monitoring (MRM) in positive ion
mode. The MRM transitions for the eCBs are listed in the following
table.

Analyte Q1 Q3

AEA 348.1 62.1

OEA 326.1 62.1

PEA 300.1 62.1

2-AG 379.1 287.3

AEA-d8 356.3 62.9

2-AG-d8 387.3 105.1

The amounts of AEA and 2-AG in the samples were confirmed
by comparison of the precursor and product ion m/z values and
LC retention times with those of the standards and were
quantified by stable isotope dilution. The obtained peak area
was divided by the IS peak area, and the ratio was then compared
with the nominal concentration to construct a calibration curve for
each metabolite using the least-squares method. The relative
levels of PEA and OEA were determined by comparing the peak
areas [41].

Metabolic profiling by gas chromatography–mass spectrometry
(GC–MS)
Myocardial samples were pulverized into a fine powder in liquid
nitrogen with a mortar and pestle. Fifty milligrams of the powder
was transferred to an Eppendorf tube, drawn into 50 μL of distilled
water and vortexed vigorously for 30 s. Stable isotope-labeled
1,2−13C2-myristic acid was added as an internal standard (IS) and
was then vortexed for 30 s. After the addition of 900 μL of
methanol, the mixture was fully homogenized in a Retsch MM 400
Mixer Mill and was then centrifuged at 20,000 × g for 10 min at 4 °
C. Sixty microliters of the supernatant were transferred to a GC vial
and evaporated to dryness under a vacuum. Thirty microliters of
methoxyamine in pyridine (10 mg · mL−1) were added to the GC
vial and vortexed for 3 min, and the methoximation reaction was
carried out for 16 h at room temperature. Then, 30 μL of MSTFA
(with 1% TMCS) was added for trimethylsilylation for another 1 h.
Finally, 30 μL of heptane containing the external standard
methylmyristate was added to the GC vial.
Metabolic profiling was conducted on a GC/TOF-MS system

consisting of an Agilent 69800A gas chromatograph equipped
with an Agilent 7683 Series autosampler connected to a Pegasus

III TOF-MS analyzer (Leco, MI, USA). The GC oven temperature
was programmed to begin at an initial temperature of 70 °C (2
min), which was then increased to 305 °C at 35 °C · min−1 and
maintained for 2 min. The temperatures of the injection port,
transfer interface, and ion source were set to 250, 250, and
200 °C, respectively. The selected mass range was set to
50–800 m/z with electron impact ionization (70 eV). Automatic
peak detection and calculation of the peak areas of the IS and
detected compounds were performed using ChromaTOF
2.00 software by Leco Corporation. Multivariate data analysis
and modeling were performed with SIMCA-P 11 software
(Umetrics, Umeå, Sweden) [42].

Adenoviral infection
The adenovirus (Ad) expressing constitutively active PPARγ was
described previously [43]. For adenovirus-mediated gene transfer,
confluent NCMCs were infected with adenoviruses for 2 h (NCMCs
were coinfected with Ad-tTA to induce tetracycline-controllable
expression). After the viral particles were removed by washing, the
infected cells were further incubated for the indicated time in the
presence or absence of tetracycline. Overexpression of PPARγ was
achieved by infection of NCMCs with Ad-PPARγ and Ad-tTA and
was switched off by the addition of tetracycline to the culture
medium.

Evaluation of cardiomyocyte hypertrophy
NCMCs were fixed with 4% (w/v) paraformaldehyde (PFA) for 10
min at room temperature. Then, phalloidin-rhodamine (1:500,
Abcam) was added and incubated at room temperature for 1 h.
After rinsing three times with PBS, the cells were counterstained
with 4,6-diamidino-2-phenylindole (DAPI). Digital images were
acquired using a Leica TCS SP8 confocal laser scanning micro-
scope. Image J software was used to quantify the area of
cardiomyocytes. At least 100 cells from randomly selected fields
were analyzed.

Histological assessment of cardiac hypertrophy
The heart was rapidly removed from each mouse and was then
fixed with 4% (w/v) PFA, processed routinely, and embedded in
paraffin. Sections were sliced at a thickness of 5 μm. The sections
were stained with hematoxylin and eosin (H&E) for histopatholo-
gical examination. All sections were evaluated by light
microscopy.

Statistical analysis
Data analysis was performed using Prism version 8.0 (GraphPad
Software, San Diego, CA, USA). The results are expressed as the
mean ± SEM values. Two-tailed Student’s t test was performed to
analyze the significance of differences between two groups. One-
way and two-way ANOVA with significant difference post-hoc tests
were used to evaluate the statistical significance of differences
among more than two groups. P values of <0.05 were considered
statistically significant.

RESULTS
Myocardial metabolic alterations in mice treated with RSG
To explore the broad changes in the metabolic profile of mice
treated with rosiglitazone (RSG, 15 mg · kg−1 · d−1), metabolites
were extracted from cardiac tissue and analyzed by using GC–MS.
Cross-validated OPLS-DA score plots generated from the relative
levels of cardiac metabolites discriminated RSG-treated mice (red
circles) from control mice (black squares) (P= 0.047) (Fig. S1a).
Oleamide was a statistically significant metabolite and is high-
lighted by the circle in the S-plot (Fig. S1b). Fig. S1c shows that the
oleamide level was increased 2-fold in RSG-treated cardiac tissues,
accompanied by decreased levels of ethanolamine, the metabolic
product of eCBs. Oleamide is an endocannabinoid-like molecule
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that can activate the cannabinoid receptor CB1 and has been
reported to serve as a competitive substrate for the enzyme fatty
acid amide hydrolase (FAAH), which inhibits degradation of the
eCB AEA [44]. Hence, we hypothesized that the ECS, composed of
eCBs, their receptors and related metabolic enzymes, can be
regulated by PPARγ agonists.

Thiazolidinediones regulated the levels of eCBs in cardiomyocytes
To determine the effects of PPARγ activation on the ECS, we first
tried to measure changes in eCB levels in cardiomyocytes after
RSG treatment. By using LC–MS, we developed a method that
successfully detected the absolute levels of AEA and 2-AG and the
relative levels of oleoylethanolamide (OEA) and palmitoylethano-
lamide (PEA) in neonatal rat cardiomyocytes (NCMCs). RSG
increased the level of AEA by 2-fold but did not significantly
affect the level of 2-AG (Fig. 1a). Similarly, pioglitazone (PIO),
another thiazolidinedione (TZD) drug, increased the level of AEA
but decreased the level of 2-AG (Fig. 1b). In addition, the levels of
two eCBs like mediators—OEA and PEA—that are degraded via
the same pathway as AEA were increased by both RSG and PIO
treatment in cardiomyocytes (Fig. 1c, d).

RSG activated the ECS in cardiomyocytes
We focused on AEA, whose level was elevated by TZD stimulation,
by investigating the expression of key enzymes regulating its
synthesis or degradation. The precursor of AEA is N-arachidonoyl
phosphatidylethanolamine (NAPE), which can be cleaved by a
specific phospholipase D (NapePLD) to release AEA. Inactivation of
AEA is mediated mainly by cellular uptake followed by hydrolysis
into ethanolamine and arachidonic acid via FAAH [45]. We treated
cardiomyocytes with 1 or 20 μmol · L−1 RSG and extracted mRNA
at different time points. The results showed that the mRNA
expression level of NapePLD was increased by RSG (20 μmol · L−1)
after 24 h of treatment. In contrast, the mRNA level of FAAH was
decreased by RSG. In addition to the expression of the key
enzymes, the expression of the receptors in the ECS was also
examined. CB1 was upregulated by RSG (20 μmol · L−1) at all time

points. This increased expression was confirmed by analysis of the
protein level of CB1 in RSG-treated NCMCs (Fig. 2a–d). However,
CB2 expression was not affected by RSG (Fig. S2a). Similar to RSG,
PIO, another PPARγ agonist in the TZD family, also downregulated
FAAH mRNA expression and upregulated CB1 mRNA expression
(Fig. 2e). In addition, RSG did not have a significant effect on the
evaluated ECS components in cardiac fibroblasts (Fig. S2b).
Consistent with these findings, in our animal model, oral
administration of RSG (15mg · kg−1 · d−1) for 2 weeks increased
NapePLD and CB1 expression and decreased FAAH expression in
the ventricular tissues of rats (Fig. 2f, g). FABP4, a known target of
PPARγ, was included as a positive control. This evidence from both
in vitro and in vivo models demonstrated that the ECS is activated
by RSG in cardiomyocytes.

Activation of the ECS was mediated by PPARγ in cardiomyocytes
Considering the off-target effect of RSG on the cardiovascular
system [46, 47], we used GW9662, an antagonist of PPARγ, to prove
whether the activating effect of RSG on the ECS is dependent on
PPARγ. Pretreatment with GW9662 (40 μmol · L−1) for 2 h inhibited
RSG-increased both the mRNA and protein expression levels of CB1.
It also attenuated the RSG-induced changes in the mRNA
expression levels of NapePLD and FAAH, which reflected the
changes in the level of AEA in cardiomyocytes. In addition, the
activation of FABP4, a well-known target gene of PPARγ, was
inhibited by GW9662 (Fig. 3a–c). Similar to RSG, adenovirus-
mediated expression of constitutively active PPARγ induced ECS
activation by regulating the mRNA expression levels of the genes
mentioned above (Fig. 3d). In addition, we characterized the
putative PPREs in the RSG-regulated genes involved in the ECS.
Bioinformatic analysis using JASPAR predicted one putative binding
site for PPARγ in the 5′-flanking region of the rat CB1 gene. The
ChIP assay confirmed that PPARγ bound to this site (Fig. 3e).

eCBs exerted hypertrophic effects on NCMCs via CB1
We tested whether eCBs have direct hypertrophic effects on
NCMCs, based on the expression of two cardiac hypertrophy

Fig. 1 TZDs regulated the levels of eCBs in cardiomyocytes. The levels of eCBs in per 106 NCMCs after RSG (20 μmol · L−1) and PIO (20 μmol ·
L−1) treatment for 24 h. a, b AEA and 2-AG were assayed by LC–MS with a standard curve, and c, d the relative intensity of the ions (arbitrary
units) of OEA and PEA were acquired by comparing peak area. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl from one-way ANOVA followed
by Sidak’s post hoc tests. n= 4.
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markers [atrial natriuretic peptide (ANP) and type B natriuretic
peptide (BNP)], cell morphology, and activation of the mTOR
pathway. NCMCs were treated with AEA (10 μmol · L−1) or OEA
(50 μmol · L−1) for 24 h. The qPCR results showed that AEA
increased the mRNA expression levels of both ANP and BNP
(Fig. 4a) and that OEA induced only ANP expression. F-actin in
NCMCs was stained with rhodamine-conjugated phalloidin to
measure the cell surface area. Cardiomyocyte enlargement was
observed in the AEA-treated group (Fig. 4b). These data were
consistent with previous studies showing that activation of CB1,
as the receptor for AEA, mediates cardiac hypertrophy in several
cardiac disorders [9, 10]. We found that inhibition of CB1

using the specific antagonist rimonabant (Rimo, 3 μmol · L−1)
attenuated AEA-induced expression of ANP and BNP (Fig. 4c).
In addition, Rimo inhibited AEA-stimulated phosphorylation
of mTOR and 4EBP1 (Fig. 4d). These results supported
the hypothesis that AEA can stimulate cardiac hypertrophy
through CB1.

Inhibition of CB1 attenuated RSG-induced cardiac hypertrophy
in vitro and in vivo
Here, we investigated the role of the ECS in the hypertrophic effect
of RSG. NCMCs were treated with different doses of RSG (0, 0.1, 1, 20,
100 μmol · L−1) for 24 or 48 h. The results showed that RSG

Fig. 2 RSG activated ECS in cardiomyocytes. NCMCs were treated with RSG at 1 or 20 μmol · L−1. mRNA was harvested after indicated time
periods. a–c The relative mRNA expression levels of NapePLD, FAAH, and CB1 were measured. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs.
Ctrl from two-way ANOVA followed by Sidak’s post hoc tests. n= 3–4. RSG1, RSG 1 μmol · L−1; RSG20, RSG 20 μmol · L−1. d The protein level of
CB1 was measured in NCMCs with RSG treatment for 48 h. Data are mean ± SEM. *P < 0.05 vs. Ctrl from one-way ANOVA followed by Sidak’s
post hoc tests. n= 4. e NCMCs were treated with PIO (20 μmol · L−1) for 24 h, the relative mRNA expression of NapePLD, FAAH, CB1, and FABP4
was measured by qPCR. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl from t-test. n= 3–6. For in vivo study, rats were treated with RSG
(15mg · kg−1 · d−1) by gavage for 2 weeks. f The mRNA expression of genes related to ECS and g the protein level of CB1 were measured in
cardiac tissue from the left ventricle. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl from t-test. n= 3–4.
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(20 μmol · L−1) increased the mRNA expression levels of ANP and
BNP (Fig. 5a, b). In addition, RSG increased the phosphorylation level
of mTOR and its downstream protein, 4EBP1, after 48 h of treatment
(Fig. 5c). As a target gene of PPARγ, CB1 may contribute to RSG-
induced cardiac hypertrophy. We tested this hypothesis in NCMCs
by using the selective CB1 antagonists Rimo and AM251. Both Rimo
(3 μmol · L−1) and AM251 (5 μmol · L−1) attenuated the RSG-induced
increases in the mRNA expression levels of ANP and BNP (Fig. 5d).
Next, we measured the size of cardiomyocytes by rhodamine-
conjugated phalloidin staining (Fig. 5e). The results revealed that
inhibition of CB1 reduced RSG-stimulated cell hypertrophy. In
addition, Rimo inhibited mTOR signaling activation induced by RSG
(Fig. 5f). We also investigated whether CB2 is involved in RSG-
mediated cardiac hypertrophy. NCMCs were pretreated with the
selective CB2 antagonists SR144528 (1 μmol · L−1) and AM630
(1 μmol · L−1) and were then treated with RSG (20 μmol · L−1) for
48 h, and the activation of the mTOR pathway was analyzed by
Western blotting. As shown in Fig. S3, neither SR144528 nor AM630
affected mTOR signaling, indicating that CB2 is not involved in RSG-
induced myocardial hypertrophy.
For the in vivo study, SD rats were administered RSG

(15mg · kg−1 · d−1) with or without Rimo (10mg · kg−1 · d−1) by
intragastric gavage for 4 weeks. Analyses of cardiac morphometry

and the expression of molecular markers for cardiac hypertrophy
were performed. As shown in Fig. 6, RSG administration markedly
increased the heart weight, expressed as the heart-to-body
weight ratio (HW/BW) or left ventricle-to-body weight ratio (LVW/
BW), and this increase was attenuated by Rimo administration
(Fig. 6a–c). Rimo also decreased the cross-sectional area of
cardiomyocytes, which was increased by RSG treatment (Fig. 6d,
e). Furthermore, Rimo decreased the mRNA expression levels of
ANP and BNP and inhibited RSG-induced mTOR pathway
activation in heart tissues (Fig. 6f, g). These results thus indicated
that the activated cardiac ECS is essential for RSG-induced
cardiac hypertrophy.

DISCUSSION
In the present study, we demonstrated that the ECS is an
important mediator of the hypertrophic effects of RSG. Activation
of PPARγ induced ECS activation, which was characterized by
increased levels of eCBs, altered regulation of key enzymes in eCB
biometabolism, and upregulated expression of CB1, in turn
leading to cardiac hypertrophic remodeling. Furthermore, we
revealed that the CB1 antagonist Rimo suppressed RSG-induced
cardiac hypertrophy in both in vitro and in vivo studies.

Fig. 3 RSG activated ECS via PPARγ activation. NCMCs were pretreated with GW9662 (40 μmol · L−1) for 2 h and subjected to RSG
(20 μmol · L−1) for 24 or 48 h. a After treated with RSG for 24 h, the mRNA relative expression levels of CB1, NapePLD, FAAH, and FABP4 were
measured and normalized to Ctrl. b Protein levels of CB1 were analyzed after 48 h of treatment. NCMCs lysates were immunoblotted with the
antibody of CB1 and shown as relative fold changes in the bar graph. c After treated with RSG for 24 h, the level of AEA was measured by
LC–MS and normalized in per 106 cardiomyocytes. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl, #P < 0.05, ##P < 0.01 vs. RSG from one-way
ANOVA followed by Sidak’s post hoc tests. n= 3–8. d NCMCs were co-infected with Ad-CA-PPARγ and Ad-tTA with or without tetracycline (Tc,
1 µg · mL−1) for 36 h, and the mRNA expression level of related genes was measured. Data are mean ± SEM. *P < 0.05 vs. Mock from t-test. n=
3. e NCMCs were treated with RSG (20 μmol · L−1) for 24 h, then cross-linked and immunoprecipitated with the antibody of PPARγ or IgG. The
immunoprecipitates or supernatants before immunoprecipitation (Input) were PCR amplified using the primers flanking the motifs in the rat
CB1 gene.
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We observed opposite effects of RSG stimulation on the AEA and
2-AG levels in cardiomyocytes (Fig. 1). The changes in the levels of
these two eCBs were most likely caused by the altered expression of
critical enzymes involved in eCB metabolism. Our results showed
that TZDs inhibit the expression of FAAH in a PPARγ-dependent
manner (Figs. 2 and 3), contributing to the accumulation of AEA.
Although FAAH can catalyze the degradation of both AEA and 2-AG,
a recent report showed that FAAH inactivation can increase the level
of AEA in tissues and reduce the 2-AG level [48], consistent with our
data. It is worth noting that another family of enzymes, namely,
monoacylglycerol lipases (MAGLs), are the major contributors to
2-AG degradation, possibly explaining the differential regulation of
these two eCBs. We also demonstrated that inhibition of FAAH with
its selective inhibitor URB597 in cardiomyocytes caused an increase
in the AEA level and a decrease in the 2-AG level (Fig. S4).
Functionally, AEA and 2-AG have historically shown opposite effects
in cardiovascular disorders. During myocardial ischemia/reperfusion
(I/R) injury, 2-AG but not AEA provided protection by reducing the
infarct size and myocardial damage [3, 12, 49]. In diabetes- and
doxorubicin-induced cardiomyopathy, the AEA level but not the
2-AG level was elevated in cardiac tissue [9, 11]. Previous studies
have demonstrated that AEA can inhibit intracellular calcium
signaling, leading to hypotension and decreased cardiac contraction
[50–52], and the abnormal calcium homeostasis induced by a
constantly increasing AEA level may initiate compensatory

hypertrophy in cardiomyocytes [53]. Consistent with this hypothesis,
the attenuated activity of FAAH was reported in doxorubicin-
induced myocardial tissue injury [54]. This finding was further
supported by our results in this study, which showed that treating
cardiomyocytes with AEA increased the expression of cardiac
hypertrophy markers and the phosphorylation of mTOR and
4EBP1 (Fig. 4). Hence, we can speculate that both an increase in
AEA and a decrease in 2-AG may contribute to the adverse
myocardial effects of RSG.
Our results showed that ECS activation induced by PPARγ

agonists was likely to be mediated via the AEA/CB1 axis, as
demonstrated by the upregulated expression of CB1 but an
unchanged expression of CB2 (Figs. 2, 3 and S2). Notably, the CB1-
binding activity of AEA was 24 times more potent than that of 2-
AG, while 2-AG had a higher affinity for CB2 than did AEA [45]. In
line with our findings, the activating AEA/CB1 axis has been
characterized in a variety of animal models with cardiac
dysfunction. In most studies, CB1 is upregulated in the cardiovas-
cular system under pathological conditions, and inhibition of CB1
is cardioprotective against I/R injury, myocardial ischemia, heart
failure, and cardiomyopathies. Conversely, the predominant
experimental evidence indicates that activation of CB2 shows
beneficial effects in cardiomyocytes [55, 56]. Moreover, we
demonstrated that Rimo attenuated RSG-induced cardiac hyper-
trophy in both primary cardiomyocytes and rat models (Figs. 5, 6).

Fig. 4 eCBs exerted hypertrophic effects on NCMCs via CB1. a NCMCs were treated with AEA (10 μmol · L−1) or OEA (50 μmol · L−1) for 24 h.
The relative mRNA expression levels of ANP and BNP were measured and normalized to Ctrl. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl
from one-way ANOVA followed by Sidak’s post hoc tests. n= 4. b The F-actin of NCMCs was stained with rhodamine-conjugated phalloidin.
The cardiomyocyte area was digitized and the areas (mm2) of 100 cells from each treatment were determined using Image J. Data are mean ±
SEM. *P < 0.05 vs. Ctrl from t-test. n= 6. c NCMCs were pretreated with Rimo (3 μmol · L−1) for 2 h and then subjected to AEA (10 μmol · L−1) for
24 h. The relative mRNA expression levels of ANP and BNP were determined by qPCR. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl, #P <
0.05, ##P < 0.01 vs. AEA from one-way ANOVA followed by Sidak’s post hoc tests. n= 3–7. d After 48 h treatment as indicated, NCMCs were
collected for determining protein level by Western blotting. Data are mean ± SEM. **P < 0.01 vs. Ctrl, ##P < 0.01 vs. AEA from one-way ANOVA
followed by Sidak’s post hoc tests. n= 4.
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Fig. 5 CB1 antagonist attenuated RSG-induced cardiac hypertrophy in NCMCs. a, b NCMCs were treated with the indicated dose of RSG for
24 or 48 h. The relative mRNA expression levels of ANP and BNP were measured and normalized to Ctrl. Data are mean ± SEM. *P < 0.05, **P <
0.01 vs. RSG (0 μmol · L−1) from one-way ANOVA followed by Sidak’s post hoc tests. n= 3–4. c The lysates from NCMCs treated with RSG for 48 h
were immunoblotted with the indicated antibody for mTOR pathway. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl from one-way ANOVA
followed by Sidak’s post hoc tests. n= 4. RSG1, RSG 1 μmol · L−1; RSG20, RSG 20 μmol · L−1. d NCMCs were pretreated with Rimo (3 μmol · L−1)
or AM251 (5 μmo · L−1) and then subjected to RSG (20 μmol · L−1) for 24 h. The relative mRNA expression levels of ANP and BNP were
measured and normalized to Ctrl. Data are mean ± SEM. **P < 0.01 vs. Ctrl, ##P < 0.01 vs. RSG from one-way ANOVA followed by Sidak’s post hoc
tests. n= 4. e NCMCs were pretreated with Rimo (3 μmol · L−1) for 2 h and then subjected to RSG (20 μmol · L−1) for 48 h. The cardiomyocyte
size was measured using rhodamine-phalloidin staining. A total of 100 cells were counted for statistical analysis. Scale bar= 50 µm. Data are
mean ± SEM. **P < 0.01 vs. Ctrl, ##P < 0.01 vs. RSG from one-way ANOVA followed by Sidak’s post hoc tests. n= 3. f After 48 h treatment as
indicated, the cell lysate was immunoblotted with the indicated antibody for the mTOR pathway. Data are mean ± SEM. **P < 0.01 vs. Ctrl, #P <
0.05, ##P < 0.01 vs. RSG from one-way ANOVA followed by Sidak’s post hoc tests. n= 3.
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In contrast, inhibition of CB2 by using the selective antagonists
SR144528 and AM630 had no effects on RSG-induced mTOR
signaling (Fig. S3). As a selective CB1 antagonist, Rimo resulted in
weight loss and significant improvements in multiple cardiometa-
bolic risk factors [57]. Moreover, Rimo has been proven to exert
various direct benefits on cardiac tissue. In the H9C2 myocardial
cell line, Rimo attenuated uremic toxin-induced fibrotic effects and
reduced doxorubicin-induced apoptosis [7, 10]. In mouse models
of type 1 diabetes and hepatic cirrhosis, Rimo promoted cardiac
function and attenuated cardiac remodeling [8, 9]. In addition,
chronic treatment with Rimo reduced the infarct size in mice after

acute I/R injury [58]. This evidence explains the results that CB1
rather than CB2 is involved in RSG-induced cardiac hypertrophy.
In addition to the increase in the AEA level, we also observed an

increase in the OEA level induced by TZDs, along with a slight
increase in PEA, but this increase was not significant (Fig. 1). FAAH is
responsible for the hydrolysis of other fatty acid amides, including
OEA and PEA, which are endocannabinoid-like molecules, as
evidenced by the reduced rates of AEA, OEA, and PEA hydrolysis
in FAAH−/− mice [44]. It has been reported that PEA can increase the
AEA level by competing with AEA for FAAH [59], raising the
possibility that PEA is degraded more readily than AEA, which may

Fig. 6 CB1 antagonist attenuated RSG-induced cardiac hypertrophy in rats. SD rats were treated with RSG (15mg · kg−1
· d

−1) alone or
combined with Rimo (10mg · kg−1 · d−1) by gavage for 4 weeks. a Representative photograph of hearts from each group. b, c The hearts and
left ventricles were weighed and normalized to body weight. d, e Histological analysis by HE staining in the cross-section of cardiac tissue.
Scale bar= 50 µm. The relative cross-sectional areas of cardiomyocytes were calculated by Image J. f The relative mRNA expression levels of
ANP and BNP in left ventricles were measured and normalized to Ctrl. g The lysate from the left ventricular was immunoblotted with the
indicated antibody for the mTOR pathway. Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. Ctrl, #P < 0.05, ##P < 0.01 vs. RSG from one-way ANOVA
followed by Sidak’s post hoc tests. n= 3–8.
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explain the nonsignificant increase in PEA. Similar to AEA, OEA also
induced the expression of the hypertrophy marker ANP; however,
OEA did not induce BNP expression (Fig. 4). Although ANP and BNP
perform almost identical biological functions, differential regulation
of these two hormones has been found in individuals with different
degrees of heart failure. In contrast to ANP mRNA expression, which
is already elevated in the early stages of heart failure, cardiac BNP
mRNA expression is more specifically induced in overt heart failure,
indicating that slightly impaired ventricular function is a powerful
stimulus for ANP mRNA induction, while a stronger stimulus might
be required for BNP induction [60]. According to this evidence, it is
possible that compared with AEA, OEA was a mild stimulant that
induced only ANP expression. Moreover, unlike AEA, OEA acted
independently of the cannabinoid pathway. The underlying
mechanisms of the OEA-mediated hypertrophic effects are worthy
of further study.
Although the major role of PPARγ in lipid metabolism has been

well established in recent decades, only a few studies have
discussed whether PPARγ is involved in the regulation of cell
membrane lipid signaling. eCBs are endogenous lipid-signaling
molecules that are produced in the cell membrane from
phospholipid precursors [45]. Our study found that PPARγ activation
systemically stimulated ECS activation by targeting both its
endogenous ligand (AEA) and receptor (CB1) in cardiomyocytes.
The first component in the response of the ECS to PPARγ activation
was CB1, whose expression was increased by RSG-induced PPARγ
activation in the short term (4 h) and continued to increase over the
next 48 h. On the other hand, an increase in AEA was found after 24
h of RSG treatment, because it took a longer time (more than 12 h)
to inhibit FAAH expression induced by PPARγ activation. Consider-
ing that GW9662 blocked activation of the ECS by RSG and that
PPARγ bound to the CB1 promoter, we concluded that CB1 is a novel
target gene of PPARγ and that activation of the ECS by TZDs
depends on PPARγ activation. Future studies on the interaction
between PPARγ and ECS can be expanded to other tissues with
abundant PPARγ expression, such as adipose tissue. In differentiated
3T3-L1 cells, we found an effect similar to that described here: RSG
increased CB1 expression and decreased FAAH expression (data not
shown). Thus, it is possible that the PPARγ–CB1 axis in adipose tissue
may also contribute to the cardiac phenotype.
The mTOR pathway is well known as an essential mediator of

cardiac remodeling, since activation of the mTOR signaling
pathway increases myofibrillar protein synthesis [61, 62]. Pharma-
cological inhibition with rapamycin blocks the induction of the
hypertrophic phenotype by various factors, including RSG [63–65].
Here, we confirmed that RSG activated the mTOR pathway in
primary cardiomyocytes at a concentration of 20 μmol · L−1,
accompanied by increased expression of the hypertrophy markers
ANP and BNP. Furthermore, it has been reported that cerebral and
gastric CB1 activation triggers the mTOR pathway [66, 67]. In this
study, we proved that CB1 blockade inhibited RSG-induced mTOR
activation in both in vitro and in vivo models, suggesting that CB1
mediates the activation of mTOR by RSG in the heart. This finding
identified CB1 as the missing piece linking RSG and mTOR and
established a new AEA/CB1/mTOR axis, which is regulated by
PPARγ in the pathogenesis of RSG-induced cardiac remodeling.
In conclusion, our results suggested that ECS is a novel target of

PPARγ in cardiomyocytes. Aberrant activation of the AEA/CB1/
mTOR axis mediates RSG-induced cardiac remodeling. Hence, our
study provided a new possible explanation for RSG-related
cardiovascular risk, which might help to manage and minimize
the adverse myocardial effects of RSG.
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