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BACKGROUND AND PURPOSE
Activation of glucagon-like peptide-1 (GLP-1) receptor exerts a range of cardioprotective effects. Geniposide is an agonist of GLP-
1 receptor, but its role in cardiac hypertrophy remains completely unknown. Here, we have investigated its protective effects and
clarified the underlying molecular mechanisms.

EXPERIMENTAL APPROACH
The transverse aorta was constricted in C57/B6 mice and then geniposide was given orally for 7 weeks. Morphological changes,
echocardiographic parameters, histological analyses and hypertrophic markers were used to evaluate hypertrophy.

KEY RESULTS
Geniposide inhibited the hypertrophic response induced by constriction of the transverse aorta or by isoprenaline. Activation of
5′-AMP-activated protein kinase-α (AMPKα) and inhibition of mammalian target of rapamycin, ERK and endoplasmic reticulum
stress were observed in hypertrophic hearts that were treated with geniposide. Furthermore, Compound C (CpC) or knock-down
of AMPKα restricted protection of geniposide against cell hypertrophy and activation of mammalian target of rapamycin and ERK
induced by hypertrophic stimuli. CpC or shAMPKα also abolished the protection of geniposide against endoplasmic reticulum
stress induced by thapsigargin or dihtiothreitol. The cardio-protective effects of geniposide were ablated in mice subjected to
CpC. GLP-1receptor blockade counteracted the anti-hypertrophic response and activation of AMPKα by geniposide. Knock-down
of GLP-1 receptor also offset the inhibitory effects of geniposide on cardiac hypertrophy in vivo.

CONCLUSIONS AND IMPLICATIONS
Geniposide protected against cardiac hypertrophy via activation of the GLP-1 receptor/AMPKα pathway. Geniposide is a potential
therapeutic drug for cardiac hypertrophy.

Abbreviations
AICAR, 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside; AMPK, 5′-AMP-activated protein kinase; Ang, angioten-
sin; ANP, atrial natriuretic peptide; CpC, Compound C; CSA, cross-sectional area; Ex, Exendin; FS, fractional shortening;
GE, geniposide; GLP, glucagon-like peptide; HW/BW, heart weight/body weight; HW/TL, heart weight/tibia length; LVIDd,
left ventricular internal diastolic diameter; mTOR, mammalian target of rapamycin; TAC, constriction of the transverse
aorta; TG, thapsigargin; β-MHC, β-myosin heavy chain
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Introduction

Cardiac hypertrophy is characterized by enlargement of the
heart and is the response of the heart to a variety of stimuli
(Tang et al., 2009). It can progress to heart failure, and
ultimately leads to high rates of mortality and morbidity
(Shah and Mann, 2011). Although considerable progress has
been made in understanding the molecular mechanisms un-
derlying hypertrophy, drugs that constrain these pathways
are yet to be discovered.

One of the mechanisms that could promote cardiac hyper-
trophy is endoplasmic reticulum (ER) stress. Once ER stress is ac-
tivated, branches of the protein response increase ROS and
induce apotosis, contributing to the process of cardiac hypertro-
phy (McCullough et al., 2001; Harding et al., 2003). Therefore, it
is of importance to detrermine the regulatorymechanisms of ER
stress. 5′-AMP-activated protein kinase-α (AMPKα), an impor-
tant regulator of cardiac homeostasis known to limit protein
synthesis by antagonizing the mammalian target of rapamycin
(mTOR) kinase, has been shown to function as a physiological
suppressor of ER stress(Inoki et al., 2003; Dong et al., 2010; Inoki
et al., 2012). Moreover, activated AMPKα protected against
cardiac ischaemia/reperfusion injury via the attenuation of ER
stress (Tao et al., 2011). However, whether AMPKα is a pivotal
modulator of ER stress in pressure overload-induced heart
disease has hitherto remained unaddressed.

Stimulation of glucagon-like peptide-1 (GLP-1) receptor
by a GLP-1 analogue can activate AMPKα and suppress
ER stress (Shao et al., 2015; Yang et al., 2015). Furthermore,
there is considerable evidence for an important role of GLP-
1R in cardiovascular actions. An agonist of GLP-1 receptor,
exendin-4, prevented cardiac remodelling in infarcted
myocardium and ameliorated cardiac ischaemia/reperfusion
injury (DeNicola et al., 2014; Tsutsumi et al., 2014).
Geniposide has been isolated from the gardenia plant
and has anti-inflammatory and neuro-protective properties (Fu
et al., 2012; Lv et al., 2015). A previous study demonstrated that
geniposide alleviated hepatic dyslipidemia by inhibiting
ER stress in mice (Lee et al., 2013). The most striking finding,
however, is that geniposide, although less potent than
exenatide, is an agonist of GLP-1 receptor (Gong et al., 2014).
These observations raised the possibility that geniposide
would protect against cardiac hypertrophy. Here, we have
shown that mice treated with geniposide reveal a suppressed
hypertrophic response in hearts, induced by pressure over-
load. We also found that geniposide activated a GLP-1
receptor /AMPKα pathway, and that blockade of the GLP-1 re-
ceptor /AMPKα signalling prevented the anti-hypertrophic
effects of geniposide.
Methods

Animals and treatments
All animal care and experimental procedures complied with
the Guidelines for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health
(NIH Publication, revised 2011) and the Guidelines for the
Care and Use of Laboratory Animals of the Chinese Animal
Welfare Committee and were approved by the Animal Use
Committees of our hospital and our Institute. The animal
studies follow the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Male C57/B6 mice (8- to 10-week-old; body weight:
25.5 ± 2 g, NO: 0282970) were purchased from the Institute
of Laboratory Animal Science, Chinese Academy of Medical
Sciences (Beijing, China). The animals were allowed free ac-
cess to food and water and were maintained on a 12 h
light/dark cycle in a controlled temperature (20–25°C) and
humidity (50 ± 5%) environment for a period of 1 week before
the study commenced. The transverse aortic constriction
(TAC) surgery and subsequent analyses were performed in a
blind fashion for all groups. Mice were anaesthetized i.p.
using 3% sodium pentobarbital at a dose of 40 mg · kg�1.
When mice lost the response to foot squeeze, TAC or a sham
procedure was performed according to Jiang et al. (2014). To
treat post-operative pain, temgesic (0.1mg · kg�1) was applied
once daily for 6 days post-surgery. Mice with TAC were
grouped according to a randomnumber table (n = 20 for every
group). One week after the TAC or the sham procedure, mice
were given geniposide (25 or 50 mg · kg�1) dissolved in sterile
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saline, intragastrically (09:00 h) for 7 weeks, and animals in
the control group were given equal volumes of vehicle.
Hypertrophy was also induced by i.p. injections of
isoprenaline (50 mg · kg�1, 09:00 h) dissolved in sterile saline
for 14 days (Belge et al., 2014), and meanwhile, mice were
treated with geniposide (50 mg · kg�1, 09:00 h). In the inhibi-
tion experiment, mice (n = 12 for every group) were given
repeated i.p. injections of Compound C (CpC; 20 mg · kg�1,
15:00 h, every other day) dissolved in 0.1% DMSO from
2weeks after surgery to the study endpoint. Doppler
analysis, as described previously (Zong et al., 2013) was
carried out, without knowledge of the treatment, to
confirm that hypertrophy was induced. At the end of the
7 week-treatment, mice were killed with an overdose of
sodium pentobarbital (200 mg · kg�1; i.p.) and the hearts
and tibiae were collected to calculate the following ratios:
heart weight (HW)/body weight (BW) (mg · g�1), HW/tibia
length (TL) (mg · mm�1).

Morphological examination
The cardiac tissues were arrested in 10% KCl, fixed with 10%
neutral formalin and then processed by standard histological
protocol and stained with haematoxylin and eosin (HE). The
sections (5 μm) were observed under light microscopy and
photomicrographs were obtained by Photo Imaging System
(Nikon (Tokyo, Japan), H550L). The slides were examined by
two authors, without knowledge of the treatments. The
cross-sectional areas (CSA) of the myocytes were determined
(IMAGE-PROPLUS 6.0 (Maryland,USA)). In each group,more than
200 myocytes (10 fields per animal, randomized five
cardiomyocytes per field) were counted.

Recombinant adenoviral vectors and infection
To knock down AMPKα2 expression, which is the dominant
and the more abundant catalytic subunit of AMPKα in the
myocytes (Tian et al., 2001; Kahn et al., 2005), replication-
defective adenoviral vectors under the control of the U6 pro-
moter were used. Three rat shAMPKα2 constructs were ob-
tained from Sigma-Genosys (Spring, TX, USA), and three
Ad-shAMPKα2 adenoviruses were generated by Vigene Biosci-
ence (Rockville, MD, USA). The one that resulted in the most
significant down-regulation of endogenous AMPKα2 expres-
sion was selected for further experiments. Ad-shRNA was the
non-targeting control. Next, neonatal rat cardiac myocytes
(NRCM) were infected with Ad-shAMPKα2.

Adeno-associated virus (AAV) and injection
AAV-shGLP-1R and scrambled shRNA were previously gener-
ated by Vigene Bioscience. AAV9 can also infect pancreatic
beta cells; therefore, mice were given an intramyocardial
injection of 1 × 1011 viral genome particles of AAV9 in 30 μL
PBS in five separate locations in the left ventricle free wall of
the heart when the TAC surgery was performed. Eight weeks
after injection, the level of mRNA for GLP-1 receptor was
determined.

Cell culture and surface area
H9c2 cardiomyocytes were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). Cells
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were seeded in DMEM (GIBCO (California, USA), C11995)
supplemented with 10% FBS (GIBCO, 10099), penicillin
(100 U · mL�1) and streptomycin (100 mg · mL�1) (GIBCO,
15140). Only cells below passage 15 were used. Cells were
incubated with angiotensin II (Ang II; 1 μM) or isoprenaline
(10 μM) for 24 h after starvation with DMEM medium con-
taining 0.5% FBS overnight to induce hypertrophy. Mean-
while, geniposide dissolved in PBS was given. For AMPKα
inhibition, H9c2 cells were incubated with CpC (20 μM) dis-
solved in 0.1% DMSO in the presence or absence of hypertro-
phic stimuli and geniposide (100 μM) for 24 h. AICAR (1 mM)
was used to induce functional AMPKα. Cardiac myocytes
were incubated with thapsigargin (TG; 1 μM) or DTT
(0.5 mM) for 6 h to induce ER stress. For GLP-1 receptor inhi-
bition, H9c2 cells were incubated with Ex9-39 (10 μM) dis-
solved in PBS in the presence or absence of hypertrophic
stimuli and geniposide (100 μM) for 24 h. Neonatal rat
cardiomyocytes were isolated as described previously (Li
et al., 2005). To assess the CSA of the H9c2 cardiomyocytes,
we used α-actin to stain the cells. Cells were washed with
PBS, fixed with 4% formaldehyde, permeabilized in 0.1% Tri-
ton X-100 and stained with anti-α-actin at a dilution of 1:100
in 1% goat serum. Alexa Fluor 488-goat anti-mouse
[Invitrogen (Carlsbad, CA, USA), A11017] was used to com-
bine the first antibody, after which coverslips were mounted
onto glass slides with SlowFade Gold antifade reagent with
DAPI (Invitrogen, S36939). The slides were examined blind,
and the results confirmed independently by two authors.
The CSA were determined (IMAGE-PRO PLUS 6.0). In each
group, more than 120 myocytes (eight fields per slide, ran-
domized five cardiomyocytes per field) were outlined.

Quantitative real-time PCR and Western blot
analysis
Frozen pulverized left ventricles (50 mg of each sample) were
homogenized in 1 mL TRIzol (Invitrogen, 15596-026) on ice.
The total RNA was reverse-transcribed into cDNA using the
Transcriptor First Strand cDNA Synthesis Kit [Roche (Basel,
Switzerland), 04896866001]. The reactions were quantified
by the LightCycler 480 SYBR Green 1 Master Mix (Roche,
04707516001). See Table S1 for all primer details. RIPA was
used to extract the total protein from frozen heart tissues or
iced cell lysates. The protein concentrations were detected
using the BCA Protein Assay Kit. The proteins were loaded
into 10% SDS-PAGE gels and subsequently electrotransferred
to a PVDF membrane (Millipore, IPVH00010). After
incubation with primary antibodies overnight, the mem-
brane was stained with IRDye®800CW-conjugated secondary
antibodies for 1 hour. The PVDF membrane containing
targeted proteins was scanned using a two-colour IR imaging
system (Odyssey, LI-COR). All the details of primary antibod-
ies were provided in Table S2. The mRNA levels were normal-
ized to GAPDH. Phosphorylation was quantified to the
matched total protein.

Detection of ROS in cardiomyocytes
H9c2myocytes were cultured in 96-well plates and pretreated
with geniposide and Ang II for the indicated times. ROS
were then detected by DCFH-DA. The cells were incubated
with DCFH-DA (10 μM) for 60 min in 37°C, and
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immunofluorescence was detected by a fluorescence micro-
plate reader (excitation wavelength/emission wavelength:
485/525 mm).
Data and statistical analysis
These studies comply with the recommendations on experi-
mental design and analysis in pharmacology (Curtis et al.,
2015). Results are expressed as mean ± SD. The group sizes
of the in vivo experiments were estimated based on power
analysis of HW/BW with an α error of 5% and a power of
80%, which is consistent with a published article (Puhl
et al., 2016). To detect a 10% change in HW/BW with an
expected SD of 5%, we needed 5 animals per group. In
Figure 1
Geniposide (GE) prevented cardiac hypertrophy and dysfunction. (A–B) Sum
areas of myocytes (n = 6). (D) Histology results from cross-sections of whole
the transcripts of ANP and β-MHC (n = 5). (F–G) Statistical results of HW/BW
of myocytes (n = 5). Data shown in A, B, C, and in F,G,H are medians with
our study, n = 20 (the protection experiment) and n = 12
(the AMPK inhibition experiment and the GLP-1 receptor
knockdown experiment) obviously fulfilled the requirement.
For the animal welfare, the group size in of n = 12 each group
was chosen in the AMPK inhibition experiment and the GLP-
1 receptor knockdown experiment. Groups were compared
by one-way ANOVA, followed by post hoc LSD test when ANOVA

found a significant value of F and no variance in homogene-
ity, otherwise, Tamhane’s T2 post hoc test. Comparison
between two groups was performed using an unpaired
Student’s t-test. Statistical analysis of ROS was performed
using a repeatedmeasures ANOVA. All in vivo, in vitro and imag-
ing studies were performed blind. Statistical significance was
assigned at P < 0.05.
mary data of (HW)/(BW) and HW/TL (n = 20). (C) The cross-sectional
hearts with haematoxylin and eosin staining. (E) Expression levels of
and HW/TL after ISO injections (n = 12). (H) The cross-sectional areas
first and third quartiles and ranges. *P < 0.05.
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Figure 2
The effects of geniposide GE (50 mg · kg�1 for 7 weeks) on AMPKα and pro-hypertrophic pathways. (A) The protein levels of phosphorylated pro-
tein kinase dsRNA-dependent-like ER kinase (PERK) and decreased expressions of glucose regulated protein 78 (GRP78), X-box binding protein 1
(XBP-1) and activating transcription factor 6 (ATF6) (n = 6). (B) The protein levels of phosphorylated AMPKα and the related targets (n = 6).
*P < 0.05.
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Materials
Geniposide (#24512-63-8) was obtained from ShanghaiWinherb
Medical Science Co. (Shanghai, China, www.sh-winherb.com/
Zproduct.aspx?fn=2&key=geniposide). The purity of
geniposide was above 98% determined by HPLC analysis.
Isoprenaline (I5627), angiotensin II (Ang II, A9525), Compound
C (CpC, P5499), 5-aminoimidazole-4-carboxamide1-β-D-ribofu-
ranoside (AICAR, A9978), thapsigargin (TG, T9033), DTT
(D9779), N-acetyl-L-cysteine (NAC, A7250) and exendin frag-
ment 9-39 (Ex9-39, E7269) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Anti-α-actin was purchased from Millipore
(Massachusetts, USA). We also used IRDye®800CW-conjugated
secondary antibodies [LI-COR Biosciences (Lincoln, NE, USA),
for immunoblotting] in the study. 2, 7-Dichlorofluorescin
diacetate (DCFH-DA) was obtained from Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China). Proteins were measured
with assay kits obtained from Pierce (Pierce, 23225). All other
chemicals were of analytical grade.
1506 British Journal of Pharmacology (2016)173 1502–1516
Results

Geniposide attenuated cardiac hypertrophy
in vivo
In the present study, 25 or 50 mg · kg�1 of geniposide was given
p.o. according to our preliminary experiments (Figure S1A). After
8weeksofTAC,themicehadincreasedheart size,HW/BW,HW/TL
andCSA (Figure 1A–D,P< 0.05).MicewithTACand thus exposed
to pressure-load, also developed a decline in heart function with a
decrease in ejection fraction and fractional shortening (FS) and
had a significant increase in left ventricular internal diastolic
diameter (LVIDd) (Figure S1B–D, P < 0.05). These morpholog-
ical changes were dose-dependently inhibited in mice
given the treatment with geniposide (Figure S1B–D,
P< 0.05). It also showed that 50 mg · kg�1 of geniposide atten-
uated TAC-induced increases of atrial natriuretic peptide (ANP)
and β-myosin heavy chain (β-MHC) (Figure 1E, P < 0.05). We
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Figure 3
The effects of geniposide (GE; 100 μM for 24 h) on hypertrophy induced by Ang II (1 μM for 24 h) were blocked by CpC or shAMPKα in vitro. (A)
The mRNA levels of ANP in H9c2 cells (n = 6). (B) CpC (5–20 μM for 24 h) reversed protection by geniposide in H9c2 cells (n = 6). (C–D) The im-
munofluorescence and CSA of H9c2 cells (n = 6). (E–F) ANP (n = 5) and CSA (n = 6) in neonatal rat cardiomyocytes after adenovirus infection.
(G–H) ANP and CSA in group treated with AICAR in H9c2 cells (1 mmol · L�1 for 24 h) (n = 6). (I) Protein changes after infection of adenovirus
in neonatal rat cardiomyocytes (n = 6). *P < 0.05.

Geniposide protects against cardiac hypertrophy BJP
next examined the potential effects of geniposide on hypertro-
phy induced by repeated i.p. isoprenaline injections, as
described previously (Belge et al., 2014), and found that results
were similar to those observed after treatment of TAC with
geniposide (Figure 1F–H, Figure S1E, P < 0.05).
Geniposide activated AMPKα and inhibited
mTOR, ERK and ER stress in hypertrophic heart
Previous studies have shown that geniposide suppressed
palmitate-induced ER stress (Lee et al., 2013). Here, we also
found that geniposide (50 mg · kg�1) suppressed ER stress in
British Journal of Pharmacology (2016)173 1502–1516 1507
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hypertrophic hearts, characterized by reduced phosphory-
lated level of protein kinase dsRNA-dependent-like ER kinase
and decreased expressions of glucose regulated protein 78
(GRP78), X-box binding protein 1 (XBP-1) and activating
transcription factor 6 (ATF6) (Figure 2A, P < 0.05).
Figure 4
The effects of geniposide (GE) on ER stress were blunted by CpC or shAMPKα
were abolished by CpC in H9c2 cells (20 μM for 6 h) (n = 6). (C–D) The syn
mmol · L�1 for 24 h) (n = 6). (E–F) ER stress induced by TG (1 μM for 6 h) or D
II, 1 μM for 24 h) was abolished by shAMPKα in neonatal rat cardiomyocyte
neonatal rat cardiomyocytes (n = 6). *P < 0.05.

1508 British Journal of Pharmacology (2016)173 1502–1516
Phosphorylated AMPKα and acetyl-CoA carboxylase (ACC),
a substrate of AMPKα, were elevated inmice given 50mg · kg�1

geniposide compared with those in the TAC group without
geniposide (Figure 2B, P < 0.05). Phosphorylation of mTOR
and ERK induced by TAC, which are known as other
in vitro. (A–B) The effects of geniposide (100 μM for 6 h) on ER stress
ergistic effects of geniposide and AICAR on ER stress in H9c2 cells (1-
TT (1 μM for 6 h) (n = 10). (G) ER stress induced by angiotensin (Ang
s (n = 5). (H) ER stress induced by TG was abolished by shAMPKα in
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downstream targets of AMPKα in its anti-hypertrophic action
(Chan et al., 2004; Li et al., 2007; Dolinsky et al., 2009), were also
inhibited by geniposide (Figure 2B, P < 0.05). ER stress induced
XBP-1 mRNA splicing to generate a potent transcription factor
XBP1s; therefore, the XBP-1 assay was performed. As illustrated
by Figure S2, TAC induced the production of XBP-1 s, and
geniposide treatment could attenuate the level of XBP-1 s.
Geniposide protected against hypertrophy in an
AMPKα-dependent manner in vitro
Considering the protective role of AMPKα in cardiovascular dis-
eases, we further confirmed the hypothesis that the protection
of geniposide against hypertrophy was mediated by the activa-
tion of AMPKα. H9c2 cells treated with escalating doses of
geniposide exhibited viability that was not statistically distin-
guishable from controls treated only with PBS (Figure S3A,
P< 0.05). Geniposide also blockedAng II (1 μM)-induced hyper-
trophic response in a dose-dependent manner, characterized by
decreased ANP and CSA (Figure 3A–D, P < 0.05). In view of the
activation of AMPKα in hypertrophy induced by geniposide
(100 μM) (Figure S3E, P < 0.05), we incubated H9c2 cells with
the AMPKα antagonist CpC and found that the effects of
geniposide were blocked by CpC (Figure 3B–D, Figure S3E,
P < 0.05). Given that CpC may have other actions, we knocked
down AMPKα2 in neonatal ratmyocytes (Viollet et al., 2010). As
shown in Figure S3B, mRNA of AMPKα2 decreased after adeno-
viral infection, without a compensatory increase in AMPKα1.
Figure 5
The effects of geniposide (GE; 50 mg · kg�1 for 7 weeks) were blocked by Cp
data of HW/BW and HW/TL (n = 12). (C) Histology results from cross-section
sectional areas of myocytes (n = 5). Data shown in A, B, D are medians with
Knock-down of AMPKα completely offset the protective effects
of geniposide in neonatal rat myocytes (Figure S3C, Figure 3
E–F, P < 0.05). Additionally, the synergistic effect of geniposide
and AICAR, an AMPKα agonist, on Ang II-induced hypertrophic
response in H9c2 cells was also confirmed (Figure S3D, Figure 3
G–H, P < 0.05). Considering that geniposide attenuated
isoprenaline-induced cardiac hypertrophy in vivo in our study
and AMPKα was also implicated in isoprenaline-induced hyper-
trophy (Zarrinpashneh et al., 2008), H9c2 cells were also incu-
bated with isoprenaline (10 μM). Geniposide protected against
isoprenaline-induced cell hypertrophy in a dose-dependent
manner and, conversely, CpC co-incubationwith geniposide to-
tally blocked these protective effects (Figure S4A–D, P < 0.05).
Geniposide suppressed mTOR, ERK pathways
and ER stress in an AMPK-dependent manner
in vitro
Our study also found that increased phosphorylation of mTOR
and ERK induced by Ang II were attenuated after geniposide
treatment in cardiomyocytes and that the actions of geniposide
against phospho-mTOR and phospho-ERK were abolished by
CpC or knock-down in vitro, each of which could inhibit func-
tional AMPKα (Figure S3E, Figure 3I, P < 0.05). We also con-
firmed our hypothesis that the inhibition of ER stress was
mediated by the activation of AMPKα. The increased levels of
GRP78 and XBP-1 were reduced by geniposide, and CpC or
shAMPKα blunted the protection of geniposide against the ER
C (20 mg · kg�1, every other day, for 6 weeks) in vivo. (A–B) Summary
s of whole hearts with haematoxylin and eosin staining. (D) The cross-
first and third quartiles and ranges. *P < 0.05.

British Journal of Pharmacology (2016)173 1502–1516 1509
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stress response (Figure 4A–B, G; Figure S4E, P < 0.05). Con-
versely, the combination of geniposide and AICAR further de-
creased the levels of ER stress (Figure 4C–D, P < 0.05). To
further substantiate the effects of AMPKα on ER stress, we incu-
bated cardiomyocytes with TG or DTT, which are potent in-
ducers of ER stress. As expected, geniposide treatment reduced
ER stress induced by TG or DTT and lost its inhibitory effects af-
ter CpC or shAMPKα treatment (Figure 4E–F, H, P < 0.05).
Geniposide treatment also reduced the production of XBP-1 s
and this effect was lost after knock-down of AMPKα (Figure S4F).

CpC counteracted protective effects of
geniposide in vivo
Subsequently, we investigated whether mice treated with CpC
after geniposide treatment showed reversal of the inverse
morphological changes. We found that mice additionally
Figure 6
Protection by geniposide (GE; 100 μM for 24 h) was mediated by GLP-1 r
hearts (n = 5). (B) The mRNA levels of GLP-1R in H9c2 cells (n = 5). (C) The
for 24 h) blocks protection by geniposide in H9c2 cells (n = 6). (E) Ex9-3
(n = 6). (F) Effects of Ex9-39 on AMPKα and ACC (n = 6). *P < 0.05.

1510 British Journal of Pharmacology (2016)173 1502–1516
treated with CpC exhibited an aggravated hypertrophic re-
sponse illustrated by increased HW/BW and HW/TL, enlarged
heart sizes, augmented CSA, expanded LVIDd, reduced FS and
increased hypertrophic markers (Figure 5A–D, Figure S5A–B,
P < 0.05). The activation of AMPKα and the protection against
mTOR, ERK and ER stress produced by geniposide were
abolished by CpC (Figure S5C, P < 0.05).

ER stress contributed to the hypertrophic
response via ROS
Elevated ROS were observed after TG or Ang II exposure
and these changes were alleviated after geniposide treatment
(Figure S6A–B, P< 0.05). NAC completely abolished the increase
of ROS induced by TG or Ang II (Figure S6C–D, P < 0.05).
Moreover, NAC markedly inhibited the hypertrophic response
mediated by Ang II or TG treatment (Figure S6E–I, P < 0.05).
eceptor. (A) The mRNA levels of GLP-1 receptor in the hypertrophic
cross-sectional areas of H9c2 myocytes (n = 5). (D) Ex9-39 (10 μM
9 blunts protection by geniposide in neonatal rat cardiomyocytes
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GE activated AMPKα via GLP-1 receptor
It has been reported that geniposide is an agonist of GLP-1
receptor (Gong et al., 2014). Our study found that the levels
of mRNA for GLP-1 receptor were increased in the group
treated with geniposide (Figure 6A, P < 0.05). This was also the
case in H9c2 cardiomyocytes that were incubated with
geniposide and Ang II (Figure 6B, P < 0.05). However, after
incubation with Ex9-39 (a GLP-1 receptor antagonist) com-
bined with geniposide, the mRNA for GLP-1 receptor was de-
creased (Figure 6B, P < 0.05). Intriguingly, Ex9-39, which alone
did not affect the hypertrophic response (Figure S7, P > 0.05),
completely blocked the protective effects of geniposide against
hypertrophy, with marked increases in CSA and ANP (Figure 6
C–D, P < 0.05). However, when we reactivated AMPKα using
AICAR (Figure 6F, P < 0.05), geniposide protection was restored
Figure 7
The effects of geniposide (GE; 50 mg kg�1 for 7 weeks) were abolished afte
HW/BW and HW/TL (n = 12). (C) The cross-sectional areas of myocyte
haematoxylin and eosin staining. (E) Echocardiographic parameters in the
transcripts of ANP and β-MHC (n = 6). *P < 0.05.
(Figure 6C–D, P < 0.05). Neonatal rat cardiomyocytes were also
incubated with Ex9-39. Ex9-39 counteracted the protective ef-
fects of geniposide against hypertrophy of neonatal rat
cardiomyocytes, and activation of AMPKα via AICAR restored
the anti-hypertrophic effects of geniposide (Figure 6E, P< 0.05).

To further confirm the role of GLP-1 receptor, mice were
injected with AAV-shGLP-1R at the time of TAC surgery. Eight
weeks after injection, the mRNA for these receptor was
determined. We obtained a reduction of 86 ± 4% in mRNA for
GLP-1 receptor in mice after the AA V-shGLP-1R treatment
(Figure S8, P < 0.05). Consistent with the results in vitro, GLP-
1R knock-down abolished the protection by geniposide, which
was characterized by the visible morphological changes, the de-
terioration in echocardiographic parameters and the increased
hypertrophic markers (Figure 7A–F, P < 0.05).
r knock-down of GLP-1 receptor in the heart. (A–B) Summary data of
s (n = 6). (D) Histology results from cross-sections of hearts with
heart after knock down GLP-1R (n = 10). (F) Expression levels of the
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Figure 8
The proposed mechanism of geniposide (GE) protection against cardiac hypertrophy. Data in our study demonstrates that geniposide activated
GLP-1 receptor to increase phosphorylation of AMPKα in the heart. Increased AMPKα attenuated increased mTOR, ERK and ER stress to inhibit car-
diac hypertrophy.
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Geniposide exhibited activation of AMPKα at
baseline
We also investigated the effects of geniposide in mice at
baseline. No cardiac and hepatic changes were observed
(Figure S9A–E, G, P > 0.05). However, mice given geniposide
treatment for 7 weeks at baseline had increased phosphoryla-
tion of AMPKα (Figure S9F, P < 0.05).
Discussion and conclusions
Our study demonstrated that geniposide protected against
cardiac hypertrophy in vivo and in vitro. To our knowledge,
this is the first report to demonstrate that geniposide can
block the cardiac hypertrophic response and activate AMPKα
via GLP-1 receptor. In addition, we showed that geniposide
activated AMPKα to suppress ER stress in cardiac hypertrophy.

A previous study demonstrated that long-term inhibition
of AMPKα activity in transgenic mice expressing a kinase
dead form of the enzyme, exacerbated post-ischaemic cardiac
dysfunction and aberrant apoptosis (Russell et al., 2004).
AMPKα also negatively regulated protein synthesis and
AMPKα ablation exacerbated TAC-induced hypertrophy and
dysfunction in mice (Zhang et al., 2008). Our data demon-
strated that geniposide activated AMPKα and that
1512 British Journal of Pharmacology (2016)173 1502–1516
cardioprotection was lost after AMPKα depletion, implying
that AMPKα is the crucial mechanism that mediates the ben-
eficial actions of geniposide. This is consistent with a previ-
ous report that adiponectin suppressed TAC-induced
hypertrophy in mice via activation of AMPKα (Belge et al.,
2014). mTOR and ERK were downstream targets of AMPKα
in its anti-hypertrophic action. AMPKα directly phosphory-
lated raptor and suppressed the mTORC1 kinase complex
(Zang et al., 2006). ERK, a member of the MAPK signalling
pathways that directly modify transcription factors promot-
ing cardiac gene expression and lead to cardiac hypertrophy,
can also be suppressed by AMPKα (Shibata et al., 2004). Our
study found that geniposide treatment attenuated phosphor-
ylation of mTOR and ERK via functional AMPKα in the hyper-
trophic heart.

Our study also showed that geniposide suppressed in-
duced ER stress. Overexpression of mutant Lys-Asp-Glu-Leu
(KDEL) receptor in transgenic mice activated ER stress and
led to heart failure (Hamada et al., 2004). Consistent with a
previous finding (Tu and Weissman, 2004), our study found
that elevated levels of ER-resident chaperones caused accu-
mulation of ROS in cardiomyocytes. Moreover, the finding
in our study that TG alone can induce the hypertrophic re-
sponse was in agreement with a previous report (Zhang
et al., 2010). Taken together, these facts indicate the impor-
tant role of ER stress in hypertrophy. Functional AMPKα is
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associated with protection against hypoxic injury by down-
regulating ER stress in cardiomyocytes (Terai et al., 2005).
Activation of AMPKα can also protect against cardiac ischae-
mia via attenuation of ER stress (Tao et al., 2011). The results
from our study showed that geniposide-impaired ER stress
during the development of hypertrophy in vivo and in vitro
was no longer inhibitory after ablation of AMPKα, indicating
that the inhibitory effects of geniposide on hypertrophy were
mediated by AMPKα dependent attenuation of ER stress.

Geniposide exerts its pharmacological effects as an
agonist of GLP-1 receptor (Gong et al., 2014). After activation
of these receptor, production of cAMP was increased
according to Lee and Jun (2014). Subsequently, the level of
cAMP drops to basal levels resulting from its degradation to
5′-AMP by PDEs, leading to an increase in the AMP/ATP ratio
and activation of AMPKα (Omar et al., 2009; Nin et al., 2012).
In addition, cAMP activates AMPKα in a PKA-dependentman-
ner (Fu et al., 2011; Hurtado et al., 2014). Correspondingly, a
GLP-1 analogue has been shown to reverse the molecular pa-
thology and cardiac dysfunction in obese mice and diabetic
rats by activating the AMPKα pathway (Inoue et al., 2015;
Noyan-Ashraf et al., 2013). A recent study reported that
exendin-4 ameliorated cardiac ischaemia/reperfusion injury
via caveolae and caveolin (Tsutsumi et al., 2014), which are
regulated by AMPKα (Zhang et al., 2014). Our study has also
shown that geniposide could increase the level of GLP-1 re-
ceptor, thereby activating AMPKα in cardiomyocytes and
inhibiting cardiac hypertrophy. Although it has been re-
ported that disruption of GLP-1 signalling in mice did not in-
fluence ischaemia or doxorubicin-induced cardiomyopathic
injury (Ussher et al., 2014), the fact that geniposide lost its in-
hibitory effects on cardiac hypertrophy after knock-down of
GLP-1 receptor in the heart was consistent with the available
genetic evidence using GLP-1 receptor knockout mice, which
demonstrated that the key metabolic and cardiovascular ac-
tions of GLP-1 receptor agonists were mediated through the
known GLP-1 receptor (Scrocchi et al., 1996; Kim et al.,
2013; Noyan-Ashraf et al., 2013; Tatarkiewicz et al., 2014).
Moreover, activation of GLP-1 receptor can modulate the ER
stress response and prevent ROS production via activation
of AMPK in cardiomyocytes (Balteau et al., 2014; Lee and
Jun, 2014). Our study also found that geniposide could sup-
press ER stress via GLP-1 receptor. However, how geniposide
activates the GLP- receptor remains unclear. It is reported that
geniposide-induced GLP-1 receptor activity is not altered by
the removal of the free C4-carboxyl group; hence, the
structure–activity relationship remains to be elucidated in
more detail (Gong et al., 2014).

Elevation of intracellular cAMP levels can also
induce the activation of pro-hypertrophic pathways such as
PKA-dependent activation of ERK and cAMP-response
element binding protein and PI3K-dependent activation of
mTOR. Conversely, following the stimulation of GLP-1R, ac-
tivation of AMPKα can suppress the phosphorylation of ERK
and mTOR (Inoki et al., 2003; Li et al., 2007). In this study,
we found that geniposide suppressed activation of mTOR
and ERK, implying that functional AMPKα, rather than PKA
and PI3K, was the primary regulator of ERK and mTOR in
mice treated with geniposide. Further studies aimed at the po-
tential interactions between GLP-1 receptor and AMPKα will
be of particular interest.
New low MW GLP-1 receptor agonists still need to be
discovered because exenatide and GLP-1 are not active
when taken orally. Our study demonstrated that geniposide
protected against cardiac hypertrophy after oral dosing.
Inchin-ko-to, mainly composed of an analogue of geni-
poside, is the ‘magic pill’ for jaundice and has long been
clinically used in China and Japan (Shoda et al., 2004). With
the dose selected in this study, mice treated with geniposide
exhibited no obvious change in hepatic morphology despite
hepatotoxicity being observed when rats received an over-
dose of geniposide (Wei et al., 2014). These data suggest that
geniposide has the potential for development in clinical use.

In conclusion, we have demonstrated here that
geniposide prevented cardiac hypertrophy induced by hyper-
trophic stimuli via GLP-1 receptor and AMPKα. We also show
that inhibition of AMPKα or knock-down of GLP-1 receptor
results in loss of the protective effects of geniposide against
hypertrophy. Our study provides novel insight into the devel-
opment of cardiac hypertrophy and may have implications
for the future treatment of cardiac hypertrophy through the
application of geniposide.
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Table S1 Primer sequences used for RT-PCR
Table S2 The information of the primary antibodies used in
Western blots
Figure S1 Effects of geniposide (GE) on cardiac hypertrophy
induced by pressure overload. HW/BW: heart weight/body
weight. (A) The preliminary experiment indicated that
geniposide (50–100 mg · kg�1) protected against cardiac hy-
pertrophy (n = 5). (B–D) echocardiographic parameters in
mice after 8 weeks of TAC (n = 14). (E) Left ventricular inter-
nal diastolic diameter (LVIDd) in mice subjected to isoprena-
line (ISO) injection (n = 8). *P < 0.05 versus matched control.
Figure S2 Effects of geniposide (GE) suppressed the produc-
tion of transcription factor XBP1s. M, marker.
Figure S3 Geniposide (GE) suppressed hypertrophy of
myocytes in vitro. (A) Viability of H9c2 cells (n = 3). (B) mRNA
of 5′-AMP-activated protein kinase-α (AMPKα)1 and AMPKα2
after adenovirus infection in neonatal rat cardiac myocytes
(n = 6). (C) Changes of AMPKα and acetyl-CoA carboxylase
(ACC) after adenovirus infection in neonatal rat cardiac
myocytes (n = 6). (D) Changes of AMPKα and ACC after treat-
ment with AICAR in H9c2 cells (n = 6). (E) Phosphorylated
AMPKα and downstream proteins after Compound C (CpC)
treatment inH9c2 cells (n = 6). *P< 0.05 versusmatched control.
Figure S4 The effects of geniposide (GE) on hypertrophy in-
duced by isoprenaline (ISO) (10 mmol · L�1 for 24 h) in H9c2
cell. (A) The levels of atrial natriuretic peptide (ANP) induced
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by isoprenaline in indicated groups (n = 5). (B) Compound C
(CpC) (5–20 μM for 24 h) reversed hypertrophic response in-
duced by isoprenaline (n = 5). (C) The cross-sectional area of
H9c2 myocytes (n = 5). (D) The protein levels of phosphory-
lated 5′-AMP-activated protein kinase-α (AMPKα) in indi-
cated groups (n = 6). (E) geniposide suppressed isoprenaline-
induced ER stress (n = 5). (F) shAMPKα offset the effect of
geniposide against the production of transcription factor
XBP1s. M, marker. *P < 0.05.
Figure S5 Compound C (CpC) offset effects of geniposide
(GE) on hypertrophy in vivo. (A) Echocardiographic parame-
ters in mice treated with CpC (n = 7). (B) The mRNA expres-
sions of hypertrophic markers (n = 6). (C) CpC attenuates 5′-
AMP-activated protein kinase-α (AMPKα) and related targets
(n = 6). *P < 0.05 versus matched control.
Figure S6 Endoplasmic stress induces accumulation of ROS.
(A) Geniposide (GE) suppressed the accumulation of ROS in-
duced by thapsigargin (TG). (B) Geniposide suppressed the
accumulation of ROS induced by angiotensin II (Ang II).
(C) N-acetylcysteine (NAC) blunted the accumulation of
ROS induced by TG. (D) NAC blunted the accumulation of
1516 British Journal of Pharmacology (2016)173 1502–1516
ROS induced by Ang II. (E–F) NAC almost completely
abolished the increase of atrial natriuretic peptide (ANP)
and cross-sectional area (n = 6). (G–H) NAC suppressed the
increase of ANP and cross-sectional area induced by TG
(0.5 μM for 48 h) (n = 6). ROS were detected by DCFH-DA
in three experiments independently. Statistical analysis of
ROS was performed using a repeated measures ANOVA.
*P < 0.05 versus matched control.
Figure S7 Atrial natriuretic peptide (ANP) and cross-sec-
tional area of myocytes induced by Ex9-39 (n = 6).
Figure S8 The mRNA levels of glucagon-like peptide 1 recep-
tor (GLP-1R) in the hypertrophic heart after infection (n = 8).
*P < 0.05 versus matched control.
Figure S9 Effects of geniposide (GE) on the heart at baseline.
(A–D) Statistical results of body weight (BW), heart weight
(HW)/BW, HW/tibia length (TL) of the indicated groups
(n = 6). (E) The cross-sectional areas of myocytes (n = 6). (F)
The protein levels of phosphorylated 5′-AMP-activated pro-
tein kinase-α (AMPKα) in mice from indicated groups
(n = 6). (G) Hepatic morphology after geniposide treatment
(n = 5). *P < 0.05 versus sham.


	小鼠心肌内注射1×1011病毒颗粒AAV9 注射量30ul
	心室壁选取5点注射；8week后检测
	C57/B6雄性 小鼠  8-10周龄体重25.05g



