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Abstract: Background: Pulmonary arterial hypertension (PAH) leads to pressure overload in the right ventricle
(RV) and induces right ventricular hypertrophy (RVH). GPR91 is an orphan G-protein-coupled receptor (GPCR) that
has been characterized as a receptor for succinate, which increases in RVH; however, its role remains unknown.
Methods and results: We studied succinate-GPR91 signaling in a pulmonary arterial banding (PAB) model of RVH
in the SD rats due to pressure overload. We report that GPR91 was located in cardiomyocytes. We found that the
expressions of GPR91 and p-Akt in the RV significantly increased in the PAB model compared with the sham. In the
PAB rats, the treatment of succinate further increased the p-Akt levels and aggravated RVH in vivo. In in vitro stud-
ies, succinate stimulated the up-regulation of the hypertrophic gene marker anp. All these effects were inhibited by
the antagonist of PI3K, wortmannin, both in vivo and in vitro. Finally, we found that the GPR91-PI3K/Akt axis was
also up-regulated compared with the sham in human RVH. Conclusions: Our results suggest that succinate-GPR91
is involved in RVH via PI3K/Akt signaling in vivo and in vitro. GPR91 may be a novel therapeutic target for RVH in-
duced by pressure overload.
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Introduction Succinate is an important metabolic molecule

that constitutes one of the intermediates of the
Right ventricular hypertrophy (RVH) is a major citric acid cycle. It is synthesized in the mito-
determinant of the prognosis in patients with chondria by the oxidation of succinyl-CoA and is
pulmonary artery hypertension (PAH) [1-3]. RVH itself converted to fumarate by succinate dehy-

is characterized by increases in cell size and
ventricle wall thickness, myofibrillar re-organi-
zation and re-expression of fetal genes, such
as atrial natriuretic peptide (anp), eventually
resulting in right heart failure (HF), and a lead-
ing cause of mortality worldwide [4-7]. The right
ventricle (RV) has a half-moon shape (not ellip-
soidal) and functions in a state of low pressure
and high flow, pumping blood to the pulmonary

drogenase [10]. In addition to its conventional
role in energy metabolism, other functions for
this intermediate have been reported. Previous
studies have reported that succinate stabilizes
the transcription factor hypoxia-inducible factor-
1a (HIF-1a) in specific tumors and in activated
macrophages and that it stimulates dendritic
cells [11, 12]. Furthermore, succinate has been

vascular bed at a high capacitance [8]. These shown to post-translationally modify proteins
characteristics make the structure and func- [13]. This expanding repertoire of functions for
tion of the RV as well as the behavior and phe- succinate suggests a broader role in cellular
notypic patterns it can adopt under different activation. Succinate has also been reported to
stress situations different from those of the LV be increased in the pressure-overloaded RV:

[9]. under pressure overload conditions, the RV
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augments the coronary flow to meet the
increasing oxygen requirements. However, RV
lower oxygen extractions reserve ultimately ma-
kes it less efficient at oxygen utilization despite
the higher demand, and succinate accumulates
under conditions linked to an insufficient oxy-
gen supply [14].

A member of the G-protein-coupled receptor
(GPCR) family, G-protein-receptor 91 (GPR91)
has been shown to function as a receptor for
succinate. A previous study has reported that in
the kidneys, the principal signaling actions of
succinate that are mediated by GPR91 are to
increase Ca?* via Gg and to decrease cAMP via
Gi; the principal downstream effect that has
been identified for these actions is an increase
in renin release, which produces a rise in arte-
rial blood pressure [15]. Recently, one study
reported that GPR91 was expressed in rat ven-
tricular cardiomyocytes and that Ca?* transient
and apoptosis were increased by succinate
treatment and were also involved in cardiac
hypertrophy [16]. Here, we fully substantiate a
role for succinate and its cognate receptor,
GPR91, in RVH caused by pressure overload.

In this study, we showed a previously unde-
scribed function for succinate and its receptor
GPR91 by establishing that RVH was caused by
pressure overload via PI3K/Akt signaling. Our
findings introduce a new paradigm of signaling
with metabolic intermediates and establish the
possibility of other yet unexplored metabolite
signaling pathways.

Materials and methods

All procedures were followed by the recommen-
dations of the ARRIVE guidelines of Animal
Research: Reporting in Vivo Experiments (J
Physiol. 2010) and were approved by the ethics
committee of Nanjing Medical University.

Pulmonary artery banding (PAB) model estab-
lishment

All experimental protocols and surgical proce-
dures used in this study were approved by the
Institutional Animal Care and Use Committee of
Nanjing Medical University. Surgical banding of
the pulmonary artery was performed in male
rats as described previously [17]. Via a left tho-
racotomy in rats weighing 180-200 g, a silk
suture was tied tightly around an 18-gauge
needle alongside the pulmonary artery. After
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the subsequent rapid removal of the needle, a
fixed constricted opening was created in the
lumen equal to the diameter of the needle.
Whereas the initial constriction was relatively
mild, the combination of the fixed banding
around the pulmonary artery and the animal’s
growth resulted in a progressive increase in RV
systolic pressure and a pressure gradient of
approximately 60 mmHg after 6 weeks, as
reported previously by others [18, 19]. In the
sham group, all the rats have received the
same procedure except the silk suture fixed
constriction.

Succinate concentration in this article

Succinate has been reported to stimulate mul-
tilineage blood cell recovery from chemothera-
py-induced myelosuppression at a concentra-
tion of 30 mg/kg/day [10]. In our preliminary
experiment, we selected three succinate con-
centrations: 30 mg/kg/day, 50 mg/kg/day and
100 mg/kg/day. The rats were are sacrificed by
over-volume midazolam and chloral hydrate
when they displayed low body weight and limb
edema caused by the right heart failure. At the
conclusion of the experiment, we found that the
30 mg/kg/day group experienced less signifi-
cant RVH than the 50 mg/kg/day group
(Appendix Figure 1A). Moreover, all the rats
except one in the 100 mg/kg/day group died
before the end of the experiment (Appendix
Figure 1B). Finally, the 50 mg/kg/day concen-
tration was selected for the formal animal
experiment. For the in vitro study, we selected
the two succinate concentrations of 5 mM and
10 mM, according to reports by others [10].
Because the succinate concentration of 10 mM
showed higher expression levels of anp in the
cardiomyocytes (Appendix Figure 1C), we
selected it for the formal concentration in the in
vitro experiments.

Pressure and right ventricular hypertrophy
measurements

Invasive pressure measurements of right ven-
tricular systolic pressure (RVSP) were per-
formed as described previously [20]. After
anesthesia, the rats’ tracheas were orally intu-
bated with a 16-gauge intravenous catheter,
and mechanical ventilation was commenced
using a rodent respirator (tidal volume: 8 ml/
kg, respiratory rate: 60/min). The pressure
parameters were measured by direct puncture
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Figure 1. The PAB model establishment. A: Representative images of HE-stained RV sections from the sham, PAB
rats; B: The myocardial cells diameter/Control in the sham, PAB rats (n=6); C: RV hypertrophy indexed by the ratio
of the wet weight of the RV to the left ventricular wall plus the septum [RV/(LV+S)] in the sham, PAB (n=3); D: The
thickness of the RV in the sham, PAB rats (n=3); E: RV systolic pressure of the sham, PAB rats (n=8); *P < 0.05,

compared with the sham.

of the RV followed by advancement of the cath-
eter into the RV (which was confirmed by a stan-
dard right ventricle pressure trace on the moni-
tor screen), which was then connected to the
pressure transducer of a BSM-1700 monitor
(Nihon Kohden Company, Japan). The data for
the right ventricle systolic pressure (RVSP) were
recorded after 1 minute of stabilization. After
the measurements are finished, all rats are
sacrificed by over-volume midazolam and chlo-
ral hydrate. After the rats’ death, the hearts are
harvested and the RV free wall was dissected
from the left ventricle plus the septum (LV+S)
and weighed separately; the RV hypertrophy
was expressed as RV/ (LV+S). During all the pro-
cedure, the rats were analgesia and uncon-
scious.

Histological analysis

The hearts were excised, washed with saline
solution and placed in 10% formalin. Several
sections of the hearts (4-5 pym thick) were pre-
pared and stained with hematoxylin and eosin
(HE) for histopathology and then visualized by
light microscopy.
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Evaluation of RVH

RVH was evaluated as described previously
[21]. To determine the degree of RVH, RV tissue
sections were stained with HE. The diameters
of 20 myocardial cells were measured per tis-
sue section by Image-Pro Plus 6.0 (Media
Cybernetics, USA). RVH degree=the diameter/
the average sham diameter. All the diameters
in one group averaged and the mean diameter
of each group is taken as the final result.

Immunofluorescence

Immunofluorescence staining was performed
using primary antibodies to detect GPR91
(1:50; Novus, USA) and alpha actinin (1:50;
Abcam, USA), followed by incubation in a fluo-
rescein isothiocyanate-conjugated secondary
antibody (1:100; Bioworld, China). For the nega-
tive sham experiments, the primary antibodies
were omitted.

Western blotting

The specimens were homogenized using a tis-
sue homogenizer or lysed in RIPA buffer (Bi Yun-

Int J Clin Exp Pathol 2014;7(9):5415-5428
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Figure 2. Expression and distribution of GPR91 in the heart. Confocal immunofluorescent images of the rat heart
show that staining for GPR91 (red) and the cardiomyocyte marker actinin (green) co-localize (merged).
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Figure 3. Succinate accelerated RVH in the PAB model. A: Representative images of HE-stained RV sections from
the PAB, PAB+Suc rats; B: The myocardial cells diameter/Control in the PAB, PAB+Suc rats (n=8); C: RV hypertrophy
indexed by the ratio of the wet weight of the RV to the left ventricular wall plus the septum [RV/(LV+S)] in the PAB,
PAB+Suc (n=8); D: The thickness of the RV in the PAB, PAB+Suc rats (n=8); E: RV systolic pressure of the PAB,
PAB+Suc rats (n=8); *P < 0.05, compared with the PAB.

tian, China) with the addition of a protease
inhibitor cocktail (Bi Yun-tian, China) and PMSF.
Tissue lysates were equalized with SDS 5x
sample buffer, electrophoretically separated
on 10% polyacrylamide gels and transferred for
1 h onto nitrocellulose membranes. Subse
quently, the membranes were blocked for 1 h
with 5% non-fat dry milk in Tris buffered
saline/0.1% Tween 20. After blocking, the
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membranes were probed with primary antibod-
ies diluted as follows: GPR91 (1:1000; Novus,
USA), Akt (1:1000; Sigma, USA), p-Akt (1:1000;
Sigma, USA) and Tubulin (1:5000, Bi Yun-tian,
China). After primary antibody incubation, the
membranes were incubated with secondary
goat anti-rabbit (1:10000, Bi Yun-tian, China) or
rabbit anti-goat (1:10000, Bi Yun-tian, China)
HRP-conjugated antibodies (ZSGB-BIO). Signals

Int J Clin Exp Pathol 2014;7(9):5415-5428
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Figure 4. Succinate caused RVH in the sham group. A: Representative images of HE-stained RV sections from the
sham, sham+Suc rats; B: the myocardial cells diameter/Control in the sham, sham+Suc rats (n=8); C: RV hypertro-
phy indexed by the ratio of the wet weight of the RV to the left ventricular wall plus the septum [RV/(LV+S)] in the
sham, sham+Suc (n=8); D: The thickness of the RV in the sham, sham+Suc rats (n=8); E: RV systolic pressure of

the sham, sham+Suc rats (n=8); “P < 0.05, compared with the sham.
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Figure 5. Up-regulation of PI3K/Akt signaling in RVH. A: p-Akt/Akt expression
from the western blotting image of the sham, PAB; B: The bar graph shows the
p-Akt/Akt expression from the western blotting images of the sham, PAB (n=3);
*P < 0.05, compared with the sham.
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Figure 6. Succinate elicits further activation of PI3K/Akt signaling in RVH. A: p-
Akt/Akt expression from the western blotting image of the PAB, PAB+Suc; B: The
bar graph shows the p-Akt/Akt expression from the western blotting images of
the PAB, PAB + Suc (n=3); #P < 0.05, compared with the PAB.
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were then detected by the
ECL detection system (BIO-
RAD, USA) and further quan-
tified using Image J software
(National Institutes of Heal-
th, USA).

Real-time quantitative poly-
merase chain reaction

Total RNA of the right ventri-
cle was extracted with the
TRIzol reagent (Invitrogen,
USA) according to the manu-
facturer’s instructions. Rev-
erse transcription was then
performed using 1 pg of
total RNA with the Tran-
scriptor First Strand cDNA
Synthesis Kit (Roche, Ger-
many). A real-time quantita-
tive polymerase chain reac-
tion (QPCR) was conducted
using ABI PRISM® 7500 QP-
CR System according to the
manufacturer's guidelines.
Two-step QPCR was used to
perform the relative quantifi-

Int J Clin Exp Pathol 2014;7(9):5415-5428
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Figure 7. Wortmannin inhibits severe RVH elicited by succinate. A: Representative images of HE-stained RV sections
from the PAB+Suc, PAB+Suc+Wort rats; B: The myocardial cells diameter/Control in the PAB+Suc, PAB+Suc+Wort
rats (n=8); C: RV hypertrophy indexed by the ratio of the wet weight of the RV to the left ventricular wall plus the sep-
tum [RV/(LV+S)] in the PAB+Suc, PAB+Suc+Wort (n=8); D: The thickness of the RV in the PAB+Suc, PAB+Suc+Wort
rats (n=8); E: RV systolic pressure of the PAB+Suc, PAB+Suc+Wort rats (n=8); %P < 0.05, compared with the PAB+Suc.

cation of mRNA. Glyceraldehyde-3phosphate
dehydrogenase (GAPDH) was selected as an
internal housekeeping gene sham for the com-
parative Ct method for the relative quantifica-
tion of the mRNA expression of target genes.
The fluorescent product was detected at the
end of each cycle. The products’ specificity was
confirmed by agarose gel electrophoresis and a
routine melting-curve analysis. The primers
were designed as described by Paulo Renato
A.V. Correa using the software Primer3 based
on the sequence deposited in the NCBI
Nucleotide Bank. The data were analyzed with
the ABI Prism 7500 sequence detection sys-
tem software (version 1.4), and GAPDH was
used as an internal sham for input RNA.

Cultured neonatal rat cardiomyocytes

Primary cultures of the cardiomyocytes were
prepared as described previously [22]. Cells
from the hearts of 1-day-old Sprague-Dawley
rats were seeded at a density of 1x10%/well
onto 6-well culture plates. The cells were kept
quiescent for 48 hours, and then the medium
was changed to either 10% FBS (Invitrogen,

5420

USA)/DMEM (Invitrogen, USA)/BrdU (Bi Yun-
tian, China) alone or with the addition of succi-
nate or of succinate plus wortmannin.

Small interfering RNA (siRNA) transfection

Rat GPR91 (NC_005101.3) siRNAs were syn-
thesized by Gene Pharma (Shanghai, China).
The primer sequences for siRNA synthesis are
the following: 5-AATCTCTAATGCCAGCCAAT CCT-
GTCTC-3’ (sense) and 5-AAAATTGGCTGG CAT-
TAGAGACCTGTCTC-3’ (antisense) for rat GPR91.
Non-targeting (scrambled sequence) fluoresce-
in isothiocyanate (FITC)-conjugated -siRNA was
used as negative control to discriminate non-
specific effects. FITC-conjugated -siRNAs were
transfected into cardiomyocytes with siRNA-
Mate™ reagent (Gene Pharma, Shanghai,
China) at a final concentration of 5 nM siRNA
for cardiomyocytes at 2 mil/well in 6-well plates.
The efficiency of the transfection was estimat-
ed by fluorescent microscopy (Olympus, Japan).
The mRNA knockdown was confirmed by
RT-gPCR 48 h after transfection. Protein level
was confirmed by western-blotting 72 h after
transfection (Appendix Figure 2).

Int J Clin Exp Pathol 2014;7(9):5415-5428
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Figure 8. Succinate caused the activation of RVH gene and PI3K/Akt signaling in the cardiac muscle cell in vitro. A:
ANP gene expression in the control, succinate group (n=3); B: p-Akt/Akt expression in the control, succinate group;
C: The bar graph shows the p-Akt/Akt expression from the western blotting images (n=3); *P < 0.05, compared with
the control.
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gene expression in the control, succinate group (n=3); B: p-Akt/Akt expression in the control, succinate group (n=3);
C: The bar graph shows the p-Akt/Akt expression from the western blotting images (n=3); *P < 0.05, compared with
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Statistical analysis

i
J

The data are presented as the mean+SEM.
Statistical analyses were performed using the
IBM SPSS Statistics 19 statistical software pro-
gram. The means among groups were com-
pared using one-way ANOVA, followed by
Student-Newman-Keuls's post hoc test. Stati-
stical significance was set at P < 0.05.
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Results
RVH establishment in PAB rats

In our study, we used PAB animal models for
RVH. HE staining and histological analysis
showed a significant increase in the size of the
RV cardiomyocytes in the PAB rats compared
with the shams (Figure 1A and 1B). We have
Figure 10. Wortmannin inhibits the activation of RVH ?lso fOU”O! that PAB rats develop significant
gene elicited by succinate in vitro. ANP gene expression ~ increases in RV/(LV+S), RVWT and RVSP com-
in the succinate, succinate + wortmannin group (n=3). pared with the shams (Figure 1C-E).

5421 Int J Clin Exp Pathol 2014;7(9):5415-5428



Triggering GPR91 enhances right ventricular hypertrophy

Non-hypertrophy

A~ Control

Hypertrophy

B Control Non-hypertrophy Hypertrophy C Control Non-hypertrophy Hypertrophy
GPR9I1 e e— D-AKUSS e

TUDUID s— — — AR A— —
x
i

T

D 2.0 * E
= i = 2.0
2 == 2
2 . 18 ”
o 2 154
& & : g E
: 8 = = 104 AT
2~ 38
g -E 0.54
T ﬁ' 0.0+ a -
=~ =~ Y -~ =~
] (° o A
& & 5 & &
s \-§' £ \;-.Q
«Q. Ny R Ny
-0 -

)

Figure 11. GPR91-PI3K/Akt signaling also exists in the human heart. A: Representative images of HE-stained RA
sections from sham, hypertrophic and non-hypertrophic humans; B: GPR91 expression of the Western-blotting im-
age from the RA of sham, hypertrophic and non-hypertrophic patients; C: p-Akt/Akt expression from the RA of sham,
hypertrophic and non-hypertrophic patients; D: Bar graph showing the GPR91 expression of the Western-blotting
images from the RA of sham, hypertrophic and non-hypertrophic patients, respectively (n=3); E: Bar graph showing
the p-Akt/Akt expression of the Western-blotting images from the RA of sham, hypertrophic and non-hypertrophic
patients, respectively (n=3); *P < 0.05, compared with the sham;#P < 0.05, compared with the non-hypertrophic
patients.

Expression and distribution of GPR91 in the erate RVH in the PAB model. The HE staining
heart and histological analysis demonstrated a
strong RVH response, as shown by myocardial
To assess whether GPR91 may have a role in fiber thickening, nuclear deformation and
RVH, we determined the localization of GPR91 uneven dye|ng in the RV' after the administra-
in the heart. The Staining of RV sections with a tion of succinate Compared with the p|acebo
GPR91 antibody followed by confocal laser given to the PAB rats (Figure 3A and 3B).
scanning microscopy clearly showed that Furthermore, succinate administration in the
GPR91 was strongly expressed in and localized PAB rats significantly increased RV/(LV+S),
to the RV cardiomyocytes, indicating that RVWT and RVSP compared with the placebo
GPR91 participates in RV function (Figure 2). (Figure 3C-E).
Succinate accelerated RVH in the PAB model Succinate caused RVH in the sham group
We postulated that the administration of succi- The HE staining and histological analysis dem-
nate, an agonist of GPR91, could further accel- onstrated a significant RVH response after the

5422 Int J Clin Exp Pathol 2014;7(9):5415-5428
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administration of succinate in the sham rats
compared with the placebo given to the sham
rats (Figure 4A and 4B). Furthermore, succi-
nate administration in the sham rats signifi-
cantly increased RV/(LV+S), RVWT and RVSP
compared with the placebo (Figure 4C-E).

Up-regulation of PIBK/Akt signaling in RVH

To assess the activity of PI3K/Akt signaling in
RVH, we determined the p-Akt/Akt expression
as a representative of the activation of PI3K/
Akt signaling. The protein expression level of
p-Akt/Akt was significantly increased in the
RVH group compared with the sham (Figure 5).

Succinate elicits further activation of PI3K/Akt
signaling in RVH

We found that after the administration of suc-
cinate, the p-Akt/Akt was further increased in
the RV in the PAB group after succinate admin-
istration compared with the placebo (Figure 6).

Wortmannin inhibits severe RVH elicited by
succinate

The HE staining and histological analysis dem-
onstrated that wortmannin inhibited myocardi-
al fiber thickening, nuclear deformation and the
uneven dyeing in the RV in the PAB elicited by
succinate (Figure 7A and 7B). After the wort-
mannin administration to the succinate groups,
the elevations of RV/(LV+S), RVWT and RVSP
elicited by succinate in the PAB models were
also found to be significantly inhibited (Figure
7C-E).

Succinate caused the activation of RVH gene
and PI3K/Akt signaling in the cardiac muscle
cell in vitro

Exposure of the cells to succinate led to the up-
regulation of RVH gene anp expression levels
compared with the control (Figure 8A). Fur-
thermore, exposure of the cells to succinate led
to the increase of p-Akt/Akt compared with the
control (Figure 8B and 8C).

siRNA-GPR91 inhibits activation of RVH gene
and PI3K/Akt signaling elicited by succinate in
vitro

SsiRNA-GPR91 inhibits the up-regulation of RVH
gene anp expression levels compared with the
group succinate (Figure 9A). Furthermore, siR-
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NA-GPR91 inhibits the increase of p-Akt/Akt
compared with the group succinate (Figure 9B
and 9C).

Wortmannin inhibits the inhibits activation of
RVH gene elicited by succinate in vitro

Wortmannin inhibits the up-regulation of RVH
gene anp expression level elicited by succinate
compared with the group succinate (Figure 10).

GPR91-PI3K/Akt signaling also exists in hu-
mans

To determine whether the GPR91-PI3K/Akt axis
could be involved in cardiac hypertrophy in
humans, we performed western blotting on the
right atrium in sham, hypertrophic and non-
hypertrophic patients. We also analyzed histo-
logical sections by HE staining to confirm car-
diac hypertrophy. As expected, the GPR91-
PI3K/Akt axis showed a significant increase in
hypertrophic patients (Figure 11) compared
with the non-hypertrophic and sham patients.
There were no significant differences in the pro-
tein expression levels between the sham and
non-hypertrophic patients.

Discussion

Although succinate has been intensely studied
for more than 60 years in the context of energy
production, the recent demonstration that it
can induce cellular signaling transduction
through GPR91 has raised the possibility of
physiological properties beyond its traditional
role as a Krebs cycle metabolite [23]. In the
present study, we found that the succinate-
GPR91-PI3K/Akt axis exists in RVH in response
to pressure overload in vivo and in vitro. The
effects of succinate can be mitigated by the
down-regulate of GPR91 and the wortmannin,
an inhibitor of Akt, in vivo and in vitro, indicating
that the PI3K/Akt axis is downstream of succi-
nate-GPR91 in RVH. We also found that the
succinate-GPR91-PI3K/Akt axis exists in the
human heart. As a whole, our data showed that
succinate-GPR91 was involved in RVH induced
by pressure overload via the PI3K/Akt pa-
thway.

PAH is a severe complication in which vasocon-
striction and vascular remodeling both lead to
a progressive increase in pulmonary vascular
resistance [24, 25]. The response of the RV to
the increased pressure load is an important

Int J Clin Exp Pathol 2014;7(9):5415-5428
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determinant of the outcome PAH patients [26].
Pressure overload imposes a hemodynamic
burden on the RV, which, in turn, initiates a
series of events leading to RV remodeling, RVH
and eventually HF, which is closely associated
with poor outcomes [27-29]. Although RVH sec-
ondary to RV outflow track in obstruction
(RVOTO) can occasionally be compensatory to
enhance contractility and preserve RV function,
RVH is still characterized by ventricular remod-
eling associated with increases in both fibrosis
and cardiomyocyte size, resulting in the enlarge-
ment of the heart and depressed contractile
function, thereby increasing long-term mortali-
ty [9, 30-32]. The RV is derived embryologically
from different heart fields than the LV and man-
ifests differences in calcium handling, inotropy
and gene expression patterns in response to
stress. Consequently, the standard treatments
for LV hypertrophy (ACE inhibitors, B-blockers)
have shown limited success in RVH [33-35].

In 2004, combining the mass spectrometry
results with the biochemical properties of the
ligand, the purified GPR91 ligand was con-
firmed to be succinate [15]. Succinate is a well-
known intermediate in the tricarboxylic acid
(Krebs) cycle, and formed from succinyl-CoA by
succinyl-CoA synthetase and subsequently
converted by succinate dehydrogenase to gen-
erate fumarate [36]. This research implied a
signaling role for succinate beyond energy pro-
duction and established a direct link between
the metabolic system and the cell signal trans-
duction system. In the kidney, succinate is
reported to regulate the renin-angiotensin-
aldosterone system and suggested to be impor-
tant in the development of renovascular hyper-
tension and diabetic nephropathy [15].
Succinate effect in neuronal retinal ganglion
cells has been reported to have a pro-angio-
genic effect involved in retinopathy of prematu-
rity [23]. In a recombinant system expressing
GPR91, succinate was confirmed to result in
both 3-5-cyclic adenosine monophosphate
(cAMP) inhibition and inositol phosphate forma-
tion in a pertussis toxin (PTX)-sensitive manner
[36]. In healthy humans, the succinate serum
concentration is generally approximately 5 yM;
however, in response to pressure overload of
the heart, circulating concentrations up to the
millimolar range have been detected [37].
Therefore, succinate appears to be particularly
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important in the setting of pathological condi-
tions in the pressure-overloaded heart. Here,
we have fully substantiated a role for succinate
in mediating RVH that occurs during pressure
overload in vivo and in vitro. Moreover, we
found that succinate-GPR91 signaling also
exists in human RVH.

GPCRs are essential regulators of cellular phys-
iology and pathophysiology, and mutations or
modifications of members of this receptor fam-
ily are associated with aberrant cellular signal-
ing and disease [38, 39]. GPCRs have proven to
be excellent targets for drug discovery, where
approximately 40-50% of the therapeutics
used to treat disease are thought to specifically
target their actions [40, 41]. Moreover, a large
subset of the GPCR family includes orphan
receptors with no known agonists and may pro-
vide a potential source of novel therapeutic tar-
gets for the treatment of disease [42]. GPR91
has been found to be involved in regulating
many important biological effects. For example,
GPR91, as a regulator of various angiogenic
factors including VEGF and angiopoietins, pro-
vides an alternative target to govern revascular-
ization after ischemia in the retina [23]; the
intravitreal injection of the small interfering
RNA against GPR91 suppressed the angiogenic
effects of succinate, verifying that succinate’s
effects were governed by GPR91 [23].
Furthermore, the intravenous injection of suc-
cinate into rats leads to hypertension; however,
succinate was unable to induce hypertension in
GPR91-deficient mice [15]. Recently, research-
ers have established that cardiomyocytes
express GPR91 in the sarcolemmal membrane
and found that succinate, through GPR91,
increases the amplitude and rate of decline of
global transient Ca?* in this cell type by increas-
ing the phosphorylation levels of the ryanodine
receptor and phospholamban, two well-known
Ca?*-handling proteins [16]. Additionally, they
found that succinate decreases cardiomyocyte
apoptosis [16]. The transient Ca%* and cardio-
myocyte apoptosis are both important signals
in cardiac hypertrophy [43, 44]. Taken together,
we propose that succinate-GPR91 signaling
could regulate RVH that is induced by pressure
overload. As the Krebs cycle and the respira-
tory chain are ancestral processes that are inti-
mately involved with energy production in car-
diomyocytes, it is not surprising that cardiomyo-
cytes exploit at least one metabolite, succinate,
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as a crucial regulator of RVH induced by pres-
sure overload.

The PI3K/Akt pathway has also been implicat-
ed in cardiac hypertrophy [45, 46]. In fact,
experiments with adult rat cardiomyocytes
have demonstrated that the activation of angio-
tensin receptor type 1 via the NADPH oxidase-2
pathway, which participates in the regulation of
mitochondrial biogenesis and increases cardi-
ac succinate levels, can stimulate cardiac
hypertrophy in vivo and in vitro; this hypertro-
phic effect was shown to be mediated by PI3K/
Akt [47]. The inhibition of NADPH oxidase is
also known to significantly inhibit the PI3K/Akt
pathway, decreasing cardiac hypertrophy,
apoptosis, inflammation and ROS generation
[48]. We found that treatment with an exces-
sive succinate concentration accelerated RVH
through a GPR91-PI3K/Akt-dependent pathway
both in vivo and in vitro. Our findings indicate
that PI3K/Akt is downstream of succinate-
GPR91, which accelerates RVH. We report that
the succinate-GPR91-PI3K/Akt axis also exists
in the human heart. The PI3BK/AKT pathway is
well-known to be activated by Gi [49]. Therefore,
the succinate-GPR91 pathway, through the Gi
pathway, may activate PI3K/AKT. Further exper-
iments need to be performed to investigate this
possibility.

In conclusion, we have found that succinate-
GPR91 plays a critical role in pressure over-
load-induced RVH in vivo and in vitro. We also
indicated that the PI3BK/Akt signaling pathway
is involved in the effects of succinate-GPR91-
mediated RVH. Our results provide a framework
for future studies investigating the role of
GPR91 in RVH.

Limitations

This study has several potential limitations. In
our research, succinate-GPR91 has been con-
firmed to be involved in the RVH. Indeed, RVH
has a close relationship with left ventricle
hypertrophy (LVH), but we currently have no
data showing whether these factors are
involved in LVH. Further experiments are also
needed to investigate this.
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Appendix Figure 1. The succinate concentration in this article. A: RV hypertrophy indexed by the ratio of the wet
weight of the RV to the left ventricular wall plus the septum [RV/(LV+S)] from the sham, PAB, PAB+succinate (30 mg)
and PAB+succinate (50 mg) rats (n=4); *P < 0.05, compared with the sham; *P < 0.05, compared with the PAB rats;
&P < 0.05, compared with the PAB+succinate rats (30 mg); B: The percent survival in the PAB+succinate (30 mg),
PAB+succinate (50 mg) and PAB+succinate (100 mg) rats (n=5); C: Anp gene expression in the sham, succinate
(5 mM) and succinate (10 mM) groups (n=5); *P < 0.05, compared with the sham; *P < 0.05, compared with the
succinate (5 mM) group.
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Appendix Figure 2. Small interfering RNA (siRNA) transfection. A: Immunofluorescent images of cardiomyocytes with
fluorescein isothiocyanate (FITC)-conjugated -siRNA GPR91; B: GPR9O1 gene expression in the control, siRNA-GPR91
group (n-3); C: GPRI1 protein expression in the control, sSiRNA-GPR91 group (n-3).
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