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Abstract: Succinate influences angiogenesis and neovascularization via a hormonelike effect on
G-protein-coupled receptor 91 (GPR91). This effect has been demonstrated in the pathophysiology
of diabetic retinopathy and rheumatoid arthritis. To evaluate whether succinate can play a role
in acute peripheral ischemia, a preclinical study was conducted with ischemic mice treated with
succinate or PBS and evaluated by imaging. Acute ischemia was followed by an increased in GPR91
expression in the ischemic muscle. As assessed with LASER-Doppler, succinate treatment resulted
in an earlier and more intense reperfusion of the ischemic hindlimb compared to the control group
(* p = 0.0189). A microPET study using a radiolabeled integrin ligand ([®®Ga]Ga-RGD,) showed
an earlier angiogenic activation in the succinate arm compared to control mice (* p = 0.020) with a
prolonged effect. Additionally, clinical recovery following ischemia was better in the succinate group.
In conclusion, succinate injection promotes earlier angiogenesis after ischemia, resulting in a more
effective revascularization and subsequently a better functional recovery.
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1. Introduction

Succinate is an intermediate of the tricarboxylic acid cycle (e.g., Krebs cycle), and is
oxidized to fumarate by the succinate dehydrogenase complex (SDH), which also belongs
to the electron transport chain [1]. Beyond its role in carbohydrate metabolism, succinate
was found to play an oncometabolite role in SDH-mutated pheochromocytomas and
paragangliomas [2]. Additionally, succinate has hormone-like actions in various conditions,
including malignancies [3]. These effects are related to paracrine effects via an extracellular
G-protein-coupled receptor named succinate receptor 1 (SUCNR1/GPR91) [4]. Cancer
promoting effects of succinate-GPR91 signaling have recently been recognized, and include
induction of epithelial to mesenchymal transition, migration, and metastatic spread of lung
cancer cells as well as immunosuppressive effects [5]. Involvement of GPR91 in tumor
angiogenesis has also been proposed [6]. GPRI1 is expressed in several tissues such as the
spleen, the kidneys, the liver, the placenta, the myocardium, the retina, and the aorta [7-9].

Succinate acts as a signaling molecule in the cardiovascular system. Intravenous
administration of succinate increases plasma renin activity and mean arterial blood pressure
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in rats [4]. In cardiomyocytes, succinate increases global Ca®" transient, an effect that
is mediated by GPR91 receptors and PKA activation [8]. Regarding its vascular effects,
succinate acts as a mediator of vessel growth in normal retinal development and is involved
in proliferative ischemic retinopathy via increased production of angiogenic factors, such
as vascular endothelial growth factor (VEGF) [7]. In rats, the expression of GPR91 was
previously described in vascular endothelial cells, in both terminal afferent arteriole and
glomerulus [10]. More recently, Diehl et al. demonstrated that GPR91 was expressed in the
mouse aorta [9].

Focusing on angiogenesis regulation, we recently reported that succinate enhanced
['8F]fluorodeoxyglucose (['®FJFDG) uptake, a radiolabeled glucose analogue, by endothe-
lial cells [11]. During ischemia, when oxidative phosphorylation is blocked, succinate
is increased via the reverse action of SDH. Recent studies have shown that activation
of the GPR91-ERK1/2-C/EBP-f signaling pathway plays an important role in regula-
tion of angiogenesis through activation of VEGF expression [6] and was associated with
neovascularization in diabetic retinopathy [12] and rheumatoid arthritis [13].

Although in vitro and in vivo studies have shown that interplay between succinate,
GPR91 and proangiogenesis, the potential effect of succinate injection in postischemic
conditions has not been studied. To this aim, we have evaluated the effects of succinate
injection in a mouse model of hindlimb ischemia by preclinical imaging (angiogenesis
PET/CT imaging and LASER-Doppler imaging). We have also studied the effect of ischemia
on GPRY1 expression.

2. Materials and Methods
2.1. Animals

Twelve-week-old Swiss female mice (n = 28; Janvier Labs, Le Genest-Saint-Isle, France)
were housed in enriched cages placed in a temperature- and hygrometry-controlled room
with daily monitoring and fed with water and commercial diet ad libitum.

2.2. Mouse Model of Hindlimb Ischemia

Unilateral hindlimb ischemia was induced as previously described [14]. Briefly, mice
underwent ligation and partial resection of the right femoral artery under isoflurane
anesthesia (induction at 4% in air, then 1.5% in air; Isovet from Piramal, Voorschoten,
Netherlands) on a 37 °C-heated bed. Experimental surgery was performed by a trained op-
erator.

2.3. Succinate Administration

Ischemic mice were split in two different treatment groups: 15 mice were daily injected
in the right quadriceps femoris muscle with 10 pL of a 1 nmol pL~! solution of pH 7.4
succinate (Merck, St. Quentin Fallavier, France) diluted in phosphate buffer saline (PBS,
Merck). Another group of 13 ischemic mice was injected in the right quadriceps femoris
muscle with 10 uL of PBS. Daily succinate and PBS injections points were performed for
21 days. Daily injections were performed in different injection spots within the quadriceps
muscle of the ischemic limb.

2.4. Immunohistochemistry

To evaluate tissue GPR91 succinate receptor expression, two subgroups of 5 succinate-
treated mice and 5 PBS-treated mice were euthanized on day 4 after ischemia. Ischemic
and contralateral gastrocnemius muscles were harvested and fixed in 10% neutral-buffered
formalin and embedded in paraffin (Tissue-Tek VIP5 Jr, Sakura, Villeneuve d’Ascq, France).
Five micrometer-thick sections were stained with a GPR91 NPB1-00861 (Novus Biologicals,
Centennial, CO, USA) using a fully automated BOND-III stainer (Leica) and a Novocastra
Bond Polymer Refine Detection Kit (Leica) containing a postprimary peroxidase-blocking
polymer reagent and a diaminobenzidine chromogen, and counterstained with hematoxylin.
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Slides were analyzed under an optical microscope (Eclipse, Nikon Healthcare, Champigny sur
Marne, France) and results were expressed as GPRI1 intensity /surface (um?).

2.5. Immunofluorescence

To evaluate colocalization of GPR91 expression on endothelial cells, we performed im-
munofluorescence staining in 5 succinate-treated mice euthanized on day 4 after ischemia.
Ischemic and contralateral gastrocnemius muscles were submitted to the same treatment
as for immunohistochemistry. After antigenic unmasking and nonspecific protein binding
blocking, thick sections were manually costained with GPR91 NPB1-00861 (Novus Biologi-
cals) and with isolectin GS-1B4 Fluor 488 121,411 (Life technologies, Carlsbad, CA, USA).
Then sections were incubated with goat anti-rabbit secondary antibody, Fluor 647 (Life
technologies), after appropriate incubation and final PBS wash, each section was mounted
with DAPI-Fluoromount solution (Thermo-Fisher Scientific, Waltham, MA, USA). Isolectin
B4 and GPR91 expressions were evaluated using a microscope (Eclipse, Nikon Healthcare,
Champigny sur Marne, France).

2.6. Western Blot

Western blot analysis was performed as previously described [14]. Briefly, mice were
euthanized on day 4 postischemia. Gastrocnemius ischemic and contralateral muscles
of PBS- and succinate-treated groups were harvested and directly snap-frozen in liquid
nitrogen. Each muscle was mechanically milled in cold lysis buffer (Tris pH 8, 10 mmol L1,
EDTA 1 mmol L~! pH 8, NaCl 150 mmol L~!, and NP40 10% 1 mL). Proteins were
quantified by protein assay (BCA protein assay kit; Pierce). Thirty micrograms of protein
were mixed with NuPAGE lithium dodecylsulfate sample buffer (Invitrogen, Carlsbad,
CA, USA) and NuPAGE sample reducing agent (Invitrogen). Samples were then subjected
to NuPAGE using 4-12% Novex Bis-Tris gels (Invitrogen), and separated proteins were
transferred onto nitrocellulose membranes (Invitrogen, Carlsbad, CA, USA). Membranes
were probed with specific primary antibodies: anti-GPR91 antibody NPB1-00861 (Novus
Biologicals) incubated overnight with a control; rabbit anti-actine D6AS8 antibody (Cell
Signaling Technology, Danvers, MA, USA). Membranes were then washed three times
with Tris-Buffered Saline/Tween-20 solution (TBST, Tris-HCL pH 7.6 0.05 mmol L1 NaCl
0.3 mmol L~!, Tween-20 0.1%) and incubated with respective peroxidase-coupled goat
anti-rabbit secondary antibody: 31,460 (Thermo-Fisher Scientific). Blots were revealed with
the ECL substrate Pierce (Thermo-Fisher Scientific). Results were expressed as a ratio of
GPROI1 intensity in ischemic muscle to GPR91 intensity in control muscle, both previously
corrected by actin intensity.

2.7. [°8GalGa-RGD, Radiosynthesis

Gallium-68 chloride ([*®®Ga]GaCls, 200 + 41 MBq/500 pL) was obtained from the
elution of a commercial TiO,-based [*8Ge]Ge/[*®Ga]Ga generator (Galliapharm, Eckert &
Ziegler, Berlin, Germany) using 0.1 N HCl, buffered with a fresh 4 mol L~! ammonium
acetate solution (pH 7.4) and mixed with 10 pg of arginine-glycine-aspartate (RGD) dimer
acetate precursor (RGD,, ABX Chemicals, Radeberg, Germany), reaching a final pH of 6.0.
The reaction mixture was stirred at room temperature for 10 min with gentle agitation.
Radiochemical purity was determined by radio-thin layer chromatography (TLC) using a
miniGITA radio-TLC scanner detector (Elysia-Raytest, Straubenhardt, Germany), iTLC-SG
paper as solid phase (Agilent, Santa Clara, CA, USA), a 1:1 (v/v) mixture of 1 mol L~}
aqueous ammonium acetate solution, and absolute methanol as mobile phase 1 (R [free
%8Ga]/[*®Ga]Ga-RGD5: 0/1) and a 0.1 mol L~! sodium citrate pH 5 solution as mobile
phase 2 (R¢ [48Ga]-RGD,/[free ®8Ga]: 0/1). Radiosyntheses with radiochemical purities
>95.0% were used.
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2.8. [°8GalGa-RGD, MicroPET/CT Imaging

Mice were injected in the caudal vein with 5.8 + 1.5 MBq/50 puL [#8Ga]Ga-RGD; on
days 4, 7, 10 and 14 after ischemia. MicroPET/CT images were acquired 60 min after
injection during 20 min. MicroPET/CT imaging sessions were performed on a Nanoscan
PET/CT camera (Mediso, Budapest, Hungary) under isoflurane anesthesia (induction at
4% in air, then 1.5% in air; Isovet from Piramal, Voorschoten, Netherlands). Quantitative
region-of-interest (ROI) analysis of the PET signal was performed on attenuation- and
decay-corrected PET images using InterviewFusion software v3.01 (Mediso) and tissue
uptake values were expressed as mean= SD of percentage of the injected dose per gram of
tissue (%ID/g).

2.9. Hindlimb Perfusion

LASER-Doppler perfusion imaging (PIM2, Perimed, Craponne, France) was used
to assess hindlimb perfusion after surgery on days 1, 3, 8, 15 and 24 postischemia under
isoflurane anesthesia (induction at 4% in air, then 1.5% in air) on a 37 °C-heated bed. Results
were expressed as a ratio of ischemic to nonischemic hindlimb blood flow (i/c ratio).

2.10. Motility Impairment Score

A motility impairment score was used to evaluate individual clinical recovery on days
1, 3, 8, 15 and 24 as follows: 1, unrestricted active movement; 2, restricted active foot; 3, use
of the other leg only; 4, leg necrosis; 5, self-amputation.

2.11. Statistical Analysis

Biodistribution data were analyzed using Prism software v8.4.2 (Graphpad, San Diego,
CA, USA). Data were expressed as mean values &= SD unless indicated otherwise. Differ-
ences between ischemic and contralateral GPR91 expression in muscles were analyzed
using a parametric paired Student t-test. Gaussian distributions were assumed by a Shapiro-
Wilk normality test. Differences were considered statistically significant when p < 0.05.
MicroPET signal quantification, LASER-Doppler perfusion and motility impairment scor-
ing were analyzed using one-way ANOVA with a post-hoc Sidak test.

3. Results
3.1. Ischemia Is Associated with an Increase of GPRI1

Representative immunohistochemistry images on day 4 in PBS- and succinate-treated
mice are shown in Figure 1A. Quantitative analysis highlighted a significant overexpression
of GPRI1 in ischemic muscle compared to contralateral muscle in PBS-treated mice (respec-
tively 11.9 + 2.44 intensity / um? and 8.58 + 3.61 intensity/um?; * p = 0.028, n = 5) and in
succinate-treated mice (respectively 51.6 + 19.2intensity/ um? and 20.7 + 6.6 intensity / pm?;
*p =0.012, n = 5). Most interestingly, a significant overexpression of GPR91 was found
in ischemic muscles of succinate-treated mice compared to these of PBS-treated mice
(** p = 0.0018, n = 5; Figure 1B).

Representative Western blot images on day 4 in PBS- and succinate-treated mice are
shown in Figure 1C. Quantitative analysis showed a significant overexpression of GPR91 in
ischemic succinate-treated muscle compared to ischemic PBS-treated muscle (respectively
1.10 £ 0.15 and 3.40 + 0.87 expressed as ischemic-to-contralateral ratio; ** p = 0.0043, n =5
and n = 6; Figure 1D).
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Figure 1. Immunohistochemistry staining of G-protein-coupled receptor 91 (GPR91) in mice gas-
trocnemius muscle. (A) Representative GPR91 immunostaining on day 4 in contralateral hindlimb
phosphate buffer saline (PBS) group (a); ischemic hindlimb PBS group (b); contralateral hindlimb
succinate group (c); ischemic hindlimb succinate group (d). (B) Quantitative analysis showed a
significant overexpression of GPR91 in ischemic muscle compared to contralateral muscle in PBS-
treated mice (* p = 0.028, n = 5), in succinate-treated mice (* p = 0.012, n = 5), and a significant
overexpression of GPR91 in ischemic muscle of succinate-treated mice compared to that of PBS-
treated mice (** p = 0.0018, n = 5). (C) Western blot analysis of GPR91 on gastrocnemius lysis muscle.
Representative GPR91 and actin on day 4 in contralateral hindlimb PBS group, ischemic hindlimb
PBS group, contralateral hindlimb succinate group and ischemic hindlimb succinate group. (D)
Quantitative analysis showed a significant overexpression of GPR91 in succinate ischemic muscle
compared to PBS ischemic muscle (** p = 0.0043, n = 5 and #n = 6). Immunofluorescent staining
of GPR91 and isolectin B4 in mice gastrocnemius muscle. (E) Representative GPR91 and isolectin
B4 immunostaining showed colocalization of both realized on day 4 in contralateral hindlimb and

ischemic hindlimb succinate-treated group.

3.2. GPRI1 Colocalizes with Endothelial Cells in Ischemic Muscles Treated by Succinate

Representative images of immunofluorescent staining of GPR91 and isolectin B4 on
day 4 in succinate-treated mice are shown in Figure 1E. Analysis of images showed a
colocalization of GPRI1 expression and endothelial cells in ischemic muscles of succinate

treated group.
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3.3. Succinate Injection Induces Earlier [*® GalGa-RGD, Uptake Following Hindlimb Ischemia

Representative images from PET imaging of [®3Ga]Ga-RGD; PET in both groups for
day 4, 7 and 10 are shown in Figure 2A. At day 4 postischemia, a significant increase
of [*®Ga]Ga-RGD, uptake was observed in ischemic muscles treated by succinate com-
pared to ischemic muscles treated by PBS, and compared to contralateral muscles (PBS:
0.10 &£ 0.07%ID/g, n = 8; succinate: 0.29 & 0.19%ID/g, n = 10; * p = 0.020; contralateral:
0.09 & 0.03%ID/g, n = 10; ¥ p < 0.0001). By contrast, on day 10, the increased [**Ga]Ga-
RGD, uptake was observed in ischemic muscles treated by PBS compared to ischemic
muscle treated by succinate, and compared to contralateral muscles (PBS: 0.42 & 0.23%ID/g,
n = §; succinate: 0.23 £ 0.14%ID/g, n = 10; & p = 0.040; contralateral: 0.20 &+ 0.07%ID/g,
n =8; % p = 0.002; Figure 2B).

) ' 0%
Succinate PBS Succinate PBS Succinate

= PBS ipsi

B 0.84 -® Succinate ipsi
PBS contra $&$
Succinate contra T

Hi#
*

quantification (%ID/g)
o
o

[(8Ga]Ga-RGD, PET signal

0 4 7 10 14
Day post- ischemia

Figure 2. [®®Ga]Ga-RGD, microPET-CT imaging. (A) Representative microPET-CT imaging on days 4, 7 and 10 in PBS and
succinate-treated mice for contralateral and ischemic hindlimb. (B) Image-derived time-activity curves from day 0 to day 14
of [*8Ga]Ga-RGD, microPET-CT imaging as a percentage of the injected dose per gram of tissue (%ID/g) (mean+SD; n = 8
for PBS group and 7 = 10 for succinate group; * p = 0.02 for day 4 and & p = 0.04 for day 10, between PBS and succinate
ischemic hindlimb; ## p < 0.0001 for day 4, between ischemic and contralateral succinate-treated group; %% p = 0.002 for day
10, between ischemic and contralateral PBS-treated group).
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3.4. Succinate Injection Increases Blood Perfusion Recovery Following Hindlimb Ischemia

Blood perfusion recovery was significantly earlier and more intense in succinate treat-
ment group compared to PBS group (* p = 0.0189) especially on day 8 (PBS: 49.3 £ 20.8%,
n = §; succinate: 72.3 + 18.5%, n = 10; * p = 0.011) and on day 15 (PBS: 50.6 &+ 23.4%, n = §;
succinate: 75.8 £ 8.9%, n = 10; *** p = 0.004), as shown in Figure 3A,B.

A

succinate

% *
-=- Succinate ok
804 -e PBS

(=2
o
i

Blood perfusion rate
(% of control hind limb)
N -
s <

o
-

1 3 8 15 24
Day post- ischemia

Il PBS debe
4+ Succinate —

Pl

Motility impairment score

L)

24
Day post- ischemia

Figure 3. (A) Representative LASER-Doppler perfusion images on days 1 and 15 postischemia in PBS-
and succinate-treated mice; (B) quantitative analysis of LASER-Doppler perfusion imaging expressed
as ischemic-to-contralateral muscle signal ratio (%, mean £ SD) from day 1 to day 24 postsurgery
showed a significant perfusion decrease in succinate group perfusion on days 8 and 14 compared to
the PBS group (* p = 0.01 and ** p = 0.004 respectively; n = 8 for PBS group and n = 10 for succinate
group); (C) motility impairment score. 1: unrestricted active movement; 2: restricted active foot; 3:
use of the other leg only; 4: leg necrosis; 5: self-amputation (** p = 0.01; n = 8 for PBS group and
n =10 for succinate group).

3.5. Succinate Injection Increases Clinical Recovery Score Following Hindlimb Ischemia

Functional recovery was significantly higher in the succinate group than in the PBS
group (PBS: 2.87 £ 1.12, n = 8; succinate: 1.50 £ 1.07, n = 10; ** p = 0.010) on day 24 postis-
chemia (Figure 3C).
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4. Discussion

The present study illustrates the versatile actions of succinate. We showed for the
first time that succinate injection following hindlimb ischemia in mice lead to an earlier
blood perfusion recovery and most importantly a better functional recovery score. The
vascular effect was shown on both early angiogenesis activation assessed by [®®*Ga]Ga-
RGD; PET/CT and functional tissue perfusion by LASER-Doppler imaging.

[®Ga]Ga-RGD; enables quantification of endothelium activation engaged in the pro-
cess of neovessel formation. The RGD tripeptide sequence has high affinity and specificity
towards the «y 33 integrin, which is overexpressed during angiogenesis and is therefore
considered as a reliable angiogenesis biomarker. Indeed, &y 33 integrin expression is highly
restricted on other cell types by healthy tissues [15] whereas highly expressed on activated
endothelial cells of tumor neovasculature and/or by some tumor cells themselves [16]. In
the postischemic context, oty 3 integrin is mainly highly expressed on activated endothelial
cells, compared to its low expression on activated leucocytes. This minor expression has
been described as insignificantly contributing to the uptake of RGD-harboring radiotracers,
even in inflammatory preclinical models [17].

We showed on [®Ga]Ga-RGD, PET longitudinal follow-up study that angiogenic
activation peaked on day 4 following acute ischemia in succinate-treated mice and no
sooner than on day 8 in PBS-treated mice, resulting in an earlier limb revascularization
in succinate-treated mice, which is known to be significantly associated with restoration
of muscle contractile function [18]. This is in agreement with our study that showed an
improvement of functional recovery in the succinate group compared to the control group.
Changes in LASER-Doppler flow patterns are delayed compared to molecular imaging
with differences observed on day 8 and 15 since LASER-Doppler assesses blood flow in
functional vessel. Taken together, these data suggest that succinate promotes angiogenesis,
possibly resulting in better outcomes following hindlimb ischemia.

According to the literature, GPR91 seems to be implied in the activation of coping
mechanisms upon adverse conditions, including stimulation of proliferation of different cell
types, migration, and angiogenesis [1,7,12,19-22]. This has also been illustrated in ischemic
conditions [23-25]. Our therapeutic scheme has probably amplified the pathophysiological
response to ischemia and/or increased the bioavailability of succinate since it has been
directly injected into the muscles for 21 days. We showed that GPR91 expression was
increased on day 4 in muscle following ischemia. Interestingly, GPR91 expression was
shown to be induced by hypoxia [26]. We assumed that the effect of succinate was related
to the activation of GPR91. This hypothesis could be further studied by the disruption of
GPRO1 activation by targeted treatments with GPR91 antagonists.

At present, the beneficial role of succinate metabolism pathway in the ischemic cascade
is still debated, notably regarding reports advocating malonate derivatives use to compete
succinate degradation by SDH, supposed to inhibit the raise of mitochondrial oxygen
species [27]. As such strategies have shown beneficial effects [28], these effects cannot be
only explained by the decrease in oxidative stress as hypothesized by the authors, since
malonate derivatives lead also to an accumulation of extracellular succinate. Moreover,
from a mechanical point of view, succinate/ GPR91 pathway activation may prevent the
degradation of hypoxia-inducible factor 1-alpha, of which the pathway is known to promote
angiogenesis and cell metabolism [29].

5. Conclusions

Our data provide new impetus for succinate or GPR91 modulation during acute ischemia.

Succinate injection may constitute a promising new treatment approach for acute
limb ischemia. Further basic research studies are needed to identify potential synergistic
approaches and describe the underlying molecular mechanisms. Effect of succinate would
also merit to be evaluated in the setting of with chronic peripheral arterial disease, which
concerns 200 million patients worldwide with growing incidence [30].



Cells 2021, 10, 795 9 of 10

Author Contributions: Conceptualization, B.G. and D.T.; methodology, P.G., B.G. and A.M.; software,
P.G,; validation, B.G., D.T. and A.M.; formal analysis, P.G. and A.M.; investigation, P.G., S.F,, L.B.,
PB., G.H., AB. and A.M,; resources, B.G.; data curation, A.M. and P.G.; writing—original draft
preparation, P.G., B.G. and A.M.; writing—review and editing, P.G., B.G. and A.M.; visualization,
P.G., B.G. and A.M,; supervision, B.G., P.G., D.T. and ED.-G.; project administration, B.G. and P.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding,.

Institutional Review Board Statement: The study was conducted according to the EU Directive
2010/63, followed the guidelines of the Declaration of Helsinki, and approved by the Ethics Commit-
tee CE71 of Aix-Marseille University (protocol number 14177 approved on 5 December 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to thank Michel Skandalovski, Samy Vigier and Sandrine Pons
for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fonseca, M.D.C.; Aguiar, C.J.; Franco, ].A.D.R,; Gingold, RN.; Leite, M.F. GPR91: Expanding the frontiers of Krebs cycle
intermediates. Cell Commun. Signal. 2016, 14, 1-9. [CrossRef]

2. Kes, M.M,; Bossche, ].V.D,; Griffioen, A.W.; Huijbers, E.J. Oncometabolites lactate and succinate drive pro-angiogenic macrophage
response in tumors. Biochim. Biophys. Acta (BBA) Bioenergy 2020, 1874, 188427. [CrossRef]

3. Tretter, L.; Patocs, A.; Chinopoulos, C. Succinate, an intermediate in metabolism, signal transduction, ROS, hypoxia, and
tumorigenesis. Biochim. Biophys. Acta (BBA) Bioenergy 2016, 1857, 1086-1101. [CrossRef] [PubMed]

4. He, W; Miao, FJ.-P; Lin, D.C.-H.; Schwandner, R.T.; Wang, Z.; Gao, J.; Chen, J.-L.; Tian, H.; Ling, L. Citric acid cycle intermediates
as ligands for orphan G-protein-coupled receptors. Nat. Cell Biol. 2004, 429, 188-193. [CrossRef] [PubMed]

5. Wuy, J.-Y,; Huang, T.-W,; Hsieh, Y.-T.; Wang, Y.-F,; Yen, C.-C.; Lee, G.-L.; Yeh, C.-C.; Peng, Y.-].; Kuo, Y.-Y.; Wen, H.-T.; et al.
Cancer-Derived Succinate Promotes Macrophage Polarization and Cancer Metastasis via Succinate Receptor. Mol. Cell 2020, 77,
213-227.e5. [CrossRef] [PubMed]

6. Mu, X;; Zhao, T.; Xu, C.; Shi, W.; Geng, B.; Shen, J.; Zhang, C.; Pan, J.; Yang, J.; Hu, S.; et al. Oncometabolite succinate
promotes angiogenesis by upregulating VEGF expression through GPR91-mediated STAT3 and ERK activation. Oncotarget 2017,
8,13174-13185. [CrossRef] [PubMed]

7.  Sapieha, P; Sirinyan, M.; Hamel, D.; Zaniolo, K ; Joyal, ].-S.; Cho, ].-H.; Honoré, ].-C.; Kermorvant-Duchemin, E.; Varma, D.R,;
Tremblay, S.; et al. The succinate receptor GPR91 in neurons has a major role in retinal angiogenesis. Nat. Med. 2008, 14, 1067-1076.
[CrossRef]

8. Aguiar, CJ.; Andrade, V.L.; Gomes, E.R.; Alves, M.N.; Ladeira, M.S.; Pinheiro, A.C.N.; Gomes, D.A.; Almeida, A.P.; Goes, A.M.;
Resende, R.R; et al. Succinate modulates Ca2+ transient and cardiomyocyte viability through PKA-dependent pathway. Cell
Calcium 2010, 47, 37-46. [CrossRef]

9.  Diehl, J; Gries, B.; Pfeil, U.; Goldenberg, A.; Mermer, P.; Kummer, W.; Paddenberg, R. Expression and localization of GPR91 and
GPR99 in murine organs. Cell Tissue Res. 2015, 364, 245-262. [CrossRef]

10. Toma, I; Kang, J.J.; Sipos, A.; Vargas, S.; Bansal, E.; Hanner, F.; Meer, E.; Peti-Peterdi, J. Succinate receptor GPR91 provides a direct
link between high glucose levels and renin release in murine and rabbit kidney. J. Clin. Investig. 2008, 118, 2526-2534. [CrossRef]

11. Garrigue, P; Bodin-Hullin, A.; Balasse, L.; Fernandez, S.; Essamet, W.; Dignat-George, F.; Pacak, K.; Guillet, B.; Taieb, D. The
Evolving Role of Succinate in Tumor Metabolism: An 18F-FDG-Based Study. J. Nucl. Med. 2017, 58, 1749-1755. [CrossRef]

12. Li, T,; Hu, J,; Gao, E; Du, X.; Chen, Y.; Wu, Q. Transcription factors regulate GPR91-mediated expression of VEGF in hypoxia-
induced retinopathy. Sci. Rep. 2017, 7, srep45807. [CrossRef]

13. Li, Y,; Liu, Y,; Wang, C.; Xia, W.-R.; Zheng, J.-Y.; Yang, ].; Liu, B.; Liu, ].-Q.; Liu, L.-F. Succinate induces synovial angiogenesis in
rheumatoid arthritis through metabolic remodeling and HIF-1a/VEGF axis. Free Radic. Biol. Med. 2018, 126, 1-14. [CrossRef]

14. Moyon, A; Garrigue, P.; Balasse, L.; Fernandez, S.; Brige, P.; Nollet, M.; Hache, G.; Blot-Chabaud, M.; Dignat-George, F.; Guillet,
B. Early prediction of revascularisation by angiomotin-targeting positron emission tomography. Theranostics 2018, 8, 4985-4994.
[CrossRef]

15.  Eliceiri, B.P; Cheresh, D.A. The role of av integrins during angiogenesis: Insights into potential mechanisms of action and clinical
development. J. Clin. Investig. 1999, 103, 1227-1230. [CrossRef] [PubMed]

16. Zhou, Y.; Chakraborty, S.; Liu, S. Radiolabeled Cyclic RGD Peptides as Radiotracers for Imaging Tumors and Thrombosis by

SPECT. Theranostics 2011, 1, 58-82. [CrossRef]


http://doi.org/10.1186/s12964-016-0126-1
http://doi.org/10.1016/j.bbcan.2020.188427
http://doi.org/10.1016/j.bbabio.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/26971832
http://doi.org/10.1038/nature02488
http://www.ncbi.nlm.nih.gov/pubmed/15141213
http://doi.org/10.1016/j.molcel.2019.10.023
http://www.ncbi.nlm.nih.gov/pubmed/31735641
http://doi.org/10.18632/oncotarget.14485
http://www.ncbi.nlm.nih.gov/pubmed/28061458
http://doi.org/10.1038/nm.1873
http://doi.org/10.1016/j.ceca.2009.11.003
http://doi.org/10.1007/s00441-015-2318-1
http://doi.org/10.1172/JCI33293
http://doi.org/10.2967/jnumed.117.192674
http://doi.org/10.1038/srep45807
http://doi.org/10.1016/j.freeradbiomed.2018.07.009
http://doi.org/10.7150/thno.27728
http://doi.org/10.1172/JCI6869
http://www.ncbi.nlm.nih.gov/pubmed/10225964
http://doi.org/10.7150/thno/v01p0058

Cells 2021, 10, 795 10 of 10

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pichler, B.J.; Kneilling, M.; Haubner, R.; Braumdtiller, H.; Schwaiger, M.; Rocken, M.; Weber, W.A. Imaging of delayed-type
hypersensitivity reaction by PET and 18F-galacto-RGD. . Nucl. Med. 2005, 46, 184-189. [PubMed]

Goldberg, E.J.; Schmidt, C.A.; Green, T.D.; Karnekar, R.; Yamaguchi, D.].; Spangenberg, E.E.; McClung, ].M. Temporal Association
Between Ischemic Muscle Perfusion Recovery and the Restoration of Muscle Contractile Function After Hindlimb Ischemia.
Front. Physiol. 2019, 10, 804. [CrossRef] [PubMed]

Hamel, D.; Sanchez, M.; Duhamel, F,; Roy, O.; Honoré, ].-C.; Noueihed, B.; Zhou, T.; Nadeau-Vallée, M.; Hou, X.; Lavoie, ]-C.; et al.
G-Protein-Coupled Receptor 91 and Succinate Are Key Contributors in Neonatal Postcerebral Hypoxia-Ischemia Recovery. Arter.
Thromb. Vasc. Biol. 2014, 34, 285-293. [CrossRef]

Gilissen, J.; Jouret, F; Pirotte, B.; Hanson, J. Insight into SUCNR1 (GPR91) structure and function. Pharmacol. Ther. 2016, 159,
56—65. [CrossRef]

Mao, H.; Yang, A.; Zhao, Y.; Lei, L.; Li, H. Succinate Supplement Elicited “Pseudohypoxia” Condition to Promote Proliferation,
Migration, and Osteogenesis of Periodontal Ligament Cells. Stem Cells Int. 2020, 2020, 1-14. [CrossRef]

Lei, W.; Ren, W.; Ohmoto, M.; Urban, J.F.; Matsumoto, I.; Margolskee, R.F,; Jiang, P. Activation of intestinal tuft cell-expressed
Sucnrl triggers type 2 immunity in the mouse small intestine. Proc. Natl. Acad. Sci. USA 2018, 115, 5552-5557. [CrossRef]
Martin, J.L.; Costa, A.S.H.; Gruszczyk, A.V,; Beach, T.E.; Allen, EM.; Prag, H.A.; Hinchy, E.C.; Mahbubani, K.; Hamed, M.; Tronci,
L.; et al. Succinate accumulation drives ischaemia-reperfusion injury during organ transplantation. Nat. Metab. 2019, 1, 966-974.
[CrossRef]

Kamarauskaite, J.; Baniene, R.; Trumbeckas, D.; Strazdauskas, A.; Trumbeckaite, S. Increased Succinate Accumulation Induces
ROS Generation in In Vivo Ischemia/Reperfusion-Affected Rat Kidney Mitochondria. BioMed Res. Int. 2020, 2020, 1-9. [CrossRef]
Prag, H.A.; Gruszczyk, A.V.; Huang, M.M.; Beach, T.E.; Young, T.; Tronci, L.; Nikitopoulou, E.; Mulvey, J.E; Ascione, R.;
Hadjihambi, A.; et al. Mechanism of succinate efflux upon reperfusion of the ischaemic heart. Cardiovasc. Res. 2021, 117,
1188-1201. [CrossRef]

Eariza, A.C.; Deen, PM.T.; Robben, ].H. The Succinate Receptor as a Novel Therapeutic Target for Oxidative and Metabolic
Stress-Related Conditions. Front. Endocrinol. 2012, 3, 22. [CrossRef]

Xu, J.; Pan, H,; Xie, X.; Zhang, J.; Wang, Y.; Yang, G. Inhibiting Succinate Dehydrogenase by Dimethyl Malonate Alleviates Brain
Damage in a Rat Model of Cardiac Arrest. Neuroscience 2018, 393, 24-32. [CrossRef]

Valls-Lacalle, L.; Barba, I.; Mir6-Casas, E.; Ruiz-Meana, M.; Rodriguez-Sinovas, A.; Garcia-Dorado, D. Selective Inhibition of
Succinate Dehydrogenase in Reperfused Myocardium with Intracoronary Malonate Reduces Infarct Size. Sci. Rep. 2018, 8, 2442.
[CrossRef]

Selak, M.A.; Armour, S.M.; MacKenzie, E.D.; Boulahbel, H.; Watson, D.G.; Mansfield, K.D.; Pan, Y.; Simon, M.; Thompson, C.B.;
Gottlieb, E. Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-« prolyl hydroxylase. Cancer Cell 2005, 7,
77-85. [CrossRef]

Song, P; Rudan, D.; Zhu, Y.; Fowkes, F].I; Rahimi, K.; Fowkes, F.G.R.; Rudan, I. Global, regional, and national prevalence and risk
factors for peripheral artery disease in 2015: An updated systematic review and analysis. Lancet Glob. Health 2019, 7, e1020-e1030.
[CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/15632051
http://doi.org/10.3389/fphys.2019.00804
http://www.ncbi.nlm.nih.gov/pubmed/31316393
http://doi.org/10.1161/ATVBAHA.113.302131
http://doi.org/10.1016/j.pharmthera.2016.01.008
http://doi.org/10.1155/2020/2016809
http://doi.org/10.1073/pnas.1720758115
http://doi.org/10.1038/s42255-019-0115-y
http://doi.org/10.1155/2020/8855585
http://doi.org/10.1093/cvr/cvaa148
http://doi.org/10.3389/fendo.2012.00022
http://doi.org/10.1016/j.neuroscience.2018.09.041
http://doi.org/10.1038/s41598-018-20866-4
http://doi.org/10.1016/j.ccr.2004.11.022
http://doi.org/10.1016/S2214-109X(19)30255-4

	Introduction 
	Materials and Methods 
	Animals 
	Mouse Model of Hindlimb Ischemia 
	Succinate Administration 
	Immunohistochemistry 
	Immunofluorescence 
	Western Blot 
	[68Ga]Ga-RGD2 Radiosynthesis 
	[68Ga]Ga-RGD2 MicroPET/CT Imaging 
	Hindlimb Perfusion 
	Motility Impairment Score 
	Statistical Analysis 

	Results 
	Ischemia Is Associated with an Increase of GPR91 
	GPR91 Colocalizes with Endothelial Cells in Ischemic Muscles Treated by Succinate 
	Succinate Injection Induces Earlier [68Ga]Ga-RGD2 Uptake Following Hindlimb Ischemia 
	Succinate Injection Increases Blood Perfusion Recovery Following Hindlimb Ischemia 
	Succinate Injection Increases Clinical Recovery Score Following Hindlimb Ischemia 

	Discussion 
	Conclusions 
	References

