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Abstract: This article reviews the physiological and pathological mechanisms of succinic acid receptor 1 (SUCNRI1) in
skeletal, cardiac, and vascular smooth muscle, with the aim of systematizing the multifunctional roles of this receptor in
muscle tissues and evaluating its value as a potential target for intervention in metabolic, cardiovascular, and inflammatory
diseases. By reviewing the discovery history, structural features and ligand selectivity of SUCNRI1, we found that
SUCNRI can sense local high level of succinate in a manner of low-affinity, high-selectivity, and may regulate energy
metabolism and inflammatory diseases through multiple signaling axes, such as Gai/q-PLCB-Ca>*, Akt/mTOR, and ERK1/2,
there by precisely regulating body energy metabolism and proteostasis. In skeletal muscle, a "state-dependent expression”
model was proposed by integrating contradictory experimental data. In resting healthy myofibers, SUCNRI is hardly
expressed, when succinate affects resident macrophages, satellite cells and vascular endothelial cells mainly through paracrine
effects. However, under stress such as differentiation, exercise or injury, myofibers re-express SUCNRI and are able to
respond directly to succinate. Further studies revealed that chronic succinate supplementation promotes the conversion of fast
to slow muscle fibers through the SUCNR1/PLCP/Ca**-NFAT signaling pathway, which in turn improves muscle endurance.
On the other hand, acute administration enhances oxidative phosphorylation and myosin synthesis through the Ca**-ERK/Akt/
mTOR signaling axis, which results in a rapid increase in muscle strength. In addition, satellite cell-specific knockdown
experiments further confirmed that the SUCNRI1-PKCn-p38a signaling pathway is essential for exercise-induced muscle
hypertrophy and neuromuscular junction remodeling. In the myocardium, a "double-edged sword” role of SUCNR1 was
proposed in pathological cardiac hypertrophy and ischemia-reperfusion injury (IRI). In pathological hypertrophy, pressure
loading or hypoxia causes accumulation of succinate, which then activates the PI3K/Akt and MEK/ERK signaling pathways
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HRCURFESE, 20044F ) — IR SCIRAMR S WA S HABYIRE . ARGRRE ?SUCNRl 1
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ATDMERE S 07 ZEVEA, [FBHSUCNRIA T e B8 A B LA B s B 00 TR A 455 LA Bk

through SUCNR1-Gi/q coupling, inducing the expression of hypertrophic genes, such as ANP and BNP to promote
cardiomyocyte hypertrophy; at the same time, succinate promotes the transformation of macrophages to a pro-inflammatory
phenotype by activating SUCNR1, which in turn triggers a series of inflammatory reactions. These inflammatory reactions
interact with the hypertrophy process of cardiomyocytes to form a positive feedback mechanism to promote the continuous
development of myocardial hypertrophy. In the IRI scenario, succinate was oxidized by SDH upon reperfusion, which in turn
drove the ROS burst, concentration via SUCNRI, activated PKA, and triggered the
phosphorylation of mitochondrial fission protein MFF, leading to mitochondrial fragmentation and apoptotic cell death.
Inhibition of SDH or blockade of SUCNRI could effectively attenuate ROS and Ca®" overload and significantly reduce
infarct size. In the vascular smooth muscle and atherosclerosis section, the mechanism of action of SUCNR1 was explored by

increased intracellular Ca®"

comparing the two opposing evidence of "pro-inflammatory” and "protective” effects. On the one hand, succinate activated
the NF-kB, HIF-lo, and RAS-Ang II axes by binding to SUCNRI, promoting phenotypic transformation, foam cell
formation, and plaque inflammation in vascular smooth muscle cells. The systemic knockout SUCNR1 model did not show
significant lesion differences in low-fat or early high-fat stages, suggesting that the action of SUCNRI is stage- and
microenvironment-dependent. Recent studies reveal that SUCNRI can amplify vascular endothelial inflammation by
enhancing endoplasmic reticulum stress and increasing endoplasmic reticulum-mitochondrial contact to lead to mitochondrial
injury, and activating the cGAS-STING signaling pathway, offering a new target for atherosclerosis intervention. Based on the
above, we put forward three suggestions: first, in terms of clinical testing, the dynamic changes of plasma succinate should be
detected instead of focusing only on the concentration at single time point, and the expression of SUCNR1 should be detected
in conjunction with muscle biopsy to differentiate between physiological adaptation and pathological stress states. Second,
SUCNR1 modulators with tissue preference should be developed, specifically skeletal muscle-selective agonists for
hypokinesia and sarcopenia, and myocardial/vascular-selective antagonists for myocardial hypertrophy, heart failure, and IRL.
Finally, in terms of therapeutic strategies, it is recommended to co-target SDH, Ca”* channels, or the endoplasmic reticulum
stress pathway, and to devise a multidimensional synergistic strategy of metabolic-immunological-mechanical (MIM) and
immunological-mechanical (MIM) to overcome the possible compensatory side effects of single blockade of SUCNRI.
Future studies need to further validate the temporal and spatial dynamics of the succinate-SUCNR1 axis in human cohorts and
clarify the cell-type-specific transcriptional regulatory networks with the help of single-cell multi-omics technology in order
to realize precise intervention in related diseases.
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SUCNR I 5 , 33 Goy i il c AMPF P2 4=
SEAMAN Ca® W BT Ca? S A
PLAEERK /238 %, MTERK 8% WLA0 i /AL A2k
ARG CHAVE I sk ZEC2C12MLE T, BE A
b AT A [ Ca®* ik JEE 35 E T, WX Al
SEBEIRRE A TR A A R R 2 — 3 R,
FCa>*-SUCNRI-ERK 1/2 (7R 2 , 0 BE 31152
AT HEZ 531 S SUCNR I B8 AL (& L ATLA
B A 43

EAWFFEUER B L AR KT B IR AR
3 FmTORFN XL SLHE % 5% [H O (Forkhead box class
O proteins, FoxO) % 4**! | mTOR J T i FS6
PE2EE 5 WL B A 5, T FoxO 1 fIFoxO3allll i/ 5
E AP YuanE S L, R Rl O BEITIRR AL
FRC2C12/VAE 5 , BE FAIR | s M Hu 35 inCc2C 1240
B 2 A BRI HC2C 12 U4 AR i
hin, Ak, ERK Akt .mTOR . S6 FIFoxO3ali iz 1k,
K2 T B IAEE &R (mTORFEHUH ) Al A
MOERRIEH RS S E ARG K. R A
P, BEIATR A S FEERK 5 Akt 45 4, (H AR 5
ERK 5S6M 44 . e HU0126 (ERKAEHLHA) ),
BEFMRE T 1 C2C12 WUAE A 8 1A il sz 21
POl X Legh R BRI AE S I E B B LAY 2
HA B, I HERK S AKtE M FE A AR .

XS5 WA5 2] T ARSI IESE . XFC57BL/
6J/NFRUEAT I I T ST 3R R 5, FEHERA WL ERK
Akt FoxO3afIS6H iR b KT+, B A iR %
B, 3XEERIE T BEHRRAS P LA AkUmTOR/S6
YIRS IR FoxO3a , 38 ] LU B/ U8R L H
FEEFHA P (EE S, WangZ5E B3 RS
WK EHIE TiX—4518 . AT CSTBL/6J/N SR
A BREAR —AhER iRRHE | & B/ INERUHERA L )
Akt .mTOR ,FoxO3a# A M H@E R L AT 5, 28
BEFARRIMG T Akt/mTORZRIE 2 i H- ] FoxO3a.
SR, ZEARIRI ST, SUCNR 142 5 /N R JHE
WL i Akt . mTOR \FoxO3a%k 19 F1 K Hom a1k 7k S
PIREAR , e W BEFAIIR % AK/mTOR/Fox O3 ai 4 114 il
AEFTESUCNR TR/ INER RS o X — &5 R Bk
IEWISUCNRIBEBS A SR NI E A AR

etz 8 B SRR AR T, IR
IR A S BRI P B B HE A 3 R 1 BR AR 26
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VDAC MCT QAT B AMIE, 76 R s m e BE WUAATR, DT LPA A 45 e 2R A ek
HIAMAEREES) ) HEAMIEHIR 5 £ IASUCNRIFIE. SUCNRI, M2 AL 32 BH, IGF- 143 M08/, 32 30 H i
WEANMZE & fih % Gq-PLC-PKC 15 595 e gt Emg  AEGER LT SR AR gs /N s WK 1A 5 W %
L M2PT R R I AL, LIHIL-10 Arg-156185E dRA, Kk, BEHIRZE SUCNR 155 L W4 A 1]
FEA FRIR s IF S s X IL-4 0 UM T2 0 B8 3 MRPUAR RAFL 0, J5 4 1 11 IGF-1-PI3K-Akt-mTOR
iR —>SUCNR1—-M2"IE MR M E% . SULle, @G SCs, IS LRIE 5 K s Z 5 faT 211y
BEHARR T B AL Th U/ Th1 7206 MR VETANE 2B S SBOILA A BE D

(Treg) , MR AE S 5 1T M2 [ 0k 41 R 2t 52 43 b SCsHE A B # LAY T 40, X 24 43 WL P v 98
[ 5% Z A K A 11 (insulin-like growth factor 1, Pz segE el 7L pIAR ek f i B , SCsk
IGF-1) S [ 3l —id BE R AE . Bt , B ALAIM2IE 3% A 8 sl Ak R LSS 22 40, i ik
W AR ATGE- 1-PI3K-Akt-mTOR ELHEIH AR WUAFZERAE R 7480 XFC5TBL/6IHENE/ N RIEFT
TR0 (satellite cells,SCs) , fedEHI5E 40tk & =5 B [A] 8K I 25 (high-intensity interval training,

[SUCNRT /succinate}
al . b) c \

intra"ﬁefitoneal SUCNRi KO C2C12  intraperitoneal injection

J
injection dietary supplement SUCNR1 KO

NADH / NAD ratio |
mitochondrial SUCNR1/PLC-B/Ca?* ERK/Akt/mTOR, Ca%

complexland Il T

pro.sis

ATP

muscl.u\trophy

E1 3EIRE/SUCNRIZE S BEALF A ThEE R AEAHLEI
(a) TENE I ST BEFARR /N BUFISUCNR I (KO) /N, NADH/NAD B AR , dobi (45 A W TRITIE P, S 3085168
B RAR . PP E AR T ATPRY = Az, N8 1T/ N BRI IR 1 (b) ZEBRIABRME 5% A9/ RAISUCNR T KO/
B, BE IR S 1 1 B JULET 41 25 T A HR L o) 42 JULAE 75 S5 4t SUCNR 1/PLC-B/Ca” 5 S B A S 1. () LEC2C 124 K
i R S B FAR (/N B, B3I 8 5 SUCNR 130 ERK/AKt/mTORGHE B2 B 8% LR 114 1 5 0K, I AT g 10 42 740
JiL P9 Ca™ ¥ B TS ERKGE [, 0 — 2B 650 3 11 B A Al o

muscle étrength

Figure 1 Succinate/SUCNRI and skeletal muscle

(a) In mice injected with succinic acid intraperitoneally and SUCNR! knockout (KO) mice, the NADH/NAD ratio decreased,
and the activity of mitochondrial complexes I and II increased, resulting in skeletal muscle energy metabolism reprogramming.
This reprogramming accelerates the production of ATP, thereby enhancing the muscle tone of mouse skeletal muscle. (b) In
succinate-fed mice and SUCNRI KO mice, succinate-induced skeletal muscle fiber type transition from fast muscle to slow
muscle was mediated by the SUCNRI1/PLC-B/Ca”" signaling pathway. (c) In C2C12 myotubes and succinate-injected mice, succinate
promotes skeletal muscle protein synthesis and hypertrophy by activating the ERK/Akt/mTOR pathway through SUCNRI, and may further
enhance protein synthesis by activating the ERK pathway by increasing intracellular Ca** concentration.
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H5R SCsHY LA BURE J) 25 MOGE LR Z 45 , X —
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3.1 IEIARE/SUCNRISHIE MO ANLAE X
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O E BRI FE R IR A D RE . AR FRPEO ML
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NS, SR, 4955 s B R S By O LR R
(AR R s s w i T ) rTRES iSO ) 32,
IR IPERE B AU 400 A Bl a1 g R R R e
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FE R 78 57 g (AR 3l ik v ) B, A0 3 22
FLZHAR HHTAOEIRRAR AR, X4
S E AN AR AR, T BRI Y BE R N AR
it — S E A O ENUP R SRR R
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oy 14385 IO 8 7, 2 TN 95 i 7™ A 8 AR T 1) S e
FEFRS2 3,

YangZE 53k B, 6B 578 TR B R BRVH
BEHIMR FISUCNR L CERVEFH o A A 138 20 il 2 ok o
FL(PAB)HEAIBEHIRVH, & Bl PABK A0 2l
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FHISUCNRIFRES 54O EDIREM I . fEPAB
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O WLEF 38 L A0 A AR T AL D = e AR B
3, RV/(LV+S) .RVWTHIRVSPREAL , iiF B 58 3 1R
A BB L0 PIBKY/ A5 5 | Co LA L g B
AR5 e 39 A B LR M 7 % 3 R T 0
L FEFIERIK (ANP, —FHRVHAH SEHE K ) F kK i
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UEAh, BEFATR TS 0o LA 2 T FELE i , ANP &
KT, T HsiRNATEBRSUCNRI G , ANPAHI
BNPEIAIH /D, XS4 3 BB AR 0 1o BhG O UL
YA A SUCNR I MO LB R, i BRAESUCNR 1
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3.2 IEIAER/SUCNRIS O ALERE/ER 3515
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2 BRFFR N S0 ) S SR AH AR A, 3 3 e AL B AR
F8) 48 A R 8 4 200 L 1 B BETRR /K -, T[] 3532 Wi
SUCNRIUJ 3 BYMF il o 7052 2 Rl B i 48U
KU LAH AL T HIF- 105 SDHA B9 2R ik 148 & 5 1
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(B A R 2 AU HITE- 1o 2 308 D0 v 386



13

17548, 45 : SUCNRIZE WL A AE 305 2 A9 4 FH AL 91

X B2 AR R T 0 AL i HTF - 1o 3% 30 i A 35
Z I BB R T AR RO LA B g
Freb s B4 SR @, SUCNRI 2K K IR R A=
AL (B A H B B4R, SUCNRIAY Rk 2
538 0 I 1L R B WA, B S 2R R, S LR
B, HIF- 1o 2 IA 38, 2% BAAE ™ S il S, O LT
RE s ZEOE Bz iIE N R S RS, L FEHIF-1a
FISUCNRI, LLZER O L4 oh e 7). X TRkl
FNIER TR (AR, T A o HIP- 1o kST B
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M ¥ FEL AN Ry BR 00, 38 T BB M 24 B Al
g3 T | R ML B4 98 5 s, A2 e 400 i i 4
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FIVER o A B O WA B AE S i 45 7F T B D Re AR
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o v U HIF-1a T ‘ ERK1/2, MFF l
(PAB) hbdel cardiac muscle cell S
p-Akt/Akt 1 & _f‘;).‘atqiff@}
PI3K/AKE T >
ANP 1 ')H\DI\I\ itochondrial dysfi i
MEK/ERK A mitochondrial dysfunction

l

l

AN

myocardial hypoxia ischemia injury

AY

pathologic cardiac hypertrophy myocardial ischemia

B2 BEIABR/SUCNRIZE DAL R A ThRE R AE AL
(a) 7EPAB K BUB R AL LAR A o WL B p- Akt/ Akt K 19N, PI3K/AKE S840 , O B FIAN K (ANP) 6345 B 2% F 34, I H38 0
1% P BE 8 1 MEK/ERK {553 65 SR B OUIE K . (b)BEHARR/SUCNRI A] fE 5. LB FIIRTA 56, 7O HIF- 1o 2 | 75
£ (ROS) FHBE ALY I LA S Ca® AT, #/04 FTRESY IR, (¢)SUCNRI1Z: 5ERKI1/2HIMFFREE , ERK1/2LSUCNRI
ety =i S MFFBERR AL , T MFFZE SR i 8 (6 3 3R I TR (R bR 24745 | DT S 804 AR T BERE RS L O LA AL IE 1=
Figure 2 Succinate/SUCNRI1 and the myocardium

(a) Increased p-Akt/Akt expression, activation of PI3K/Akt signaling, and significant up-regulation of atrial natriuretic peptide (ANP)
expression were observed in PAB rat models and cardiomyocytes, and succinate may induce pathological cardiac hypertrophy through
the MEK/ERK signaling pathway. (b) succinate/SUCNRI may be related to myocardial hypoxia and IRI. The accumulation of HIF-
la, the formation of reactive oxygen species (ROS) and superoxide, and Ca®* overload in the myocardium may affect IRL. (c)SUCNRI is
involved in the activation of ERK1/2 and MFF. ERK1/2 induces MFF phosphorylation in a SUCNR 1-dependent manner, which enhances the
localization of MFF in mitochondria and promotes mitochondrial fission, leading to mitochondrial dysfunction and cardiomyocyte apoptosis.
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