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A B S T R A C T

Atrial fibrillation (AF), a major public health concern, is associated with high rates of death and disability. 
Mitochondrial dysfunction has emerged as a key contributor to the pathophysiology of AF. Succinate, an essential 
Krebs cycle metabolite, is often elevated in the circulation of patients at risk for AF. However, its exact role in AF 
pathogenesis is still not well understood. To explore the association linking succinate overload and AF, we first 
established AF-susceptible mouse models of obesity and diabetes, confirming that circulating succinate levels 
were significantly elevated in these AF-prone mice. Next, we assessed AF vulnerability and atrial remodeling in 
succinate-treated mice (2 %/5 % for 7 weeks) or isolated primary atrial cells (0.5 mM for 24 h). Our results 
demonstrated that succinate overload increased AF susceptibility in mice and triggered adverse atrial remod
eling, characterized by left atrial dilation, connexins lateralization, ion channel disturbances, and fibrosis. 
Moreover, succinate compromised atrial mitochondrial structure, leading to increased oxidative stress. Mecha
nistically, succinate overload upregulated the expression of its cognate receptor SUCNR1 (succinate receptor 1) 
and decreased AMPK (AMP-activated protein kinase) phosphorylation both in vitro and in vivo. AICAR (AMPK 
activator) maintained mitochondrial health to mitigate remodeling in succinate-exposed cells and prevented 
succinate-induced AF in obese and diabetic mice. In conclusion, succinate overload enhances AF vulnerability 
and atrial remodeling by impairing AMPK signaling and mitochondrial function. Succinate, therefore, represents 
an underappreciated contributor to AF pathogenesis and a potential biomarker.

1. Introduction

Atrial fibrillation (AF) ranks as the commonest tachy-arrhythmia [1], 
and represents a major health concern due to its rising incidence and 
associated increase in both mortality and morbidity [2]. Despite ongoing 
advancements, diagnostic, preventive, and therapeutic options for AF 
remain limited. To develop more effective pharmacological and mo
lecular therapies, it is crucial to identify the precise mechanisms un
derlying AF.

Metabolic disorders are critical triggers for AF [3,4]. Common 
metabolic disorders, such as obesity, diabetes, hypertension, and thyroid 
dysfunction, are major risk factors for AF [3]. Specifically, these meta
bolic abnormalities can disrupt atrial energy balance and substrate 

metabolism, triggering electrical instability and structural remodeling 
characterized by myocyte hypertrophy, fibroblast proliferation, and 
extracellular matrix alterations. Additionally, metabolic dysfunction 
promotes inflammation and oxidative stress, further exacerbating AF 
[5].

Mitochondria are pivotal to cardiac metabolism, serving as the 
heart’s main energy producers. Approximately 95 % of the heart’s en
ergy is generated within mitochondria through the integration of the 
Krebs cycle, the electron transport chain (ETC), and oxidative phos
phorylation (OXPHOS). As an energy-demanding organ, the heart relies 
on tightly regulated bioenergetics to align with nutrient availability and 
metabolic demands, ensuring atrial metabolic flexibility [6]. Mito
chondrial dysfunction in the atria is widely recognized as a key 
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mechanism linking metabolic derangements to AF pathogenesis, 
regardless of its underlying etiology [7]. This has led to increasing in
terest in targeting pivotal regulators of mitochondrial function and ho
meostasis as potential anti-AF therapeutic strategies, with 
AMP-activated protein kinase (AMPK) emerging as a particularly 
promising candidate [8,9]. Despite this progress, the precise mito
chondrial mechanisms driving AF and the development of effective 
anti-AF therapies targeting mitochondrial dysfunction remain largely 
unexplored.

Succinate, an essential metabolite in the TCA cycle, is integral to 
mitochondrial bioenergetics and redox homeostasis [10] and has been 
highlighted as a potential AF risk factor. Physiologically, succinate oc
cupies a central metabolic position, directly linking the mitochondrial 

TCA cycle to the ETC by donating electrons via flavin adenine dinucle
otide (FAD) in mitochondrial complex II [11]. However, pathological 
succinate accumulation can disrupt mitochondrial function, leading to 
tissue damage and dysfunction through mechanisms such as reactive 
oxygen species (ROS) overproduction [12], abnormal epigenetic 
reprogramming [13], and post-translational modification [14]. Succi
nate can accumulate under various pathological conditions, including 
ischemia or hypoxia [15], and fibrillated hearts [16], and can also be 
released by dysbiosised gut flora [17], which is commonly observed in 
AF populations. Indeed, plasmatic succinate levels were elevated in 
patients with a history of AF risks encompassing obesity [18], hyper
tension, type 2 diabetes (T2DM) [19], cardiac ischemia [12], and other 
cardiovascular diseases [20]. Clinical evidence further reveals a direct 

Fig. 1. Succinate overload increased AF susceptibility in mice. (A) Schematic representation of the animal experimental design. (B) Circulating and (C) atrial 
succinate concentrations in mice treated with 0 %, 2 % and 5 % (w/v) succinate in drinking water for 7 weeks. (D) Body weight (BW) and (E) heart weight-to-body 
weight ratio (HW/BW). (F) Representative trace of burst pacing-induced atrial fibrillation (AF) and the corresponding analysis of (G) AF incidence, (H) AF frequency, 
and (I) AF duration. SR, sinus rhythm; T2DM, type 2 diabetes. Data are shown as mean ± SEM. (A-B, D–I) n = 15; (C) n = 4. *p < 0.05, **p < 0.01, $p < 0.001, #p <
0.0001; (D) #p < 0.0001 0 % vs. 2 %, dp < 0.0001 0 % vs. 5 %, Ap < 0.05 2 % vs. 5 %, Bp < 0.01 2 % vs. 5 %, Dp < 0.0001 2 % vs. 5 %. (One-way ANOVA with 
Bonferroni post-hoc test).
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link between circulating succinate overloading and increased AF risk, 
stroke recurrence, and left atrial enlargement [21,22]. Experimental 
studies provide additional support for this association. Persistent AF 
induced by rapid pacing has been shown to elevate atrial succinate levels 
[16]. Moreover, succinate overload has been implicated in altering sinus 
node recovery time (SNRT) [16], promoting atrial fibrosis [23], and 
exacerbating inflammation and mitochondrial oxidative stress [24]. 
Together, these findings highlight succinate as a causative factor for AF 
with viable therapeutic potential.

Therefore, we propose that succinate is an underappreciated mito
chondrial contributor to AF pathogenesis. However, the role of succinate 
in driving AF remains under-investigated. This study seeks to explore 
whether circulating succinate overload contributes to AF development 
and to elucidate the mechanistic link between succinate accumulation 
and AF pathogenesis, with a primary focus on mitochondrial 
dysfunction.

2. Materials and methods

2.1. Animal experiments

One hundred and five male C57BL/6J mice (5.5 ± 0.5 weeks, Xi’an 
Jiaotong University/XJTU, standard conditions) were used. Two AF- 
susceptible mice models were established to assess changes in circu
lating succinate concentrations under AF risk conditions. Diet-induced 
obesity (DIO) was induced by feeding mice a high-fat diet (#D12492; 
Research Diets, NJ, US) for 13 weeks, with obesity defined as a body 
weight (BW) 20 % heavier than the average of control mice. T2DM was 
established by a 4-week high-fat diet followed by streptozotocin injec
tion (100 mg/kg; Sigma-Aldrich, St. Louis, US), and mice with fasting 
blood glucose >7.8 mmol/L were subsequently used for further exper
iments. Previous studies have reported elevated circulating succinate 
levels in mice with AF risk factors, including obesity, diabetes, hyper
tension, and nonalcoholic fatty liver disease, with doses of 2–5% (w/v) 
sodium succinate used in these studies [25,26]. In line with these find
ings, we exposed mice to a diet supplemented with 2 % and 5 % (w/v) 
sodium succinate in the present study. We further confirmed that the 
circulating succinate concentrations in obese or diabetic mice were 
comparable to those in mice receiving the succinate supplementation 
(Fig. 1B, Fig. S1D). Therefore, mice were administered water containing 
0 %, 2 %, or 5 % (w/v) sodium succinate (V900102; Sigma-Aldrich) for 7 
consecutive weeks. In addition, to activate AMPK in vivo, mice received a 
200 mg/kg/day intraperitoneal injection of 5-aminoimidazole-4-car
boxamide ribonucleotide (AICAR; TargetMol, Boston, US) for 2 weeks. 
All mice underwent electrophysiological and echocardiographic evalu
ation, followed by tissue sampling after sacrifice.

2.2. Cell experiments

Newborn Sprague-Dawley rat atria were dissected and digested using 
Type II collagenase (0.1 %; Solarbio, Beijing, China) to isolate primary 
atrial cells. The dispersed cells were seeded into culture plates and 
separated by a 2-h differential attachment. Neonatal rat cardiac fibro
blasts (NRCFs) were identified using anti-vimentin immunofluorescence 
(>90 % purity), and neonatal rat cardiomyocytes (NRCMs) were iden
tified under a light microscope.

Isolated cells were cultured in DMEM supplemented with FBS (10 %; 
Invitrogen, Carlsbad, US) in a humidified incubator with 5 % CO2 at 
37 ◦C. NRCFs from the 2nd-4th passage and confluent NRCMs were used 
for the experiments. Cells were transfected with siRNA (Table S1; San
gon, Shanghai, China) using the lipofectamine 3000 (Invitrogen) for 48 
h to genetically suppress succinate receptor 1 (SUNCR1), or incubated 
with AICAR (0.5 mM) for 24 h to activate AMPK. To determine the 
appropriate concentration of succinate in cellular experiments, we 
treated NRCFs with the increasing concentration of sodium succinate (0, 
50, 500, 1000, 2000, and 5000 μM) [25], and found that 0.5 mM sodium 

succinate significantly enhanced NRCFs’ proliferation and increased 
their protein levels of fibrosis markers (Fig. S2). Cells were then exposed 
to succinate (0.5 mM, 24 h) before harvesting.

2.3. Electrophysiological study

Electrodes catheters were inserted into the esophagus at the atrial 
level, and trans-esophageal atrial pacing was performed using a 
VCS3001 stimulator (MappingLab, Oxford, UK). Surface electrocardio
grams were recorded using an RM6240E system (Chengdu Instrument 
Factory, Chengdu, China), and baseline electrophysiological parameters 
were averaged over 10 cardiac cycles. Burst pacing (5 s, 1.5 × threshold 
current, pulse width 1 ms) was applied at frequencies of 30, 35, and 40 
Hz (10 times each) to assess AF inducibility, with AF defined as an 
irregular, rapid atrial rhythm lasting > 1s. Atrial effective refractory 
period (ERP) was measured using an S1S2 pacing protocol. Maximum 
sinoatrial node recovery time (SNRTmax) was measured using a 10-s 
pacing protocol (basic cycle length: 140 ms). The corrected SNRTmax 
(CSNRTmax) was calculated as [SNRTmax - R–R interval].

2.4. Echocardiographic evaluation

A Vevo 2100 scanner (VisualSonics, Toronto, Canada) was utilized to 
perform the echocardiographic examination on isoflurane-anesthetized 
mice. Left atrial (LA) filling volume was estimated using the formula: 
π/6⋅[anteroposterior dimension (AP) ⋅ superoinferior dimension (SI) ⋅ 
mediolateral dimension (ML)], as described previously [27]. Results 
were averaged over 3 cardiac cycles.

2.5. Histology study

Paraffin-embedded atrial slides (5 μm) were stained with Masson’s 
trichrome, hematoxylin (H) & eosin (E), WGA (Wheat Germ Agglutinin), 
or immunohistochemistry. Stained sections were imaged using a digital 
slice scanner (WINMEDIC, Jinan, China). Six random fields from each 
slide were analyzed in a blinded manner using Fiji image analysis soft
ware (NIH, Bethesda, USA).

2.6. Transmission electron microscopy (TEM)

Ultrathin sections (60 nm) stained with uranyl acetate (2 %) - lead 
citrate (2.6 %) were photographed by TEM (H-800, 80 kV; Hitachi, 
Tokyo, Japan). Mitochondrial morphology was analyzed by stereology 
using the point-counting method in Fiji software. A total of 60 mito
chondria from five randomly selected cells were evaluated.

2.7. Mitochondrial DNA (mtDNA) and mitochondrial protein 
(mtProtein) quantification

Atrial mitochondria were isolated (Beyotime, Shanghai, China). The 
mtProtein levels were measured using a bicinchoninic acid (BCA) pro
tein assay (Pierce, Rockford, US) and normalized to the total protein 
content. Relative mtDNA content was quantified using real-time quan
titative polymerase chain reactions (RT-qPCR). The ratio of mtDNA 
(target gene: Nd1) to nuclear DNA (target gene: HK2) was used to 
determine relative mtDNA content.

2.8. Mitochondrial respiratory enzymatic activities assay and succinate 
evaluation

Mitochondrial ATP content was quantified using a commercial ATP 
assay kit (BC0305; Solarbio). Mitochondrial respiratory chain com
plexes, including I, II, and III, and succinate concentrations were 
determined using specific commercial assay kits (CSB-EQ027280MO, 
CUSABIO; BC3235 and BC3245, Solarbio; #K-SUCC, MEGAZYME, 
Wicklow, Ireland).
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2.9. Oxidative stress assay

The mitochondrial superoxide indicator MitoSOX was used to 
quantify the mitochondrial superoxide in freshly frozen atrial sections 
(5 mM, 20 min; Molecular Probes, Eugene, OR, US). Dihydroethidium 
(DHE) was applied to label intracellular superoxide in atrial tissue (5 

μM; 30 min; Molecular Probes) or cells (1 mМ, 30 min). Sections were 
immediately photographed by a fluorescence microscope (Nikon, Mel
ville, NY, US). The oxidative stress, indicated by the red fluorescence 
signal, was quantified using Fiji software. Malondialdehyde and super
oxide dismutase (SOD) activity were evaluated following the manufac
turer’s protocols (Beyotime).

Fig. 2. Succinate overload induced electrical remodeling in mice. (A) Representative P-wave traces, (B) P-wave duration, and (C) P-wave area in mice treated with 0 
%, 2 %, or 5 % (w/v) succinate. (D) Representative traces and (E) corresponding analysis of the effective refractory period (ERP). (F) Representative traces and (G) 
corresponding analysis of the maximum corrected sinus node recovery time (CSNRTmax). (H) Immunohistochemical staining and (I) Western blot analysis of atrial 
Cx43 and Cx40 expression. Triangles indicate lateralization of connexins. Cx, connexin-. Data are shown as mean ± SEM. (A–G) n = 15; (H–I) n = 4–5. *p < 0.05, **p 
< 0.01, $p < 0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test). (H) Scale bar = 50 μm.
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Fig. 3. Succinate overload altered atrial structure in mice. (A) M-mode echocardiographic images of left atria (LA) and left ventricle (LV) and corresponding analysis of 
(B) left atrial diameter, (C) left atrial volume, and (D) corrected ventricle mass in mice treated with 0 %, 2 %, or 5 % (w/v) succinate. (E) Representative hematoxylin- 
eosin (H&E) staining images of atrial tissue among groups. (F) Representative Masson’ trichrome staining images and (G) quantification of atrial fibrosis among 
groups. (H) Representative Western blot images and quantification of fibrosis markers, including matrix metallopeptidase 9 (MMP9) and collagen III (COLIII) in atrial 
tissue. AP, anteroposterior dimension; MI, mediolateral dimension; SI, superoinferior dimension. Data are shown as mean ± SEM. (B–D) n = 15; (E–H) n = 4–5. *p <
0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test). (E–F) Scale bar = 50 μm.
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2.10. Mitochondrial membrane potential (Δψm) assay

Cells were treated with JC-1 dye (2 μM; Invitrogen, 37 ◦C, 30 min) to 
assess Δψm. Fluorescence images were immediately acquired (Nikon). 
In each independent experiment, 20 cells were analyzed using Fiji 
software. A reduction in the red/green fluorescence ratio indicated a loss 
or collapse of Δψm.

2.11. Cell viability assay

Cells were plated (1 × 104 cells/each 96-well) and exposed to the 
indicated drugs for 24 h. Following treatment, cell viability was then 
assessed by the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) method. 
After incubation with CCK-8 (10 % v/v, 37 ◦C, 1.5–2 h), cell absorbance 
at 450 nm was determined using a microplate reader. Each experiment 
was performed in 6 replicates.

Fig. 4. Succinate overload impaired mitochondrial function in the atria of mice. (A) Representative longitudinal transmission electron microscope (TEM) images 
showing mitochondrial morphology in the atria and quantification of (B) mitochondrial number and (C) mitochondrial volume density. Triangles indicate the 
mitochondrial swelling. (D) Quantification of atrial mitochondrial protein (mtProtein) and (E) mitochondrial DNA (mtDNA) content. (F) Measurement of atrial ATP 
content and the enzymatic activity of mitochondrial complexes: (G) complex I, (H) complex II, and (I) complex III. (J) Representative images and quantification of 
atrial oxidation products labeled by (K) MitoSOX and (L) dihydroethidium (DHE). (M) Quantification of atrial malondialdehyde (MDA) levels. (N) Representative 
Western blot images and quantification of superoxide dismutase 2 (SOD2) protein expression in the atria. (O) Measurement of atrial SOD activity. Data are shown as 
mean ± SEM. n = 4. *p < 0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test). (A, J) Scale bar = 20 μm.
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2.12. Cell migration analysis

To measure cell migration, a scratch was made in serum-starved 
NRCFs (90–100 % confluence) by sterile 10 μL pipette tips. The cells 
were subsequently washed twice to clean cellular debris and stimulated 
with the indicated drugs. Photomicrographs were captured (Leica) at 0, 
6, and 24 h post-scratch. The percentage of wound closure area was 
analyzed from 5 independent experiments using Fiji software to assess 
cell migration.

2.13. RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen). cDNA was sub
sequently synthesized from the extracted RNA using a reverse tran
scription kit (Accurate Biology, Changsha, China). Gene expression was 
quantified by RT-qPCR using SYBR Green (Accurate Biology) on a 
CFX96 Real-Time PCR Detection System (Bio-Rad, CA, US). Primer se
quences are listed in Table S2. Relative gene expression levels were 
normalized to β-actin using the 2− ΔΔCt method.

2.14. Western blot (WB)

Extracted protein was separated by SDS-PAGE (10–12 %), trans
ferred to PVDF membranes, and blocked with 5 % non-fat milk. The 
membranes were incubated with primary antibodies (Table S2) at 4 ◦C 
overnight, followed by incubation with secondary antibodies at room 
temperature for 2 h. Immunoreactive bands were detected by chem
iluminescence (Tanon, Shanghai, China) and quantified using Quantity 
One software (Bio-Rad).

2.15. Statistics

Statistical analyses were conducted using SPSS (IBM, NY, US). Data 
are presented as mean ± SEM. One-/two-way analysis of variance 
(ANOVA) was employed to compare means between groups, followed by 
Bonferroni post-hoc tests to identify specific differences. p < 0.05 was 
considered significant.

Fig. 5. Succinate overload induced a shift in the transcriptional profile of mitochondrial health-related genes in the atria of mice. RT-qPCR assays of mitochondrial 
health-related genes involved in (A) mitochondrial biogenesis, (B) mitochondrial fusion/fission, (C) mitochondrial membrane potential, (D) fatty acid transport, (E) 
fatty acid β-oxidation, (F) the tricarboxylic acid (TCA) cycle, and (G) oxidative phosphorylation. Data are shown as mean ± SEM. n = 5. *p < 0.05, **p < 0.01, $p <
0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test).
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Fig. 6. The SUCNR1/AMPK axis mediated succinate-induced AF. (A) Immunohistochemical analysis of atrial succinate receptor 1 (SUCNR1) expression and (B–C) 
Western blot analysis of atrial AMPK/PGC1α signaling in control (CON), diet-induced obesity (DIO), type 2 diabetes (T2DM) mice. (D) Immunohistochemical analysis 
of atrial SUCNR1 expression and (E–F) Western blot analysis of atrial AMPK/PGC1α signaling in mice treated with 0 %, 2 %, or 5 % (w/v) succinate. Red: SUCNR1; 
Blue: DAPI. (G) Schematic representation of the cell experimental design. (H) Representative Western blot images and (I) quantification of SUCNR1 and AMPK 
signaling in isolated neonatal rat cardiac fibroblasts (NRCFs). (G) Schematic representation of the cell experimental design. (J) Representative Western blot images 
and (K) quantification of SUCNR1 and AMPK signaling in isolated neonatal rat cardiomyocytes (NRCMs). NC, negative control; PGC1α, peroxisome proliferator- 
activated receptor-γ coactivator; p-/t-AMPK, phosphorylated/total adenosine monophosphate-activated protein kinase; SU, succinate. Data are shown as mean ±
SEM. n = 4–5. *p < 0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test). (A–B) Scale bar = 100 μm.
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3. Results

3.1. Elevated circulating succinate levels in AF-susceptible mice

To identify the causal relationship between succinic acid and AF 
development, we initially compared the circulating succinate concen
tration in healthy control mice and mice with well-established AF risk 
factors, including T2DM and obesity. The circulating succinate levels 
increased in both DIO and T2DM mice, which are prone to developing 
AF (Fig. S1).

To clarify whether succinate overload mediates AF pathogenesis, we 
supplemented mice with 0 %, 2 %, or 5 % w/v sodium succinate for 7 
weeks (Fig. 1A). Water consumption data indicated no aversion to 
succinate-containing water (Table S3). Mice exposed to 2 %/5 % (w/v) 
sodium succinate exhibited serum succinate overload comparable to 
that observed in DIO and T2DM mice, accompanied by atrial succinate 
accumulation (Fig. 1B and C). In addition, BW decreased during the first 
4 weeks of succinate supplementation but showed no significant dif
ference by the end of the experiment (Fig. 1D). Heart weight (HW) and 
the HW/BW ratio were unaffected by succinate treatment (Fig. 1E).

Importantly, succinate overload significantly predisposed mice to AF 
(Fig. 1F–I). Mice treated with sodium succinate displayed markedly 
increased AF inducibility (Fig. 1G), AF frequency (Fig. 1H), and AF 
duration (Fig. 1I), with these effects intensifying in a dose-dependent 
manner.

3.2. Succinate-induced atrial remodeling in mice

To further investigate how succinate enhances AF inducibility, we 
evaluated the atrial remodeling in mice, focusing on both electrical and 
structural changes. Succinate induced a series of electrophysiological 
changes associated with AF, including prolonged P-wave duration 
(Fig. 2A and B), increased P-wave area (Fig. 2C), and shortened ERP 
(Fig. 2D and E). Notably, 2 % (w/v) succinate significantly prolonged 
CSNRTmax compared to the control, whereas the higher dose increased 
the dispersion of CSNRTmax without reaching statistical significance 
(Fig. 2F and G). Additionally, histological staining demonstrated 
succinate-induced lateralization of connexin-40 (Cx40) and connexin-43 
(Cx43), without affecting their overall atrial protein levels (Fig. 2H and 
I).

To assess the impact of succinate on atrial structure and function, we 
performed echocardiography, histological staining, and WB. Echocar
diographic analysis showed that succinate increased LA diameter and LA 
filling volume, indicating LA dilation (Fig. 3A–C). Cardiac function 
remained unaltered after succinate overloading (Table S3). Histological 
and molecular analyses revealed a marked increase in atrial collagen 
content and expression of fibrosis markers, such as matrix metal
loproteinase 9 (MMP9) and collagen III (Fig. 3E–H).

Fig. 7. AMPK activation via AICAR mitigated DIO, T2DM, or succinate-induced AF in mice. (A) Serum succinate levels, (B) atrial fibrillation (AF) incidence, (C) AF 
frequency, and (D) AF duration in succinate-induced AF-susceptible mice with or without two weeks of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) 
treatment. (E) Serum succinate levels, (F) AF incidence, (G) AF frequency, and (H) AF duration in diet-induced obesity (DIO) and type 2 diabetes (T2DM) mice with 
or without two weeks of AICAR treatment. Data are shown as mean ± SEM. n = 10–15. *p < 0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (Two-way ANOVA with 
Bonferroni post-hoc test).
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3.3. Succinate impaired atrial mitochondrial function in mice

As succinic acid is an essential TCA cycle intermediate, we hypoth
esized that excessive succinate could disrupt mitochondrial function and 
contribute to AF. To test this hypothesis, we examined mitochondrial 
morphology and function in the atria of succinate-treated mice. TEM 

revealed that succinate reduced mitochondrial cristae surface density 
and mitochondrial volume density in the atria (Fig. 4A–C). Additionally, 
succinate significantly decreased mtDNA content and mitochondrial 
protein levels (Fig. 4D and E). Furthermore, succinate reduced ATP 
production, likely due to impaired activity of mitochondrial complexes 
I-III (Fig. 4F–I).

Fig. 8. AMPK activation via AICAR alleviated succinate-induced electrical remodeling in NRCMs. (A) Schematic representation of the cell experimental design. (B) 
Representative Western blot images and (C) quantification of AMPK and PGC1α signaling in isolated NRCMs treated with succinate and/or AICAR. RT-qPCR analysis 
of (D) sodium channel gene (Nav1.5), (E–G) potassium channel genes (Kv4.3, Kv1.5, Kv7.1, hERG, Kir3.1, Kir3.4, Kir2.1, Kir6.2), (H–J) calcium channel genes (Cav1.2, 
Cav1.3, SERCA2a, RYR2), and gap junction genes (Cx43, Cx40) in NRCMs treated with succinate and/or AICAR. (K) The typical shape of an atrial action potential 
(AP) and its potential morphological changes based on ion channel transcription levels. Cx, connexin-. Data are presented as mean ± SEM. n = 5–6. *p < 0.05, **p <
0.01, $p < 0.001, #p < 0.0001 (One-way ANOVA with Bonferroni post-hoc test).
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Redox imbalance is a key factor in mitochondrial dysfunction and AF 
pathogenesis. Consistent with this, increased levels of both cellular and 
mitochondrial ROS were observed, as determined by DHE and MitoSOX, 
respectively (Fig. 4J–L). Additionally, succinate treatment increased 
malondialdehyde levels and decreased superoxide dismutase 2 (SOD2) 
expression and activity, indicating a weakened antioxidant defense 
system (Fig. 4M–O).

To further investigate the mechanisms underlying succinate- 
associated mitochondrial dysfunction, we determined related gene 
levels. Succinate induced a coordinated down-regulated gene expression 
involved in mitochondrial biogenesis (PGC1α, PGC1β, NRF1, ERRα, 
TFAM), fusion/fission (Opa1), fatty acid transportation (CD36, FABP- 
pm, FABP3, CPT1B), fatty acid β oxidation (PPARα, MCAD, LCAD, 
Hadhb, Acaa2), the TCA cycle (Ogdh, IDH3B, Mdh2, PDK4), and oxida
tive phosphorylation (Ndufs7, Ndufv1, Ndufa9, Sdhc, Uqcrc1, Cyc1, Cycs, 
CYTB, Cox7b, Cox4i, Atp5g2) (Fig. 5A–G). Additionally, succinate 
upregulated the expression of genes regulating Δψm, like UCP1 and 
UCP2 (Fig. 5C).

3.4. SUCNR1/AMPK axis contributed to succinate-induced AF

As noted above, succinate impaired atrial metabolic capacity, 
prompting further investigation into AMPK signaling, a critical regulator 
of cellular metabolism and mitochondrial function. We observed an 
upregulated atrial expression of its receptor (SUCNR1) in AF-susceptible 
DIO, T2DM, and succinate-treated mice, accompanied by notable inhi
bition of AMPK signaling (Fig. 6A–F). Furthermore, PGC1α, a key 
downstream target of AMPK, was also downregulated in these mice 
(Fig. 6B, C, E, F), corroborating previous transcriptional findings 
(Fig. 5A).

To directly investigate the link between succinate/SUCNR1 and 
AMPK, we employed siRNA to genetically suppress SUCNR1 (Fig. 6J). 
siRNA-mediated suppression of SUCNR1 expression attenuated 
succinate-induced AMPK inactivation in both NRCFs (Fig. 6H and I) and 
NRCMs (Fig. 6J and K), suggesting that AMPK inactivation may underlie 
the pro-arrhythmic effects of succinate.

3.5. AMPK activation via AICAR mitigated succinate-induced AF and 
associated pathologies by improving mitochondrial function

To identify the precise role of AMPK activation in succinate-induced 
AF, we activate AMPK using AICAR. Two weeks of intraperitoneal 
AICAR administration (200 mg/kg) significantly reduced circulating 
succinate levels in succinate-supplemented mice (Fig. 7A). AICAR 
treatment also notably attenuated AF incidence, frequency, and dura
tion in these mice (Fig. 7B–D). Similarly, AICAR reduced plasma succi
nate levels in DIO and T2DM mouse models, concurrently lowering their 
susceptibility to AF (Fig. 7E–H). These results suggest that AMPK acti
vation can effectively reverse AF susceptibility in mice subjected to 
succinate overload, whether due to direct supplementation or metabolic 
disorders such as DIO and T2DM.

Given the lack of overt hypertrophy (Fig. S3), we explored whether 
succinate induced underlying microscopic alterations, such as ion 
channel remodeling. NRCMs were treated with succinate (0.5 mM) 
alone or in combination with AICAR (0.5 mM) for 1 day, and WB 
analysis confirmed the activation of AMPK/PGC1α signaling by AICAR 
(Fig. 8B and C). Succinate did not significantly affect the transcription of 
the sodium channel Nav1.5 (Fig. 8D). However, it downregulated the 
transcription of genes encoding potassium currents involved in phase 4 
repolarization (Kv7.1, hERG, Kir3.1), an effect reversed by AICAR 
treatment (Fig. 8E–G). Additionally, succinate decreased the transcrip
tion of genes that removes intracellular calcium (SERCA2a, Cav1.2), 
while upregulating the transcript of RYR2, a calcium-leaking channel 
(Fig. 8H and I). Notably, AICAR reversed these transcriptional abnor
malities in calcium cycling regulators (Fig. 8H and I). Succinate, how
ever, had no significant impact on the transcription of connexins such as 

Cx43 and Cx40 (Fig. 8J). In summary, succinate induced significant 
changes in the transcriptional profile of ion channels, potentially 
impairing cardiomyocyte function, and these adverse effects were 
effectively mitigated by AICAR treatment (Fig. 8K).

To determine whether the pro-fibrotic effects of succinate were 
directly mediated by its action on NRCFs or were secondary to 
dysfunction in NRCMs, and to evaluate whether AICAR could reverse 
these effects, we examined the impact of AICAR (0.5 mM, 24 h) on 
NRCFs treated with succinate (Fig. 8A). WB analysis confirmed that 
AICAR restored succinate-inhibited AMPK signaling and upregulated the 
expression of its downstream target, PGC1α (Fig. 8B and C). AICAR 
significantly suppressed the migration rate of NRCFs (Fig. 8D and E), 
reduced cell viability (Fig. 8F), and downregulated fibrosis markers’ 
expression (MMP9, collagen I, collagen III) (Fig. 8G and H). These 
findings indicate that AMPK activation mitigates succinate-induced 
atrial fibrosis, providing a potential mechanism for the reduced AF 
susceptibility observed in vivo.

Finally, we examined whether AICAR protection against succinate- 
induced AF is mediated by its actions on mitochondrial function. 
AICAR treatment preserved mitochondrial structure (Fig. 10A–C), alle
viated oxidative stress (Fig. 10D and E), and recovered mitochondrial 
membrane potential (Δψm) in NRCFs treated with succinate (Fig. 10F 
and G). Similar results were observed in NRCMs (Fig. 10H–N). These 
findings provide compelling evidence that AMPK activation via AICAR 
combats succinate-induced AF by preserving mitochondrial health and 
function.

4. Discussion

Our findings provide the first direct evidence of a dose-dependent 
relationship between succinate levels and AF risk. Further exploration 
revealed that succinate overload induces significant atrial remodeling, 
encompassing both electrical remodeling (ion channel and gap junction 
remodeling) and structural remodeling (left atrial dilation and fibrosis). 
Mechanistically, these effects were attributed to succinate-induced atrial 
mitochondrial dysfunction mediated by impaired SUCNR1/AMPK 
signaling. This study not only highlights a mitochondrial mechanism 
underlying AF pathogenesis but also suggests succinic acid as a potential 
novel AF marker and treatment objective, particularly under metabolic 
conditions such as obesity and diabetes.

Our findings emphasize succinate overload as a novel mitochondrial 
mechanism driving AF. Mitochondria are multifunctional: Beyond en
ergy production, they play essential roles in regulating metabolic bal
ance, apoptosis, cell proliferation, differentiation, redox state, and 
intracellular Ca2+ handling. By modulating signaling pathways, 
releasing mtDNA, interacting with organelles, and supplying metabo
lites, mitochondria are vital for maintaining normal cardiac function 
and structure. Clinical data has reported alterations in mitochondrial 
transcription profiles, protein expression, and metabolites in the atria of 
patients with AF [3]. Experimental studies further highlighted three key 
mitochondrial mechanisms underlying AF pathogenesis: energy defi
ciency [3,28], redox imbalance [29], and Ca2+ overload [30]. Succinate 
accumulation, a well-recognized marker of mitochondrial disturbance, 
has been shown to exacerbate these processes. Specifically, succinate 
induces pseudohypoxia under normoxic conditions by inhibiting 
prolyl-hydroxylases (PHDs)-induced hypoxia-inducible factor (HIF)-1α 
hydroxylation [31] and shifts metabolism from fat oxidation to glycol
ysis [15], impairing ketone body and lipid utilization. Additionally, 
succinate suppresses mitochondrial respiration through epigenetic [13] 
and post-translational modifications [14], and generates excessive ROS 
at mitochondrial complex I via reverse electron transport [32] and 
succinate dehydrogenase (SDH) oxidation [25]. Beyond regulating 
mitochondrial energetics, succinate overload disrupts mitochondrial 
quality control [33], alters mitochondrial permeability transition [34], 
impairs bioenergetics [35] and metabolic flux [31], and disturbs Ca2+

handling [36] and redox homeostasis in atrial tissue (Fig. 4). These 
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cumulative mitochondrial impairments modify cardiomyocyte electro
physiological properties and promote abnormal substrate deposition, 
including fibrosis and collagen accumulation, ultimately predisposing 
the heart to AF [7] (Figs. 1–3).

Beyond its role in mitochondrial function, succinate also plays crit
ical roles in other physiologically important processes, including innate 
immunity [37], paracrine or endocrine regulation [38], insulin bio
synthesis/secretion [39], chromatin modifications (histones and DNA 
methylation) [13], and protein succinylation [40]. Specifically, succi
nate activates SUCNR1, a G-protein coupled receptor, leading to 
increased pro-inflammatory responses in macrophages [37] and pro
moting fibroblast proliferation and collagen synthesis in extra-atrial 
tissues such as the ventricle, liver, lung, and skin [41,42]. 

Furthermore, succinate can induce hypertension by stimulating the 
renal renin-angiotensin system [19] and disrupt metabolic balance 
through excessive atrial protein succinylation, potentially affecting the 
cellular structure and extracellular matrix [43]. These broad effects 
emphasize the intricate pathophysiology of succinate-induced AF and 
underscore the importance of further research to explore its potential 
role in regulating AF risk.

Therapy targeting succinate overload offers a promising alternative 
for managing AF. Supportively, modulation of succinate levels using 
dietary interventions [44], genetic modifications [45], chronic exercise 
[46], and medications such as metformin [47] have demonstrated po
tential metabolic benefits in addressing AF risk factors, including obesity 
and T2DM. In addition, its downstream target AMPK, a vital guardian of 

Fig. 9. AMPK activation via AICAR attenuated succinate-induced fibrosis in NRCFs. (A) Schematic representation of the cell experimental design. (B) Representative 
Western blot images and (C) quantification of AMPK and PGC1α signaling in isolated NRCFs treated with succinate and/or AICAR. (D–E) Cell migration assay of 
treated NRCFs. (F) Cell viability evaluated by Cell Counting Kit-8 in treated NRCFs. (G) Representative Western blot images and (H) quantification of fibrosis 
markers, including MMP9, COLI, and COLIII in treated NRCFs. SU, succinate; SA, succinate combined with AICAR. Data are shown as mean ± SEM. n = 5–6. *p <
0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (Two-way ANOVA with Bonferroni post-hoc test).
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metabolism and mitochondrial welfare [48], is envisaged as a potential 
therapeutic target for AF [49]. Our findings reveal that succinate in
activates atrial AMPK through SUCNR1 activation, while AMPK acti
vation reduces circulating succinate levels and alleviates AF by 
preserving mitochondrial function (Figs. 6–10). Interestingly, prior 
research has reported that transient succinate accumulation can activate 
AMPK via the Ca2+/p-CaMKK2 axis in prostate cancer cells [50]. This 
discrepancy may be explained by the different temporal dynamics of 
succinate accumulation. For example, atrial phosphorylated AMPK has 
been shown to increase adaptively in paroxysmal AF under metabolic 
stress but is markedly decreased in chronic AF [49]. In our model, 
prolonged succinate overload in atria resulted in decreased ATP levels 
and increased ROS, which failed to activate AMPK. Consequently, 
multiple AMPK-regulated pathways, including those involved in lipid 
metabolism, the TCA cycle, antioxidant defense, mitochondrial 
biogenesis, and mitochondrial dynamics, were suppressed (Fig. 5). 
These findings highlight the intricate interplay between succinate and 
AMPK signaling, emphasizing the need for further investigation into 
their mechanistic crosstalk and implications for AF pathogenesis and 
therapy.

Interestingly, recent advances have identified the health-promoting 
effects of succinate in certain physiological and pathological settings. 
For example, enhanced succinate dehydrogenation in the heart [46] and 
muscle [51] following chronic physical exercise improves car
diometabolic fitness by mitochondrial remodeling. Additionally, succi
nate released in response to exercise supports muscle adaptation to 
endurance by promoting glycolysis and amino acid catabolism [51]. Gut 
microbiota-derived succinate has been shown to mitigate systemic in
sulin resistance and conditions like dyslipidemia and nonalcoholic fatty 
liver disease [52] through the activation of intestinal gluconeogenesis 
[26] and thermogenesis in brown adipose tissue [25], particularly in 
obesity. However, most of these studies involve short-term treatments 
and maintain succinate levels within the physiological range. Our un
published work showed that prolonged succinate supplement deterio
rated glucose and insulin homeostasis in lean mice (2 % in drinking 
water for 7 weeks), which is consistent with our results demonstrating 
that 7-week succinate treatment predisposes mice to AF by impairing 
mitochondrial function. This effect may be due to the fact that atrial 
tissue relies heavily on fatty acid oxidation (FAO) and is less adaptable 
to a shift towards glycolysis in long-term substrate metabolism, in 
contrast to other tissues such as the intestine, adipose, liver, and muscle, 
which have more metabolic flexibility [3]. Thus, while succinate may 
have beneficial effects under certain conditions, its prolonged overload 
can have detrimental consequences, particularly in tissues with limited 
metabolic adaptability like the atria.

Despite recent progress, a few questions remain to be answered. 
First, while our data establish that succinate overload predisposes 
healthy mice to AF and mediates obesity- and T2DM-associated AF, 
succinate serves multiple intracellular and systemic functions. Its role as 
either a contributor to or a protector against AF in diverse etiologies, 
such as aging and hypertension, remains inconclusive and warrants 
further investigation. Second, although succinate shows promise as a 
circulating biochemical marker for AF [21], its clinical utility across 
different AF populations remains undetermined. Future prospective 
studies with larger, stratified cohorts are needed to validate its diag
nostic and prognostic value. Third, the therapeutic strategies for regu
lating succinate levels are still largely undefined. Succinate can be 
physiologically released by the microbiota, diet, and dying epithelial 

cells, or pathologically produced by exercised skeletal muscle [51], 
ischemic heart [34], and damaged liver [53]. The unclear origins of 
succinate and the identification of optimal therapeutic targets require 
further clarification in diverse AF populations. Additionally, since SDH 
activity is influenced by the intensity and duration of physical training, 
succinate modulation may depend significantly on tailored therapeutic 
approaches [54]. Consequently, the manipulation of succinate meta
bolism for AF management must be personalized, supported by further 
functional and mechanistic studies.

5. Conclusion

We show the first direct evidence linking succinic acid overload to an 
increased AF risk, revealing its underlying mechanism of impairing 
AMPK signaling and mitochondrial function. Notably, we demonstrate 
that AMPK activation can effectively counteract succinate-induced AF 
by restoring mitochondrial integrity and function. These findings high
light succinate overload as a novel mitochondrial pathomechanism 
contributing to AF and underscore its potential as a valuable biomarker 
for AF risk assessment and therapeutic targeting.

CRediT authorship contribution statement

Yudi Zhang: Writing – original draft, Validation, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. 
Haoyu Gong: Writing – review & editing, Validation, Methodology, 
Investigation, Formal analysis. Lingyan Jin: Methodology, Investiga
tion, Data curation. Peng Liu: Software, Project administration. Jiali 
Fan: Visualization, Methodology. Xinghua Qin: Writing – review & 
editing, Supervision, Project administration, Funding acquisition. 
Qiangsun Zheng: Supervision, Resources, Funding acquisition, 
Conceptualization.

Ethical approval

Approved by the Institutional Animal Care and Use Committee of 
XJTU (Grant Number 2021-932). Not a clinical study.

Funding

National Natural Science Foundation of China: 31871172, 
82270335, 32371164; Key Research and Development Project of 
Shaanxi Province: 2023-YBSF-600, 2021SF-132.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

We thank the technical assistance of Professor Liping Yuan, Associate 
Professor Changyang Xing, and Master’s student Wei Hu (Tangdu 
Hospital).

Fig. 10. AMPK activation restored succinate-induced mitochondrial dysfunction in NRCFs and NRCMs. (A) Representative longitudinal TEM images of mitochondrial 
morphology and quantification of (B) mitochondrial number and (C) mitochondrial volume density in isolated NRCFs treated with succinate and/or AICAR. Triangles 
indicate mitochondrial swelling. (D–E) Representative immunofluorescence staining of DHE and the analysis of oxidation products in treated NRCFs. (F–G) Fluo
rescent microscopic images of JC-1 staining and the analysis of red/green fluorescence ratio reflecting changes in the mitochondrial membrane potential (Δψm) in 
NRCFs. (H–N) The same experiments were performed in NRCMs as in NRCFs. SU, succinate; SA, succinate combined with AICAR. Data are shown as mean ± SEM. n 
= 6. *p < 0.05, **p < 0.01, $p < 0.001, #p < 0.0001 (Two-way ANOVA with Bonferroni post-hoc test).
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A. Logan, S.M. Nadtochiy, E.N.J. Ord, A.C. Smith, F. Eyassu, R. Shirley, C.-H. Hu, 
A.J. Dare, A.M. James, S. Rogatti, R.C. Hartley, S. Eaton, A.S.H. Costa, P. 
S. Brookes, S.M. Davidson, M.R. Duchen, K. Saeb-Parsy, M.J. Shattock, A. 
J. Robinson, L.M. Work, C. Frezza, T. Krieg, M.P. Murphy, Ischaemic accumulation 
of succinate controls reperfusion injury through mitochondrial ROS, Nature 515 
(2014) 431–435, https://doi.org/10.1038/nature13909.

[13] A. Salminen, K. Kaarniranta, M. Hiltunen, A. Kauppinen, Krebs cycle dysfunction 
shapes epigenetic landscape of chromatin: novel insights into mitochondrial 
regulation of aging process, Cell. Signal. 26 (2014) 1598–1603, https://doi.org/ 
10.1016/j.cellsig.2014.03.030.

[14] E. Mills, L.A.J. O’Neill, Succinate: a metabolic signal in inflammation, Trends Cell 
Biol. 24 (2014) 313–320, https://doi.org/10.1016/j.tcb.2013.11.008.

[15] H.A. Prag, A.V. Gruszczyk, M.M. Huang, T.E. Beach, T. Young, L. Tronci, 
E. Nikitopoulou, J.F. Mulvey, R. Ascione, A. Hadjihambi, M.J. Shattock, L. Pellerin, 
K. Saeb-Parsy, C. Frezza, A.M. James, T. Krieg, M.P. Murphy, D. Aksentijević, 
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