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Abstract
Background  The cyclic guanosine monophosphate-adenosine monophosphate synthase-stimulator of interferon 
genes (cGAS-STING) signaling pathway is closely associated with myocardial infarction (MI). Cyclic guanosine 
monophosphate-adenosine monophosphate (cGAMP) is a key component of this pathway; however, there is 
currently a lack of clinical evidence linking plasma cGAMP levels to MI.

Methods  This study utilized clinical data from 270 patients diagnosed with coronary heart disease (CHD) at the 
Second Xiangya Hospital of Central South University. The outcomes included ST-segment elevation and non-ST-
segment elevation MI. Univariate and multivariate logistic regression models were used to explore the relationships 
between plasma cGAMP levels and MI, while restricted cubic spline (RCS) using logistic regression to explore the 
dose-response relationship.

Results  Among the 270 patients, the mean plasma cGAMP level was 1352.58 ± 106.02 ng/L and 89 (32.96%) patients 
were diagnosed with MI. The RCS curves indicated a U-shape association between the cGAMP levels and MI; the risk 
of MI was negatively correlated with the cGAMP until it hit bottoms at 1352 ng/L. When the cGAMP level exceeded 
1352 ng/L, the risk of MI increased significantly (adjusted OR, 1.02; 95% CI: 1.01–1.03). When considering cGAMP as 
a categorical variable, patients in Tertile 1 and Tertile 3 had a 167% (adjusted OR: 2.67, 95% CI: 1.23–5.78) and 155% 
(adjusted OR: 2.55, 95% CI: 1.17–5.55) higher risk of MI compared to those in Tertile 2, respectively. These results were 
consistent across subgroup analyses, notably, a significant interaction by age category was observed in patients with 
cGAMP ≥ 1352 ng/L, where the positive association was pronounced in the elderly.

Conclusions  A U-shaped association exists between cGAMP and MI in the CHD population, with a cutoff point at 
the cGAMP of 1352 ng/L. Both excessively high and low cGAMP levels are associated with an increased risk of MI, 
particularly among the elderly with cGAMP ≥ 1352 ng/L. This is the first clinical evidence of the cGAS-cGAMP-STING 
pathway in metabolic cardiovascular diseases.

ClinicalTrials.gov Identifier  NCT03363035 (Registration date: 2018-01-15).
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Introduction
Metabolic cardiovascular diseases are characterized by 
significant cardiovascular dysfunction, underpinned 
by pathological processes such as impaired glucose and 
lipid metabolism, heightened immune-inflammatory 
responses, oxidative stress, and endothelial dysfunc-
tion, these processes collectively contribute to long-term 
mortality in affected populations [1, 2]. Atherosclerotic 
cardiovascular disease is the primary pathophysiologi-
cal basis of metabolic cardiovascular diseases, of which 
myocardial infarction (MI) is the most severe form, thus 
identifying potential intervention targets binding metab-
olism and cardiovascular diseases may be important for 
promote global health.

The cyclic GMP-AMP synthase-stimulator of inter-
feron genes (cGAS-STING) signaling pathway is intri-
cately linked to a variety of metabolic cardiovascular 
diseases, including atherosclerosis (AS) [3–5], myocardial 
hypertrophy and fibrosis [6–8], aortic aneurysm and dis-
section [9–11]. Previous research reveals that DNA dam-
age is frequently observed in endothelial cells, smooth 
muscle cells, and macrophages within atherosclerotic 
plaques [12], which can be detected by cGAS, resulting in 
the activation of inflammatory cytokines and alterations 
in cellular phenotypes. However, cGAS-STING pathway 
is also associated with autophagy, which is essential for 
clearing necrotic cells and tissue debris, this may help 
myocardial repair during myocardial infarction (MI) 
[13]. Thus, elucidating the complex relationship between 
cGAS-STING pathway and MI will contribute to develop 
new therapeutic strategy for preventing metabolic car-
diovascular diseases.

Cyclic guanosine monophosphate-adenosine mono-
phosphate (cGAMP), as the second messenger of 
cGAS-STING pathway, was synthesized by cGAS from 
adenosine triphosphate (ATP) and guanosine triphos-
phate (GTP), and bound to and activated the protein 
STING [14–16], this may be a promising monitoring 
markers for cGAS-STING pathway. However, clinical 
evidence linking plasma cGAMP levels to metabolic car-
diovascular diseases remains limited. To address this gap, 
we conducted a retrospective study aimed at exploring 
the potential association between plasma cGAMP levels 
and MI in patients with coronary heart disease (CHD).

Materials and methods
Patient population
The study utilized clinical data from 340 patients diag-
nosed with CHD at the chest pain center of the Second 
Xiangya Hospital of Central South University, collected 
between January and July 2022. The clinical data included 

laboratory test results, prescriptions, diagnoses, physi-
cal examination findings, and laboratory test. This proj-
ect was approved by the ethics committee of the Second 
Xiangya Hospital of Central South University and all 
patients provided written informed consent.

The exclusion criteria were as follows: (a) Estimated 
glomerular filtration rate (eGFR) less than 60 mL/
min/1.73m2 (n = 44). (b) Severe hepatic insufficiency 
(n = 8). (c) A life expectancy of less than one year (n = 10). 
(d) Severe infection (n = 8). Finally, a total of 270 patients 
were included in the final analysis (Fig. 1).

Study outcomes
The primary outcome of this study was acute myocardial 
infarction, including ST-segment elevation MI (STEMI) 
and non-ST-segment elevation MI (NSTEMI). All diag-
noses of myocardial infarction were confirmed by experi-
enced cardiologists based on symptoms, laboratory tests, 
and coronary angiography.

Quantification of cGAMP
The concentration of cGAMP was quantified using 
an enzyme-linked immunosorbent assay (ELISA) 
(FANKEW, Cat. No. F11293-A). Microplates were coated 
with purified human cGAMP antibodies to establish 
a solid-phase antibody layer. cGAMP standards and 
samples were then added, allowing binding to mono-
clonal antibodies. HRP-conjugated cGAMP antibodies 
were introduced to form an antibody-antigen-enzyme 
complex. After thorough washing to eliminate unbound 
components, the substrate TMB was added for color 
development. HRP catalyzed the conversion of TMB to 
a blue product, which turned yellow upon the addition 
of an acid stop solution. The color intensity, directly pro-
portional to the cGAMP concentration, was measured 
at 450 nm using a microplate reader, and concentrations 
were determined based on a standard curve.

Statistical analysis
All analyses were conducted using R (v4.2.2, www.R-
project.org) and IBM SPSS Statistics (v22.0, IBM Corp., 
Armonk, NY, USA). A P-value < 0.05 was considered sta-
tistically significant.

There were missing values in serum creatinine (SCr, 
n = 5), Hemoglobin (Hb, n = 5), cardiac troponin T (cTNT, 
n = 2), N-Terminal Pro-Brain Natriuretic Peptide (NT-pro 
BNP, n = 10), Hb1Ac (n = 3), the “missForest” R software 
package was utilized for imputing missing value. For sen-
sitive analysis, we conduct additional mean imputation 
(Supplement Tables 1, 2 and 3, Supplement Fig. 1).
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Baseline characteristics are reported as frequencies 
with corresponding percentages for categorical variables. 
Continuous variables are presented as mean ± standard 
deviation for normally distributed data, while for non-
normally distributed data, a median with an interquartile 
range was used. Normality was assessed using normal 
Q-Q plots. One-way ANOVA (for normally distributed 
values), Kruskal-Wallis H-test (for data with skewed dis-
tribution), and chi-square test (for categorical variables) 
are used to compare the clinical characteristics in differ-
ent tertiles.

Univariate and multivariate logistic regression models 
were used to explore the relationships between cGAMP 
and MI, and odd ratios (ORs) were expressed with their 
95% confidence intervals (95% CIs). We conducted the 
models to biased yielded caused by multi-collinearity 
estimates. The model 1 adjusted for age, sex, hyperten-
sion, diabetes, smoking, drinking. The model 2 further 
adjusted for all statistically significantly variables in 
Table  1 and the univariate logistic regression model for 
MI in the CHD population including body mass index 
(BMI), systolic blood pressure (SBP), left ventricular 
ejection fraction (LVEF), Creatinine, cardiac troponin 
(cTNT), N-terminal pro-brain natriuretic peptides (NT-
pro BNP), High-Density Lipoprotein (HDL), apolipo-
protein A1 (apo-A1), FFA (free fatty acids). We further 
conducted subgroup tests in all possible subgroups and 
for 6 clinically important interaction terms in the univar-
iate logistic regression models for sensitive analysis (sex, 
age, BMI, hypertension, diabetes, smoking).

The “rms” R software package was used to generate 
restricted cubic splines. We used restricted cubic spline 
(RCS) logistic regression (adjusted for variables in Model 
2), to explore the dose–response relationship between 

the cGAMP and MI, the optimal model was selected 
based on the Bayesian Information Criterion.

Results
Baseline characteristics between different groups
Baseline characteristics of the study population strati-
fied by cGAMP levels are presented in Table  1 and 
Supplement Table  1. Of the 270 patients, 212 (78.52%) 
were male, with a median age of 61.83 ± 10.78 years and 
a mean plasma cGAMP level of 1352.58 ± 106.02 ng/L. 
Compared to patients in tertile 2, more patients in ter-
tiles 1 and 3 were diagnosed with myocardial infarction, 
no significant difference of other variables were observed. 
Similar results were found when we allocated patients to 
two groups according to 1352 ng/L (Supplement Table 4).

Univariate logistic regression model for myocardial 
infarction
In total, 89 patients (32.96%) were diagnosed with myo-
cardial infarction. The results of the univariate logistic 
regression model for MI, presented in Table 2, show that 
elevated levels of HDL, apoA1, and LVEF were nega-
tively correlated with the occurrence of MI, suggesting 
a protective effect. On the other hand, higher levels of 
free fatty acids, cTNT, NT-pro BNP, creatinine, as well 
as a history of hypertension, were significantly positively 
associated with the increased risk of MI in the CHD 
population.

cGAMP and the risk of myocardial infarction
After multivariable adjustment, RCS curves revealed a 
U-shaped association between cGAMP and MI, with 
a threshold of 1352 ng/L (P for non-linearity < 0.001, 
Fig.  2). This indicates distinct associations between 
cGAMP and MI above and below the cutoff point. Spe-
cifically, in patients with cGAMP levels ≥ 1352 ng/L, 
each unit increase in cGAMP was associated with a 2% 
higher risk of MI (adjusted OR 1.02, 95% CI 1.01–1.03, 
P = 0.003). Conversely, although not statistically signifi-
cant, in patients with cGAMP levels < 1352 ng/L, each 
unit increase in cGAMP was associated with a 1% lower 
risk of MI (adjusted OR 0.99, 95% CI 0.99-1.00, P = 0.113) 
(Table  3). When considering cGAMP as a categorical 
variable, patients in Tertile 1 had a 167% higher risk of 
MI compared to those in Tertile 2 (adjusted OR: 2.67, 
95% CI: 1.23–5.78, P = 0.013). Similarly, patients in Tertile 
3 had a 155% higher risk of MI (adjusted OR: 2.55, 95% 
CI: 1.17–5.55, P = 0.013) (Table 3). The ROC curve analy-
sis demonstrated that cGAMP exhibits robust predictive 
power for MI (Fig. 3).

Sensitivity analyses across six subgroups showed simi-
lar results (Figs.  4 and 5). Notably, a significant inter-
action by age category was observed in patients with 
cGAMP ≥ 1352 ng/L, where the positive association 

Fig. 1  Flowchart of study population selection. The study utilized clinical 
data from 340 patients diagnosed with CHD at the chest pain center of the 
Second Xiangya Hospital of Central South University, collected between 
January and July 2024. The exclusion criteria were as follows: (a) Estimated 
glomerular filtration rate (eGFR) less than 60 mL/min/1.73m2 (n = 44). (b) 
Severe hepatic insufficiency (n = 8). (c) A life expectancy of less than one 
year (n = 10). (d) Severe infection (n = 8). Finally, a total of 270 patients were 
included in the final analysis
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Table 1  Baseline characteristics of patients in different tertiles
Variables Total (n = 270) Tertile 1 (n = 90) Tertile 2 (n = 90) Tertile 3 (n = 90) P
cGAMP, ng/L 1352.58 ± 106.02 1227.54 ± 37.44 1359.28 ± 38.58 1470.93 ± 32.57 < 0.001
CHD category 0.037
Stable angina 77 (28.52) 23 (25.56) 26 (28.89) 28 (31.11)
Unstable angina 104 (38.52) 31 (34.44) 45 (50.00) 28 (31.11)
NSTEMI 38 (14.07) 18 (20.00) 5 (5.56) 15 (16.67)
STEMI 51 (18.89) 18 (20.00) 14 (15.56) 19 (21.11)
Demographics
Age, years 61.62 ± 10.49 61.27 ± 11.87 60.96 ± 10.18 62.63 ± 9.31 0.523
Male, % 212 (78.52) 19 (21.11) 19 (21.11) 20 (22.22) 0.978
BMI, kg/m2 24.88 ± 3.45 25.22 ± 3.32 24.54 ± 3.76 24.88 ± 3.27 0.418
SBP, mmHg 129.18 ± 18.90 127.02 ± 15.95 129.76 ± 19.38 130.76 ± 21.04 0.392
DBP, mmHg 80.14 ± 12.97 79.39 ± 12.23 81.01 ± 14.25 80.03 ± 12.43 0.701
HR, beats/min 76.08 ± 13.16 76.17 ± 13.44 75.30 ± 13.98 76.78 ± 12.08 0.752
Current smoker, % 153 (56.67) 49 (54.44) 59 (65.56) 45 (50.00) 0.095
Drinking history, % 56 (20.74) 18 (20.00) 16 (17.78) 22 (24.44) 0.532
NYHA class III-IV, % 80 (29.63) 24 (26.67) 27 (30.00) 29 (32.22) 0.714
LVEF, % 57.56 ± 9.56 56.29 ± 10.57 59.02 ± 8.40 57.36 ± 9.48 0.154
Comorbidity
Hypertension, % 177 (65.56) 59 (65.56) 56 (62.22) 62 (68.89) 0.642
Diabetes, % 112 (41.48) 38 (42.22) 41 (45.56) 46 (51.11) 0.482
Stroke, % 36 (13.33) 6 (6.67) 15 (16.67) 15 (16.67) 0.075
Atrial fibrillation, % 39 (14.44) 15 (16.67) 9 (10.00) 15 (16.67) 0.340
Laboratory test
Hemoglobin, g/L 137.65 ± 14.73 138.81 ± 14.30 137.62 ± 13.91 136.52 ± 15.97 0.582
Creatinine, mmol/L 82.34 ± 20.28 83.48 ± 23.08 82.04 ± 19.19 81.50 ± 18.45 0.797
eGFR, ml/min/1.73m2 92.35 ± 26.85 91.56 ± 22.72 92.17 ± 27.36 93.31 ± 30.20 0.907
ALB, g/L 40.05 ± 4.38 39.70 ± 5.58 40.11 ± 3.44 40.33 ± 3.86 0.621
Potassium, mmol/L 4.02 ± 0.35 4.02 ± 0.38 4.01 ± 0.34 4.02 ± 0.33 0.984
CK, U/L 128.43 ± 195.62 133.25 ± 241.63 132.92 ± 195.11 119.13 ± 138.14 0.859
CK-Mb, U/L 21.27 ± 18.43 23.95 ± 27.41 19.90 ± 12.50 19.95 ± 10.28 0.239
cTNT, ng/L 127.36 ± 376.37 149.71 ± 371.41 97.83 ± 307.60 134.54 ± 440.61 0.638
NT-pro BNP, pg/ml 679.52 ± 1493.62 765.13 ± 1260.28 524.18 ± 1395.45 749.25 ± 1780.59 0.482
Glucose, mmol/L 5.58 ± 1.54 5.57 ± 1.41 5.55 ± 1.60 5.62 ± 1.61 0.957
Hb1Ac, % 6.91 ± 1.28 6.92 ± 1.18 6.94 ± 1.43 6.87 ± 1.22 0.919
Triglyceride, mmol/L 1.90 ± 1.44 2.07 ± 2.02 1.77 ± 0.93 1.87 ± 1.15 0.360
TCHO, mmol/L 3.72 ± 1.15 3.84 ± 1.44 3.63 ± 1.07 3.68 ± 0.88 0.430
LDL, mmol/L 2.09 ± 0.93 2.10 ± 1.02 2.06 ± 0.98 2.11 ± 0.79 0.932
HDL, mmol/L 1.02 ± 0.23 1.05 ± 0.25 1.01 ± 0.25 1.00 ± 0.21 0.319
LP (a), mg/L 246.77 ± 283.83 237.73 ± 295.07 290.38 ± 307.87 212.19 ± 241.73 0.170
APO-A1, g/L 1.11 ± 0.18 1.13 ± 0.19 1.10 ± 0.20 1.11 ± 0.16 0.593
APO-B, g/L 0.66 ± 0.23 0.67 ± 0.25 0.65 ± 0.24 0.66 ± 0.19 0.815
FFA, umol/L 0.39 ± 0.17 0.39 ± 0.14 0.39 ± 0.14 0.40 ± 0.22 0.981
Medications
ACEI, % 4 (1.48) 1 (1.11) 0 (0.00) 3 (3.33) 0.328
ARB, % 39 (14.44) 13 (14.44) 15 (16.67) 11 (12.22) 0.698
SGLT2i, % 88 (32.59) 28 (31.11) 31 (34.44) 29 (32.22) 0.889
Metformin, % 30 (11.11) 8 (8.89) 14 (15.56) 8 (8.89) 0.259
Beta blockers, % 167 (61.85) 56 (62.22) 54 (60.00) 57 (63.33) 0.896
CCB, % 52 (19.26) 15 (16.67) 13 (14.44) 24 (26.67) 0.086
Statins, % 246 (91.11) 81 (90.00) 80 (88.89) 85 (94.44) 0.383
ACEI: angiotensin-converting enzyme inhibitor; ALB: albumin; APO-A1: apolipoprotein A1; APO-B: apolipoprotein B; ARB: angiotensin II receptor blocker; BMI: body 
mass index; CCB: calcium channel blocker; CK: creatine kinase; CK-Mb: creatine kinase-MB (myocardial band); cTNT: cardiac troponin T; DBP: diastolic blood pressure; 
eGFR: estimated glomerular filtration rate; FFA: free fatty acids; HbA1c: hemoglobin A1c (glycated hemoglobin); HDL: high-density lipoprotein; HR: heart rate; LDL: 
low-density lipoprotein; LP (a): lipoprotein (a); LVEF: left ventricular ejection fraction; NSTEMI: non-ST-segment elevation MI; NT-pro BNP: N-terminal pro-brain 
natriuretic peptide; NYHA: New York Heart Association functional class; SBP: systolic blood pressure; SGLT2i: sodium-glucose cotransporter 2 inhibitor; STEMI: ST-
segment elevation MI; TCHO: total cholesterol
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between cGAMP and MI was particularly pronounced in 
elderly individuals.

Discussion
Two key conclusions can be drawn from our study. 
Firstly, a U-shaped association exists between cGAMP 
levels and myocardial infarction in the CHD popula-
tion, with a threshold of 1352 ng/L. Secondly, elevated 
cGAMP level was associated with an increased risk of MI 
in patients with cGAMP ≥ 1352 ng/L after multivariate 
adjustment, particularly among elderly.

To our knowledge, this is the first clinical evidence for 
the research of the cGAS-cGAMP-STING pathway in 
metabolic cardiovascular diseases. Our research con-
firms the critical role of the cGAS-cGAMP-STING path-
way in metabolic cardiovascular diseases and highlights 
the predictive value of cGAMP in CHD populations.

The interaction between age category and the relation-
ship between cGAMP and MI is intriguing. One of our 
latest results indicated that STING activation accelerat-
ing macrophage senescence and vascular aging [17]. Pre-
vious researches also shown that various aging triggers, 
including oxidative stress, radiation, oncogene activation, 
and pharmacological induction, can activate the cGAS-
STING pathway and induce senescence-associated secre-
tory phenotype expression [18–21]. All of these suggests 
that the activation of the cGAS-STING pathway may be 
a common feature of cellular aging, this kind of higher 
baseline elevated cGAMP level makes the relation-
ship between cGAMP and MI more evident in elderly 
patients.

The positive association between cGAMP and MI 
aligns with our expectations. The mechanisms underlying 

Table 2  Univariate logistic regression model for myocardial 
infarction
Variables OR (95CI%) P
Demographics
Age 0.99 (0.96 ~ 1.01) 0.267
Female 0.89 (0.48 ~ 1.67) 0.724
BMI 1.09 (1.01 ~ 1.18) 0.021
SBP 0.99 (0.98 ~ 1.01) 0.308
DBP 0.99 (0.97 ~ 1.01) 0.530
HR 0.99 (0.98 ~ 1.01) 0.559
Current smoker 1.19 (0.71 ~ 2.00) 0.503
Drinking history 1.56 (0.85 ~ 2.87) 0.149
NYHA class, III-IV 1.14 (0.66 ~ 1.98) 0.644
LVEF 0.96 (0.93 ~ 0.98) 0.002
Comorbidity
Hypertension 2.79 (1.54 ~ 5.06) < 0.001
Diabetes 1.48 (0.89 ~ 2.46) 0.133
Stroke 1.02 (0.48 ~ 2.15) 0.960
Atrial fibrillation 1.33 (0.66 ~ 2.68) 0.431
Laboratory test
Hemoglobin 1.00 (0.98 ~ 1.02) 0.780
Creatinine 1.02 (1.01 ~ 1.03) 0.006
eGFR 1.00 (0.99 ~ 1.01) 0.924
ALB 1.04 (0.98 ~ 1.11) 0.213
Potassium 1.16 (0.56 ~ 2.39) 0.692
CK 1.00 (1.00 ~ 1.00) 0.108
CK-Mb 1.01 (0.99 ~ 1.03) 0.187
cTNT 1.01 (1.01 ~ 1.01) 0.002
NT-pro BNP 1.01 (1.01 ~ 1.01) < 0.001
Glucose 1.04 (0.89 ~ 1.23) 0.598
Hb1Ac 1.06 (0.87 ~ 1.29) 0.553
Triglyceride 1.06 (0.89 ~ 1.25) 0.531
TCHO 1.13 (0.91 ~ 1.41) 0.255
LDL 1.16 (0.89 ~ 1.53) 0.273
HDL 0.22 (0.06 ~ 0.74) 0.014
LP (a) 1.00 (1.00 ~ 1.00) 0.124
APO-A1 0.21 (0.05 ~ 0.94) 0.041
APO-B 2.84 (0.92 ~ 8.79) 0.070
FFA 5.77 (1.22 ~ 27.40) 0.027
Medications
ACEI 0.67 (0.07 ~ 6.58) 0.734
ARB 0.77 (0.36 ~ 1.63) 0.495
Beta blockers 1.07 (0.63 ~ 1.81) 0.800
CCB 1.10 (0.58 ~ 2.07) 0.778
Statins 0.80 (0.34 ~ 1.91) 0.621
Metformin 1.02 (0.46 ~ 2.28) 0.963
SGLT2i 1.00 (0.58 ~ 1.72) 0.998
ACEI: angiotensin-converting enzyme inhibitor; ALB: albumin; APO-A1: 
apolipoprotein A1; APO-B: apolipoprotein B; ARB: angiotensin II receptor 
blocker; BMI: body mass index; CCB: calcium channel blocker; CK: creatine 
kinase; CK-Mb: creatine kinase-MB (myocardial band); cTNT: cardiac troponin 
T; DBP: diastolic blood pressure; eGFR: estimated glomerular filtration rate; 
FFA: free fatty acids; HbA1c: hemoglobin A1c (glycated hemoglobin); HDL: 
high-density lipoprotein; HR: heart rate; LDL: low-density lipoprotein; LP (a): 
lipoprotein (a); LVEF: left ventricular ejection fraction; NT-pro BNP: N-terminal 
pro-brain natriuretic peptide; NYHA: New York Heart Association functional 
class; SBP: systolic blood pressure; SGLT2i: sodium-glucose cotransporter 2 
inhibitor; TCHO: total cholesterol

Fig. 2  Relationship between the cGAMP and the risk of MI based on 
restricted cubic spline curves. There is a U-shaped association exists be-
tween cGAMP and MI in the CHD population. ORs are based on a multi-
variate logistic regression model. CI = confidence interval, MI = myocardial 
infarction, OR = odds ratio
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Table 3  Risk of MI in CHD patients in different cGAMP groups
cGAMP (ng/L) Crude model

HR (95% CI)
P
values

Model 1
HR (95% CI)

P
values

Model 2
HR (95% CI)

P
values

As continuous variable
< 1352 0.99 (0.99-1.00) 0.022 0.99 (0.98-1.00) 0.038 0.99 (0.98-1.00) 0.113
≥ 1352 1.01 (1.00-1.02) 0.013 1.02 (1.00-1.02) 0.003 1.02 (1.01–1.03) 0.003
As categorical variable
Tertile 1 (< 1293) 2.49 (1.29–4.82) 0.007 2.75 (1.37–5.50) 0.004 2.67 (1.23–5.78) 0.013
Tertile 2 (1293–1422) Ref / Ref / Ref /
Tertile 3 (> 1422) 2.27 (1.17–4.40) 0.015 2.33 (1.16–4.70) 0.018 2.55 (1.17–5.55) 0.018
Model 1 adjusted for age, sex, hypertension, diabetes, smoking, drinking

Model 2 adjusted for age, sex, hypertension, diabetes, smoking, drinking, BMI, SBP, LVEF, Creatinine, cTNT, NT-pro BNP, HDL, apo-A1, FFA

Fig. 4  Subgroup analyses for myocardial infarction in patients with cGAMP < 1352 ng/L. Elevated cGAMP was associated with lower risk of MI in patients 
with cGAMP < 1352 ng/L and no significant interaction were found in all subgroups. CI = confidence interval, MI = myocardial infarction, OR = odds ratio

 

Fig. 3  Receiver operating characteristic curves for myocardial infarction. The ROC curve analysis demonstrated that cGAMP exhibits robust predictive 
power for MI
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this association can be attributed to several factors across 
different cell types: Firstly, hyperactivation of the cGAS-
STING pathway can lead to programmed cell death of 
cardiomyocyte. Studies have shown that zidovudine 
triggers mitochondrial stress, causing mitochondrial 
DNA leakage into the cytoplasm, which activates the 
cGAS-STING pathway and leads to excessive autophagy, 
intracellular lipid peroxidation, and ultimately autoph-
agy-dependent ferroptosis [22]. Lysosomal cell death 
induced by the cGAS-STING pathway is also an impor-
tant mechanism of programmed cell death [23]. Sec-
ondly, hyperactivation of the cGAS-STING pathway in 
macrophages promotes the expression of various inflam-
matory cytokines through the TBK1-IRF3 and NF-κB 
pathways, as well as synergistic inflammatory signaling 
via TLRs and STAT. This kind of prolonged inflamma-
tion drives macrophage to pro-inflammatory M1 phe-
notype polarization, contributing to lipid deposition, 
adverse remodeling, and the progression of atherosclero-
sis [24, 25]. Thirdly, activation of the cGAS-STING-IFN 
pathway promotes the phenotypic switching of vascular 
smooth muscle cells (VSMCs) through autocrine and 
paracrine mechanisms [26]. Moreover, activation of the 
cGAS-STING pathway induces the phosphorylation and 
inactivation of the transcription factor YAP1 and impairs 
cyclin D gene transcription, leading to the suppression of 
endothelial cell proliferation [27]. This not only directly 
damages endothelial cells, resulting in a reduction of 
fibrous cap-forming VSMCs and thinning of the fibrous 

cap, leading to the destabilization of atherosclerotic 
plaques [26], but also impairs the endothelial cells’ abil-
ity to regulate vascular tone, ultimately accelerating the 
progression of atherosclerosis [3, 28]. Last but not least, 
disruption of blood flow followed MI further exacerbates 
inflammatory responses and immune cell infiltration, 
macrophage-mediated phagocytosis of necrotic cells and 
cellular debris promotes MI progression through STING-
IRF3 activation. Substantial differences were observed in 
ventricular remodeling and survival between WT mice 
and IRF3−/−, IFNAR−/− or cGAS−/− mice [29, 30]. Platelet 
cGAS depletion also ameliorated myocardial ischemia-
reperfusion injury [31].

Given that the complicated relationship between 
autophagy and MI [13], the association between cGAMP 
and MI in patients with cGAMP < 1352 ng/L was unex-
pected yet within reasons. On one hand, autophagy 
exacerbates ischemia/reperfusion injury [32], on the 
other hand, evidence suggesting that autophagy plays an 
important role in cardiomyocyte repair during MI [33, 
34]; Therefore, as a classic autophagy-activating pathway, 
maintaining a certain level of activation of the cGAS-
STING pathway aids in the removal of abnormal DNA, 
damaged organelles, thereby promoting cellular renewal 
and maintaining cellular and tissue homeostasis in MI 
[35, 36], while pathway attenuation may impair this prim-
itive yet essential function. Thus, targeting the cGAS-
STING pathway may represent a promising therapeutic 
strategy for treating MI.

Fig. 5  Subgroup analyses for myocardial infarction in patients with cGAMP ≥ 1352 ng/L. Elevated cGAMP was associated with higher risk of MI in patients 
with cGAMP ≥ 1352 ng/L and significant interaction by age category was observed, the positive association between cGAMP and MI was particularly 
pronounced in elderly individuals. CI = confidence interval, MI = myocardial infarction, OR = odds ratio
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The strength of this study lies in its inclusion of a 
diverse cohort of CHD patients, which enhances the gen-
eralizability of the findings. Subgroup analyses further 
reinforced the robustness of our results. However, sev-
eral limitations should be acknowledged. First, as a retro-
spective study, causal relationships between cGAMP and 
MI cannot be established. Second, this is a single-center 
study conducted in China, limiting the generalizability of 
the findings to other populations. Lastly, the absence of 
long-term follow-up data precludes further investigation 
into the relationship between cGAMP and long-term 
prognosis in CHD patients, thus our findings require val-
idation in larger, multicenter studies.

Conclusions
This study is an early exploration of the clinical rele-
vance of cGAMP, there is a U-shaped association exists 
between cGAMP and MI in the CHD population, ele-
vated cGAMP was associated with an increased risk 
of MI in patients with cGAMP ≥ 1352 ng/L. The results 
provide robust clinical evidence for the research of the 
cGAS-cGAMP-STING pathway in metabolic cardiovas-
cular diseases.
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