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Background: Biomarkers play a critical role in the diagnosis and clinical decision-making for sepsis-related myocardial injury (SMI).
SMI has no single accepted definition. Copeptin and growth differentiation factor-15 (GDF-15), which are associated with stress
response and systemic inflammation, have emerged as potential diagnostic markers. This study aimed to investigate the expression
levels of copeptin and GDF-15 in SMI patients and evaluate their diagnostic utility.

Methods: This case-control study enrolled 148 sepsis patients admitted to the emergency department and 43 healthy controls. Patients
with sepsis were divided into the SMI group and the non-SMI group. SMI was defined as ¢TnT >40.0 pg/mL and/or LVEF <50% in
patients with sepsis, after excluding clear alternative causes of myocardial injury. Blood samples were collected within 48 hours after
admission, and serum copeptin and GDF-15 levels were measured and compared with clinical indicators. Univariate and multivariate
logistic regression analyses were performed to identify factors associated with SMI. The diagnostic performance of copeptin and GDF-
15 was evaluated using receiver operating characteristic (ROC) curve analysis.

Results: Copeptin and GDF-15 levels were significantly elevated in SMI patients compared to both sepsis patients without myocardial
injury and healthy controls (P < 0.01). Multivariate analysis confirmed that copeptin (OR 1.018, 95% CI: 1.001-1.035) and GDF-15
(OR 1.266, 95% CI: 1.102-1.454) were independently associated with SMI. ROC analysis demonstrated diagnostic performance for
SMI, with an AUC of 0.884 (95% CI: 0.837-0.931) for copeptin and 0.862 (95% CI: 0.810-0.914) for GDF-15. The combined use of
both biomarkers further improved diagnostic accuracy (AUC = 0.911, 95% CI: 0.871-0.951).

Conclusion: Serum copeptin and GDF-15 levels were elevated in patients with SMI and may provide complementary value for
identifying myocardial injury in patients with sepsis, with enhanced diagnostic capability when used in combination. Further validation
in larger multicenter studies is needed before these biomarkers can be used in routine clinical practice.
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Introduction

Sepsis, a life-threatening condition characterized by organ dysfunction resulting from a dysregulated host response to
infection, is primarily driven by an uncontrolled inflammatory response leading to organ damage.' Li et al reported an
increasing incidence of sepsis-related hospitalizations, further intensifying the associated healthcare burden.” Cardiac
involvement is common in sepsis and covers a broad spectrum, ranging from sepsis-related myocardial injury (SMI) to
overt sepsis-induced cardiomyopathy (SIC).>* SIC may manifest as left ventricular (LV) systolic/ diastolic dysfunction
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or right ventricular (RV) dysfunction,” with a reported prevalence of 10% to 70%.° SMI is also an important manifesta-
tion of cardiac involvement in patients with sepsis.*’” In routine clinical practice, myocardial injury markers are often
detected even when a definite cardiomyopathy phenotype has not yet been established.

Traditional cardiac biomarkers, including cardiac troponin and brain natriuretic peptide (BNP), are commonly used to
assess myocardial injury and cardiac stress in patients with sepsis. However, elevated admission levels of high-sensitivity
troponin I (hs-TnI) alone do not reliably identify sepsis-induced cardiomyopathy.® BNP can be influenced by ventricular
loading conditions, renal function, and disease severity, limiting its specificity for SMI.? These limitations highlight the
need for additional biomarkers to improve the identification of SMI.

Serum growth differentiation factor 15 (GDF-15), a member of the transforming growth factor-f (TGF-B) super-
family, exhibits minimal baseline expression in myocardial tissue under physiological conditions, with high mRNA
levels restricted primarily to human placental terminal chorionic villous cells and prostate epithelial cells.'® However,
oxidative stress and pro-inflammatory cytokines, particularly interleukin-6 (IL-6) and tumor necrosis factor (TNF),
trigger macrophage activation and a marked upregulation of GDF-15 expression.!' Emerging evidence underscores GDF-
15’s clinical relevance in cardiovascular pathology. Elevated concentrations of GDF-15 have been identified in cardio-

12:14 and coronary artery disease.'> Notably, Huan

vascular disease progression,*'? hypertension,'® myocardial infarction,
Li et al identified high GDF-15 levels as a sensitive diagnostic and prognostic indicator, correlating with the severity of
organ dysfunction in sepsis patients.'® The 2022 Chinese expert consensus endorsed GDF-15 as a novel biomarker for
early diagnosis, severity assessment, and prognostic prediction in acute coronary syndromes, advocating its combined use
with traditional markers to enhance diagnostic sensitivity.* Critically, recent studies reveal that serum GDF-15 levels are
significantly elevated in SIC, suggesting its potential utility as an early biomarker for this condition.'’

Copeptin, a glycosylated 39-amino acid peptide (~5 kDa), is the C-terminal fragment cleaved from pre-pro-arginine
vasopressin (pre-proAVP).'® Tt is co-synthesized with arginine vasopressin in the hypothalamus and released in equimolar
amounts from the neurohypophysis into systemic circulation in response to physiological stressors, including hyperosmol-
ality, hypotension, and circulatory insufficiency.'®*° Due to its structural stability and prolonged half-life compared to the
labile arginine vasopressin, copeptin has emerged as a more reliable surrogate biomarker.'** Previous studies have shown
that copeptin levels are significantly elevated in sepsis, severe sepsis, and septic shock, and tend to increase with disease
severity. In addition, admission copeptin levels are significantly higher in non-survivors than in survivors.”> > These
findings suggest that copeptin may serve as a useful adjunctive biomarker for the early assessment and risk stratification of
patients with sepsis. Clinical studies further support its cardiovascular applications: The AROMI trial (Pedersen CK et al)
demonstrated that prehospital copeptin combined with in-hospital high-sensitivity troponin T (hs-TnT) facilitated rapid
exclusion of acute myocardial infarction, reducing hospitalization time without increasing 30-day major adverse cardiac
events.”® In a 6.5-year cohort study of 5,217 moderate-to-severe chronic kidney disease (CKD) patients, elevated copeptin
levels predicted cardiovascular mortality and heart failure hospitalizations, highlighting its role in identifying high-risk
nephropathy patients.?’

The diagnostic criteria for SMI remain inadequately defined, highlighting the critical need for reliable biomarkers to
enable early detection. While both copeptin and GDF-15 have shown individual promise in cardiovascular pathologies,
their combined diagnostic value for SMI has been scarcely investigated. In this study, we aimed to evaluate the diagnostic
value of copeptin and GDF-15 levels for identifying SMI, facilitating early intervention to improve clinical outcomes and
reduce mortality.

Materials and Methods
Study Design and Participants

This case-control study retrospectively enrolled 148 consecutive sepsis patients admitted to the Emergency Department
between October 2023 and July 2025. Participants were stratified into two groups: sepsis patients without myocardial
injury (Non-SMI group, n=64) and those with myocardial injury (SMI group, n=84), based on predefined cardiac
biomarkers and echocardiographic criteria. An additional 43 healthy volunteers were recruited as controls during the
same period. Blood samples were collected upon admission. We compared copeptin and GDF-15 levels among three
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groups to find their association with SMI at admission. Informed consent was obtained from all participants or their legal
representatives.

Data Collection
Comprehensive clinical data were extracted from electronic medical records (EMRs), including demographic character-
istics and clinical presentation at admission, laboratory parameters, diagnostic imaging results, therapeutic interventions,

and clinical outcomes.

Inclusion Criteria

The inclusion criteria for sepsis patients were as follows: 1) met the Sepsis-3.0 diagnosis criteria, 2) age >18 years. The
diagnosis criteria for patients with SMI were as follows:>*® 1) met the Sepsis-3.0 diagnosis criteria, 2) evidence of
myocardial injury, defined as either left ventricular ejection fraction (LVEF) <50% on echocardiography, or cardiac
troponin T (¢TnT) >40.0 pg/mL (normal range at our hospital:0-40 pg/mL).

Exclusion Criteria

Patients were excluded for any of the following: (1) age <18 years. (2) pregnancy or lactation, (3) active malignancy or
immune disorders, (4) chronic kidney disease (estimated glomerular filtration rate <60 mL/min/1.73m? > 3 months); (5)
pre-existing cardiac conditions: acute coronary syndromes, myocarditis, structural heart disease (valvular, dilated, or
pulmonary cardiomyopathies), cardiac surgery history, acute pulmonary embolism, recent cardiopulmonary resuscitation,
(6) death within 48 hours of admission, (7) lack of informed consent.

Data Collection and Variables
Clinical Information
For all study participants, the following clinical data were collected: demographic characteristics (gender, age,
admission time), cardiac biomarkers (troponin T (cTnT), N-terminal pro-B-type natriuretic peptide (NT-proBNP),
creatine kinase-MB (CK-MB), and left ventricular ejection fraction), inflammatory and infection markers (procalcito-
nin (PCT), C-reactive protein (CRP), white blood cell count (WBC), neutrophil count, neutrophil percentage, and
lactate (Lac)), renal and metabolic parameters (blood urea nitrogen (BUN), creatinine, and albumin (ALB)), disease
severity scores (Acute Physiology and Chronic Health Evaluation II (APACHE II) and Sequential Organ Failure
Assessment (SOFA) scores).

Transthoracic echocardiography was performed by specialist ultrasonographers within 48 hours after admission,
according to the routine clinical protocol of our hospital. LVEF was obtained from the echocardiographic report.

Laboratory Assays

Upon admission, 5 mL of venous blood was collected from emergency patients. The samples were centrifuged at 3000 x g for
15 min to separate the serum. The supernatant was aliquoted into EP tubes and stored at —80°C until analysis. To perform
copeptin analyses, use the BRAHMS KRYPTOR compact PLUS time-resolved fluorescence immunoassay analyzer (Thermo
Fisher Scientific, China) and its corresponding reagents. According to the manufacturer’s specifications, the acceptable
coefficient of variation (CV) was <8% for within-lot precision and <15% for between-lot precision.

Serum GDF-15 levels were quantified using a double-antibody sandwich enzyme-linked immunosorbent assay
(ELISA) (Fine Test; distributed by FIEN Biologicals), in strict accordance with the manufacturer’s protocol. For each
assay run, standards at seven different concentration levels were measured in duplicate to generate the standard curve,
and the R?value > 0.99. All serum samples were measured in duplicate, and the mean absorbance value was used to
calculate the final GDF-15 concentration. The intra-assay coefficients of variation for the samples were less than 8%, and
the inter-assay coefficients of variation were less than 10%.
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Sample Size Estimation

Sample size estimation was performed for the primary diagnostic analysis based on ROC curve analysis. As this was
a retrospective case-control study, the cohort size was determined by the number of eligible consecutive patients during
the study period. Based on a previous study reporting an AUC of 0.971 for GDF-15 in diagnosing sepsis-induced
cardiomyopathy, we used a conservative expected AUC of 0.85 for the present assessment.'” Using PASS 2025 software,
with a two-sided a of 0.05 and a power of 90%, at least 12 patients were required in each sepsis subgroup. In our final
cohort, 84 patients with SMI and 64 patients without SMI were included, which met this requirement. The 43 healthy
controls were used for additional comparisons among groups.

Statistical Analysis

Statistical analyses were conducted using SPSS 26.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 10.0
(GraphPad Software, San Diego, CA, USA), and R version 4.5.2 (R Foundation for Statistical Computing, Vienna,
Austria). Continuous variables with normal distribution were expressed as mean + standard deviation and compared
among the three groups using one-way analysis of variance with Bonferroni post hoc correction. Non-normally
distributed variables were presented as median with interquartile range (IQR; M[Qr, Qu]) and analyzed using Mann—
Whitney U-tests between two groups, as appropriate. For comparisons among the three groups, variables were analyzed
using the Kruskal-Wallis H-test followed by post-hoc pairwise comparisons with Bonferroni correction. For continuous
variables, replace the missing values with the mean or median when <15% were missing. Categorical variables were
expressed as counts (percentages) and compared using y’-tests or Fisher’s exact tests when expected cell frequencies
were <5. Correlation analyses between biomarkers and clinical indicators were determined with the use of Spearman’s
rank correlation coefficients. Univariate and multivariable logistic regression were performed to explore potential factors
independently associated with SMI. Variables with a p-value <0.05 in the univariate logistic analysis were considered for
the multivariate model, which were subsequently refined through backward stepwise regression with Akaike information
criterion serving as the stopping rule. Multicollinearity among final variables in a multivariate model was assessed by
checking the variance inflation factor (VIF). If the VIF of a variable was found to be greater than 3, it was removed from
the model.

The diagnostic performance of relevant biomarkers was evaluated by calculating the area under the receiver operating
characteristic curve (AUC), along with corresponding sensitivity and specificity. The DeLong method was used to assess
the differences in AUCs. To reduce the risk of overfitting in the combined diagnostic models, internal validation was
performed using bootstrap resampling. A two-tailed P-value <0.05 was considered statistically significant.

Results

Patient Characteristics and Study Flow

Between October 2023 and July 2025, we screened 203 consecutive patients admitted to our emergency department with
suspected sepsis. After applying exclusion criteria, we excluded: 8 patients with malignant tumors, 30 patients with pre-
existing cardiac conditions (acute coronary syndrome, cardiomyopathy, severe valvular heart disease, or chronic heart
failure), 10 patients with chronic renal failure, and 7 patients with incomplete laboratory data. The final study cohort
comprised 148 patients, among whom 84 (56.8%) met diagnostic criteria for SMI. Additionally, we enrolled 43 age- and
sex-matched healthy individuals as controls (Figure 1).

Demographic and Clinical Characteristics (Table I)

No significant differences in gender distribution were observed among the three groups (P > 0.05). However, marked
differences in inflammatory markers were evident, with the SMI group exhibiting significantly higher levels of white
blood cells, neutrophils, neutrophil ratio, procalcitonin, and C-reactive protein compared to both the sepsis without
myocardial injury and healthy control groups (all P < 0.001). Specifically, the SMI group demonstrated: (1) significantly
elevated neutrophil ratio and PCT levels versus both comparison groups (P < 0.05); (2) markedly increased cardiac
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246 participants were assessed
(2023.10-2025.07)

Healthy control
group (n=43)

 J

1.Sepsis 3.0 diagnostic criteria
2.Age >18 years
3.Complete case information

Excluded patients:

1.Malignant tumors (n=8)

2.Acute coronary syndrome, cardiomyopathy,
valvular heart disease, chronic heart failure (n=30)
3.Chronic renal failure (n=10)

4.Incomplete case information (n=7)

)

Sepsis patients (n=148)

( LVEF <50% or ¢TnT > 40.0 pg/ml )

r N\
SMI Non-SMI
(n=84) (n=64)

Figure | Study enrollment flowchart of patients with suspected sepsis. Flowchart showing the screening, exclusion, and final enrollment of patients with suspected sepsis
and healthy controls. Patients with sepsis were subsequently classified into the SMI and non-SMI groups according to the predefined diagnostic criteria.
Abbreviations: SMI, sepsis-related myocardial injury; LVEF, left ventricular ejection fraction; cTnT, cardiac troponin T.

biomarkers, including N-terminal pro-B-type natriuretic peptide and cardiac troponin T levels (P < 0.05); and (3) greater
disease severity as reflected by higher SOFA and APACHE 11 scores (P < 0.05).

Serum Copeptin and GDF-15 Levels (Table 1)

Both biomarkers demonstrated significant intergroup differences (P < 0.001). The SMI group showed substantially
elevated median copeptin levels (55.17 pg/mL, IQR 28.48-87.22) compared to both the sepsis group (17.48 pg/mL,
P < 0.05) and healthy controls (3.85 pg/mL, P < 0.05). Similarly, GDF-15 levels were markedly higher in the SMI
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Table | Baseline Characteristics of the Study Population

Characteristics Healthy (n=43) Non-SMI (n=64) SMI (n=84) P-value

Demographics

Male, n (%) 23(53.5%) 47(73.4%) 51(60.7%) 0.088

Age, years 60(53,66) 60(46,67) 68.0(53,76) ° 0.008

Inflammatory markers

WBC, x10%/L 7.09(5.79,8.47) 10.62(7.51,17.32) * 11.36(7.50,16.74) * <0.001

Neutrophil, x10%/L 4.40(3.30,5.92) 8.40(5.66,13.09) * 9.84(6.00,14.23) ® <0.001

NEU ratio, % 64.4(55.5,72.1) 80.6(74.5,85.2) * 86.9(79.291.2) * <0.001

PCT, ng/mL - 0.48(0.16,2.73) 3.47(0.47,14.68) © <0.001

CRP, mg/L 1.80(0.50,6.0) 82.40(46.50,146.2) * 74.55(27.52,137.68) * <0.001

Renal function

BUN, mmol/L 5.50(4.36,7.62) 7.10(4.85,10.32) 14.63(9.44,25.46) *° <0.001

Creatinine, umol/L 71.75 73.79 149.56 <0.001
(60.88,85.63) (61.01,100.90) (79.79,301.67) **

Metabolic markers

Glucose, mmol/L 5.71(4.93,7.30) 8.04(6.42,9.88) * 8.76(6.80,10.63) * <0.001

LAC, mmol/L - 1.12(0.98,1.60) 1.50(0.93,2.40) 0.097

ALB, g/L 38.70+4.86 32.12+4.72% 32.66+4.05* <0.01

Cardiac biomarkers

cTnT, pg/mL 7.10(5.07,10.40) 17.30(9.90,26.80) * 93.20(53.25,203.05) * <0.001

CK-MB, U/L 10.25(10.00,13.13) 10.00(10.00,15.20) 12.40(10.0,21.35) 0.058

NT-proBNP, ng/mL | 0.059(0.0285,0.1417) | 0.450(0.1209,1.9348) * | 4.061(1.9758,13.3160) * | <0.00!

LVEF, % 65(63,68) 64(61,67) 60(47,65) *® <0.001

Novel biomarkers

GDF-15, ng/mL 2.273(1.610, 3.305) 5.838(3.726, 8.957) ° 12.370(7.489, 16.446) * | <0.001

Copeptin, pg/mL 3.85(1.83, 7.12) 17.48(11.46, 30.05) * 55.17(28.48, 87.22) *° <0.001

Severity scores

SOFA score - 4.03.0, 6.0) 7.0(4.0, 10.0) © <0.001

APACHE Il score - 10.5(7, 18) 17(13,21) ® <0.001

Notes: * P < 0.05 vs Healthy group; ® P < 0.05 vs Non-SMI group (differences among groups were assessed by Kruskal-Wallis
test). Data presented as median (IQR) unless otherwise specified. Dashes (-) indicate not measured or not available. - stands for
Not Measured or Not Available.

Abbreviations: WBC, white blood cell count; NEU ratio, neutrophil ratio; PCT, procalcitonin; CRP, C-reactive protein; BUN,
urea nitrogen; LAC, lactate; ALB, Albumin; cTnT, cardiac troponin T; CK-MB, Creatine Kinase, MB Form; NT-pro BNP, N-
terminal pro-brain natriuretic peptide; LVEF, left ventricular ejection fraction; GDF-15, Growth Differentiation Factor |5; SOFA
score, Sequential Organ Failure Score; APACHE Il score, Acute Physiology and Chronic Health Evaluation Score II.

group (12.370 ng/mL, IQR 7.489, 16.446) than in either the sepsis group (5.838 ng/mL, P < 0.01) or healthy controls
(2.273 ng/mL, P < 0.01).

Correlation Analysis of Biomarkers with Clinical Parameters

Spearman’s rank correlation analysis was conducted to assess the relationships between copeptin, GDF-15, and clinical
indicators (Figure 2). The analysis revealed that GDF-15 showed significant positive correlations with inflammatory
markers (PCT: r=0.273, P=0.016), disease severity scores (SOFA score: r=0.365, P<0.01; APACHE II score: r=0.363,
P<0.01), and myocardial injury biomarkers. In contrast, copeptin demonstrated no significant associations with either
myocardial injury markers or inflammatory indicators (all P>0.05).

Infection and Drug Resistance 2026:19
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Figure 2 Correlation between serum GDF-15 and other clinical indicators. Spearman correlation analysis showing the relationships between serum GDF-15 levels clinical
indicators. (A) Correlation between GDF-15 and cTnT. (B) Correlation between GDF-15 and PCT. (C) Correlation between GDF-15 and SOFA score. (D) Correlation

between GDF-15 and APACHE Il score.
Abbreviations: GDF-15, growth differentiation factor 15; cTnT, cardiac troponin T; PCT, procalcitonin; SOFA, Sequential Organ Failure Assessment; APACHE I, Acute

Physiology and Chronic Health Evaluation II.

Factors Independently Associated with Sepsis-Related Myocardial Injury

The results of the univariate logistic regression analysis are shown in Supplementary Figure 1. Multiple variables
significantly associated with SMI include age, glucose, elevated inflammatory markers (WBC, neutrophil ratio, PCT,
CRP), impaired renal function (BUN, creatinine), cardiac dysfunction (reduced LVEF, elevated NT-proBNP, CK-MB),
disease severity scores (SOFA and APACHE II), and novel biomarkers (elevated GDF-15 and copeptin). Lower albumin
levels were also linked to increased SMI risk.

Multivariate Logistic Regression analysis of the influencing factors for SMI patients (Table 2): elevated GDF-15
levels (OR 1.266, 95% CI 1.102-1.454; P<0.01), increased copeptin concentrations (OR 1.018, 95% CI 1.001-1.035;
P<0.05), reduced LVEF (OR 0.886, 95% CI 0.818-0.960; P<0.05), elevated creatinine levels (OR 0.993, 95% CI 0.987—
0.999; P<0.05), elevated CRP levels (OR 0.988, 95% CI 0.979-0.998; P<0.05), and elevated blood urea nitrogen levels
(OR 1.228, 95% CI 1.079-1.398; P<0.05). All variables maintained statistical significance after adjustment for potential

confounders in the final model.

Diagnostic Performance of Biomarkers for Sepsis-Related Myocardial Injury

Receiver operating characteristic (ROC) curve analysis was conducted to assess the diagnostic value of serum biomarkers for
SMI (Table 3, Figure 3). The analysis revealed that copeptin exhibited excellent diagnostic accuracy (AUC = 0.884, 95% CI
0.837-0.931) with 69.5% sensitivity and 92.4% specificity, while GDF-15 similarly demonstrated diagnostic performance
(AUC =0.862, 95% CI 0.810-0.914) with 75.6% sensitivity and 80.2% specificity. The combination of copeptin and GDF-15
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Table 2 Multivariate Logistic Regression Analysis of the
Influencing Factors for SMI Patients

Variables | g P- OR 95% CI
value | value

GDF-15 0.236 0.001 1.266 | 1.102—1.454
Copeptin 0.017 0.043 1.018 | 1.001-1.035
LVEF —-0.121 | 0.003 0.886 | 0.818-0.960
NT-pro 0.155 0.070 1.167 | 0.987-1.380
BNP

CK-MB 0.047 0.093 1.048 | 0.992-1.108
BUN 0.206 0.002 1.228 | 1.079-1.398
Creatinine | —0.007 | 0.034 0.993 | 0.987-0.999
CRP -0.012 | 0.019 0.988 | 0.979-0.998
ALB 0.092 0.154 0913 | 0.805-1.035

Abbreviations: GDF-15, growth differentiation factor 15; NT-proBNP,
N-terminal pro-brain natriuretic peptide; LVEF, left ventricular ejection
fraction; CK-MB, Creatine Kinase MB Form; BUN, urea nitrogen; CRP,
C-reactive protein; OR, odds ratio; Cl, confidence interval.

Table 3 Diagnostic Performance of Biomarkers and Their Combinations for SMI

Factors AUC (95% CI) Sensitivity (%) | Specificity (%) | Youden Index | CutOff Value
GDF-15 0.862(0.810-0.914) | 75.6 80.2 0.558 7.501

Copeptin 0.884(0.837-0.931) | 69.5 924 0.619 37.34

NT-pro BNP 0.902(0.859-0.945) | 96.3 69.5 0.658 0.491

BUN 0.858(0.805-0.911) | 85.7 738 0.595 8.55

LVEF 0.728(0.653-0.802) | 41.7 93.9 0.356 59.5
Creatinine 0.749(0.675-0.823) | 51.2 94.4 0.456 144.6

CRP 0.653(0.575-0.731) | 93.8 39.1 0.328 8.55
Combination! | 0.911(0.871-0.951) | 79.3 88.6 0.679 -
Combination2 | 0.963(0.939-0.987) | 94.8 90.4 0.852 -

Abbreviations: GDF-15, growth differentiation factor |5; NT-proBNP, N-terminal pro-B-type natriuretic peptide; BUN, blood urea
nitrogen; LVEF, left ventricular ejection fraction; CRP, C-reactive protein; Combination!, GDF-15+ Copeptin; Combination 2 is GDF-
15+ Copeptin + BUN + creatinine + CRP + LVEF. AUC, area under the curve; Cl, confidence interval.

showed good diagnostic discrimination for SMI, with AUC of 0.911 (95% CI 0.871-0.951), sensitivity of 79.3% and
specificity of 88.6%. However, the DelLong test revealed that the AUC of this combination was not statistically superior to
that of NT-proBNP alone (AUC = 0.902, P =0.770) (Supplementary Table 1). The comprehensive model, including copeptin,
GDF-15, LVEF, CRP, creatinine, and blood urea nitrogen, achieved discriminative performance (AUC = 0.963, 95% CI
0.939-0.987; sensitivity = 94.8%; specificity = 90.4%). The DeLong test indicates that the AUC of the comprehensive model
is superior to other indicators (P<0.05, Supplementary Table 1). Bootstrap internal validation showed that both combined

diagnostic models retained good discrimination after optimism correction, with corrected AUCs of 0.908 for the biomarker
model and 0.950 for the comprehensive model (Supplementary Table 2). These findings indicate that copeptin and GDF-15,

either alone or in combination, demonstrated good discrimination for SMI.

Discussion

In this case-control study evaluating 148 septic patients (84 with myocardial injury) and 43 healthy controls, we
demonstrated the clinical significance of serum copeptin and GDF-15 for SMI. Our findings revealed significantly
elevated levels of both biomarkers in SMI patients compared to non-SMI sepsis patients and healthy controls (all
P<0.05). GDF-15 levels exhibited positive correlations with inflammatory markers (PCT: r=0.273, P=0.016) and disease
severity scores (SOFA: r=0.365; APACHE II: r=0.363; both P<0.01). Multivariable analysis identified copeptin and
GDF-15 as independent risk factors for SMI (adjusted ORs [95% ClIs]: 1.018 (1.001-1.035) and 1.266 (1.102—-1.454),
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Figure 3 ROC curve of biomarkers in the diagnosis of SMI. Receiver operating characteristic curves showing the diagnostic performance of GDF-15, copeptin, NT-proBNP,
BUN, and two combined models for identifying SMI. Combination | comprised GDF-15 and copeptin. Combination 2 comprised GDF-15, copeptin, BUN, creatinine, CRP,
and LVEF

Abbreviations: ROC, receiver operating characteristic; SMI, sepsis-related myocardial injury; GDF-15, growth differentiation factor |5; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; BUN, blood urea nitrogen; CRP, C-reactive protein; LVEF, left ventricular ejection fraction.

respectively), while ROC analysis demonstrated superior diagnostic performance when combining both biomarkers
(AUC=0.911, 95% CI 0.871-0.951) compared to individual measurements.

Sepsis-related myocardial injury involves multiple pathological pathways, including myocardial inhibitory factors,
adrenergic pathway downregulation, oxidative/nitrosative stress, mitochondrial dysfunction, and coronary microcircula-
tion alterations.” Emerging evidence suggests GDF-15 plays a protective role in sepsis through its anti-inflammatory,

29-31

antioxidant, and anti-apoptotic properties, while also serving as a prognostic marker in cardiovascular diseases.'”

Our findings of elevated GDF-15 levels in SMI align with previous reports,'’~* with GDF-15 demonstrating significant
correlations with inflammatory markers (PCT) and disease severity scores (SOFA, APACHE II; all p<0.01).
Mechanistically, GDF-15 regulates triglyceride metabolism via p-adrenergic signaling to enhance inflammatory
tolerance,”’ modulates macrophage polarization by inhibiting AK1/STAT3 and NF-kB pathways while enhancing
phagocytosis,'® and promotes M2 polarization through PI3K/Akt activation.>® Supporting evidence from GDF-15 KO
mice shows exacerbated cardiac inflammation (elevated IL-6, TNF-a, MCP-1) and increased cell death following LPS
challenge,” while clinical studies confirm its role as a mitochondrial dysfunction marker (14/15 studies showing
statistical significance).”® The correlation between GDF-15 and established sepsis markers (PCT, severity scores)
suggests its potential as a systemic “stress sensor” whose expression is driven by inflammatory mediators, mitochondrial
dysfunction, and multi-organ stress responses.

Copeptin, the surrogate marker of arginine vasopressin, is raised in sepsis, confirming arginine vasopressin system
activation and reflecting acute stress responses in sepsis.'® Copeptin concentrations were documented that could be
employed as an early marker to identify patients at increased risk of COVID-19-related complications (particularly acute
kidney injury and sepsis) and mortality.*> Clinical studies demonstrate positive correlations between copeptin and the
stress marker cortisol,*® with Qian Zhang et al reporting progressive increases in serum copeptin, total/free cortisol, and
ACTH corresponding to sepsis severity,’’ supporting sepsis-induced hypothalamic-pituitary-adrenal axis (HPAA) activa-
tion and subsequent free cortisol elevation.*”*® Both copeptin and arginine vasopressin are co-secreted from the posterior
pituitary in response to diverse stressors, including systemic inflammation, circulatory compromise, and physiological

stress, with arginine vasopressin mediating vasoconstriction and HPAA stress response modulation.
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B-type natriuretic peptide is released under ventricular wall stress, reflecting the myocardial loading conditions.
Biomarkers of myocardial cell injury (troponin) and myocardial loading conditions (BNP) are often elevated in sepsis,®’
but their lack of specificity complicates SMI assessment.>® *! Copeptin and GDF-15 were higher in the SMI group than
in the non-SMI sepsis group in our study, they may provide insights into different biological processes in SMI. The
findings suggest that copeptin and GDF-15 may help identify myocardial injury in sepsis patients and may support early
risk assessment in emergency and critical care unit.

However, copeptin and GDF-15 should be regarded as adjunctive markers rather than specific diagnostic markers for

12,15,16,29,30 while

SMI. GDF-15 may increase in systemic inflammation, oxidative stress, and cardiovascular disease,
copeptin may increase in sepsis, septic shock, hemodynamic instability and other critical illnesses.'®**° Therefore,
copeptin and GDF-15 should not be employed as sole diagnostic markers for SMI. They should be interpreted together
with clinical assessment, cardiac troponin, echocardiography, and other laboratory findings. The optimal cut-off values
for copeptin and GDF-15 identified by ROC analysis in this study should also be interpreted with caution. The cut-off
values were derived from a single-center retrospective cohort and should be considered exploratory rather than definitive
clinical thresholds. They may be influenced by patient characteristics, assay platform, sampling time, disease severity,
and diagnostic criteria. Further multicenter studies with standardized assays and external validation are needed before
these thresholds can be used in routine clinical practice.

This study has several limitations that warrant consideration: First, the single-center retrospective case-control design
and relatively small sample size may introduce selection bias and limit the generalizability of our findings; Second, SMI
can manifest in various ways. LVEF reflects only the heart’s contraction function. The study did not fully evaluate all
forms of sepsis-related cardiac dysfunction, impacting the generalizability of our findings; Third, although internal
validation was performed for the combined diagnostic models, external validation was not available. The diagnostic
performance of these models should therefore be confirmed in independent, multicenter cohorts. Finally, the absence of
serial biomarker measurements restricts our analysis to a single time point, precluding assessment of temporal trends and
peak expression patterns. Future multicenter studies incorporating longitudinal biomarker monitoring, other forms of
cardiac dysfunction, and mechanistic investigations are needed to validate and extend our conclusions.

Conclusion

This study showed that serum copeptin and GDF-15 levels were significantly elevated in SMI patients compared with
sepsis patients without SMI and healthy controls. Copeptin and GDF-15 may serve as complementary biomarkers for the
early identification of SMI in patients with sepsis. However, copeptin and GDF-15 are not specific for SMI, and the
ROC-derived cut-off values should be considered exploratory. Further multicenter studies with standardized methods and
external validation are needed to confirm these findings.
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SMI, sepsis-related myocardial injury; SIC, sepsis-induced cardiomyopathy; GDF-15, growth differentiation factor-15;
LV, left ventricular; RV, right ventricular; Hs-Tnl, high-sensitivity troponin I; BNP, brain natriuretic peptide; TGF-p,
transforming growth factor-f; IL-6, interleukin-6; AVP, arginine vasopressin; pre-proAVP, pre-pro-arginine vasopressin,
WBC, white blood cell count; NEU ratio, neutrophil ratio; PCT, procalcitonin; CRP, C-reactive protein; BUN, urea
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