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Sepsis-induced cardiomyopathy (SIC) is characterized by high mortality and poor outcomes. This study aimed to explore the relationship between testosterone and soluble ST2 (sST2) and all-cause mortality in patients with SIC. Clinical data from SIC patients at Renmin Hospital of Wuhan University from January 2021 and March 2023 were reviewed. Serum testosterone and sST2 were measured at admission. Kaplan–Meier analysis and receiver operative characteristic curve (ROC) were used to estimate the predictive values of testosterone and sST2 on 28 days and 90 days mortality of SIC. A total of 327 male subjects with SIC were enrolled in this study. During the 28 days and 90 days follow-up, 87 (26.6%) and 103 deaths (31.5%) occurred, respectively. Kaplan–Meier analysis showed significantly higher 28 days and 90 days survival in patients with higher testosterone and decreased sST2 levels (p < 0.001). Testosterone, sST2, and N-terminal pro-B-type natriuretic peptide (NT-proBNP) were significantly associated with 28 days and 90 days mortality (p < 0.05). Partial correlation analysis showed strong positive correlation between testosterone and left ventricular ejection fraction (LVEF) (p < 0.001), and negative correlation between testosterone and sST2 (p < 0.001), high-sensitivity troponin I (hs-TnI) levels (p < 0.001) and smoke history (p < 0.01). The concentrations of sST2 were positively related with E/e′ ratio (p < 0.001), and negatively correlated with TAPSE (p < 0.001). The combination of testosterone and sST2 enhanced the prediction of both 28 days [area under the ROC curve (AUC), 0.805] and 90 days mortality (AUC, 0.833). Early serum testosterone and sST2 levels could predict mortality of SIC independently and jointly. Further research is needed to determine the utility of biochemical markers in identifying high-risk patients with SIC.

KEYWORDS
 sepsis-induced cardiomyopathy, male, testosterone, sST2, mortality prediction, biomarkers


1 Introduction

Sepsis remains the leading cause of mortality in intensive care units (ICUs) globally, resulting in 5 million deaths annually (1). Sepsis-induced cardiomyopathy (SIC) is a common and life-threatening complication of sepsis and manifests as left ventricular dysfunction, impaired ejection fraction and heart failure (2). The published incidence rate of SIC among septic patients is 28.0%–38.8% (3, 4). Despite the standardization of sepsis management, 70%–90% of mortality was reported in patients with SIC (5). Risk factors for developing SIC include elderly age, male sex, pre-existing heart failure, decreased systolic blood pressure, and elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels (6–8). The underlying mechanisms of SIC may involve myocardial suppression factors, abnormal calcium regulation, mitochondrial injury, and production of reactive oxygen species (9).

Studies showed that the incidence and mortality in male patients were higher than those in female patients (10, 11). Disruption of testosterone levels has been linked to worse prognosis in critically ill patients (11). Lazzerini et al. reported testosterone levels during inflammatory activation in men may increase the risk of Torsades de Pointes (TdP) by contributing to the overall prolonging effect of inflammation on QTc, possibly due to increasing conversion of testosterone to estrogen (12). The deficiency of testosterone was considered a risk factor for adverse cardiovascular events (13). However, data evaluating the prognostic predictive values of testosterone in patients with SIC are limited, and large-scale multicenter analysis is necessary.

sST2 is a novel biomarker for risk stratification, prognosis assessment, and therapeutic guidance in heart failure over the past decades (14). Previous data indicate that sST2 levels correlated with severity and mortality of sepsis, especially in patients with greater cardiovascular impairment (15). Compared with NT-proBNP and troponin T, sST2 levels may be a stronger independent predictor to evaluate the severity of inflammatory cardiomyopathy (16, 17). However, findings on sST2 in sepsis have been ambiguous. The study of Yang et al. reported that sST2 levels were not associated with cardiac function in septic patients (18). Studies determining the relationship between sST2 and SIC to predict prognosis in affected patients should be conducted.

Therefore, this prospective study aimed to measure the potential value of serum testosterone and sST2 concentrations for mortality prediction and risk evaluation of mortality in patients with SIC.



2 Methods


2.1 Study design

This prospective study enrolled 1,083 patients with suspected sepsis in the Department of Critical Care Medicine (n = 736), General ICU in East Campus (n = 128), Cardiovascular ICU (n = 96), Cardiovascular surgical ICU (n = 101), and Emergency ICU (n = 22) of Renmin Hospital of Wuhan University between January 2021 and March 2023. After excluding 756 patients, 327 male patients were diagnosed with SIC. The patients were followed up until 90 days after ICU admission. The investigators collected data, then blinded statisticians analyzed the data. The study protocol was approved by the Ethics Committee of Renmin Hospital of Wuhan University (Study No. WDRY2021-K094). This study was conducted following the International Conference on Harmonization Good Clinical Practice guideline. All patients or their authorized representatives provided written informed consent.

The inclusion criteria were (1) diagnosis of SIC based on a previous study (19): meeting the diagnostic definition of sepsis-3 (1); (2) LVEF <50%, or plasma hs-TnI > 0.78 ng/mL (normal range, 0–0.78 ng/mL) or NT-proBNP >500 pg/mL; (3) male sex; and (4) age between 18 and 80 years. The exclusion criteria were (1) previous diagnosis of cancer; (2) previously existing grade III-IV heart failure (New York Heart Association Classification); (3) dropped out during the 90 days follow-up, excluding death; (4) patients with missing data.



2.2 Clinical and laboratory data

Clinical information, including age, sex, body mass index (BMI), past medical history, including systolic (SBP) and diastolic blood pressure (DBP), were obtained from the electronic medical records. The values of white blood cells, serum creatinine, total bilirubin, NT-proBNP, hs-TnI, procalcitonin (PCT), C-reaction protein (CRP), serum amyloid A (SAA), and lactate were obtained from the laboratory reporting system. Furthermore, the scores of acute physiology and chronic health evaluation (APACHE) II and sequential organ failure assessment (SOFA), indicating the severity of illness and organ dysfunction/failure, were developed based on the above data.



2.3 Measurements of serum testosterone and sST2

After ICU admission, serum samples were immediately obtained and centrifuged, followed by storage at −80°C and thawed rapidly before test. Testosterone and sST2 levels in the baseline samples were measured using chemiluminescence (Siemens Atellica IM1600, Germany) and the immunofluorescence dry quantitative method i-CHROMATM (BodiTech, Guangxi, China), respectively.



2.4 Statistical analysis

Based on the distribution type of the measured variables, continuous variables were reported as mean and standard deviation (SD) or median and interquartile ranges (IQRs). Categorical variables were presented as frequencies and percentages. The Kolmogorov–Smirnov test was utilized to evaluate normally distributed values. Following the grouping method of Bidadkosh et al. (20), we grouped the whole population into T1 (lowest), T2 (middle) and T3 (highest) group based on tertiles of the values of testosterone and sST2. The chi-square test was utilized to compare dichotomous and categorical variables. The student’s t-test and Mann–Whitney U-test were employed to compare continuous data between groups, as appropriate. Moreover, the Kaplan–Meier method was used to calculate the survival time between groups. Univariate and multivariate Cox proportional hazards analysis was performed to evaluate the hazard ratio (HR) and 95% confidence intervals (CIs) for the association between testosterone or sST2 and mortality. To evaluate the relationship between testosterone and sST2 and clinical and echocardiographic parameters, Spearman’s rank correlation analyses were conducted with the “metadar” package in R statistical software. Receiver operating curve (ROC) analysis was performed to evaluate the sensitivity and specificity of testosterone and sST2 at different cut-off values, and the Youden index showed optimal cut-off values from the ROC for prognostic determination. A two-tailed p < 0.05 indicated statistical significance. SPSS software version 22.0, GraphPad Prism software version 9.0.0 and R version 4.2.3 statistical software were used for data filing and statistical analysis.




3 Results


3.1 Patients’ baseline characteristics

The study flowchart are shown in Figure 1. The clinical and demographic characteristics of all study participants are listed in Table 1; Supplementary Table S1. A total of 327 male SIC patients were identified. The median age and BMI of the patients were 61 years and 21.7 kg/m2, respectively. Additionally, 98 patients were smokers (30.0%), and 56 patients had previous myocardial infarction (MI) history (17.1%). Furthermore, 26.6% (n = 87) and 31.5% (n = 103) of the patients died during the 28 days and 90 days follow-up (Table 1). The median serum testosterone and sST2 levels were 133.9 (IQR, 69.3–200.0) ng/dL and 153.2 (IQR, 63.0–405.8) ng/mL, respectively. The participants were grouped based on their serum testosterone and sST2 levels. Specifically, lower testosterone levels were related to a higher proportion of smoking habits, 28 days mortality, and 90 days mortality. Moreover, serum testosterone levels were correlated with SBP, DBP, LVEF, hs-TnI, PCT, CRP, SAA, lactate, and sST2, as well as APACHE II and SOFA scores (all p < 0.01). Meanwhile, sST2 concentration was also significantly associated with 28 days and 90 days mortality, SOFA score, NT-proBNP, hs-TnI, PCT, SAA, and lactate levels (all p < 0.05).

[image: Figure 1]

FIGURE 1
 Flow diagram and outcome of the study participants. SIC, sepsis-induced cardiomyopathy.




TABLE 1 Baseline characteristics of the study population.
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3.2 Survival analysis of testosterone and sST2 on mortality after 28 days and 90 days follow-ups

The Kaplan–Meier analysis showed that the survival curves differed between groups. During the 28-day and 90-day follow-ups, patients with lower testosterone levels had significantly lower survival (p < 0.001, Figure 2A). The survival rate during the 28-day and 90-day follow-up was higher in the low tertiles of the sST2 group than in the middle and high tertiles of sST2 values (both p < 0.001, Figure 2B). Moreover, the univariate analyses showed that testosterone (HR, 0.994; 95% CI, 0.991–0.991, p < 0.001), sST2 (HR, 1.003; 95% CI, 1.002–1.004, p < 0.001), and NT-proBNP (HR, 1.000; 95% CI, 1.000–1.000; p < 0.001) levels were significantly associated with 28 days mortality (Table 2). In addition, BMI (HR, 1.084; 95% CI, 1.001–1.175, p = 0.048), testosterone (HR, 0.992; 95% CI, 0.989–0.995; p < 0.001), sST2 (HR 1.003; 95%CI, 1.002–1.003, p < 0.001), and NT-proBNP (HR, 1.000; 95%CI, 1.000–1.000, p < 0.001) were related with 90 days mortality (Table 2). The multivariate analysis showed that testosterone, sST2 and NT-proBNP levels were independently associated with 28-day and 90-day mortality (Table 2).

[image: Figure 2]

FIGURE 2
 Survival curves of tertiles of testosterone (A) and sST2 (B) levels on mortality after 28 days (A) and 90 days follow-ups. Tes, testosterone.




TABLE 2 Univariate and multivariate Cox regression model for 28 days and 90 days mortality in patients with SIC.
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3.3 Associations of testosterone and sST2 and clinical and echocardiographic parameters in SIC patients

Results from the covariance analysis showing partial correlation coefficients between testosterone and sST2 and the clinical and echocardiographic parameters are presented in Figure 3. A strong positive correlation was found between testosterone and LVEF (p < 0.001), and a negative correlation between testosterone and sST2 (p < 0.001), hs-TnI levels (p < 0.001) and smoke history (p < 0.01). Meanwhile, the sST2 concentrations were positively related with E/e′ ratio (p < 0.001), and negatively correlated with TAPSE (p < 0.001).

[image: Figure 3]

FIGURE 3
 The correlation of the testosterone (A) and sST2 (B) levels with clinical characteristics (MI history, smoke history, BMI, age), laboratory (hs-TnI, NT-proBNP) and echocardiographic indicators (TAPSE, E/e’ ratio, LVEWV, LVEF), respectively. Color depth correspond to the strength of the correlation coefficients. *p < 0.05, **p < 0.01 and ***p < 0.001.




3.4 Receiver operating characteristic curve analysis of 28 days and 90 days mortality in SIC

The ROC curves were plotted, and the AUCs were analyzed to further identify the mortality-predictive abilities of the two biomarkers. The AUCs of testosterone and sST2 were higher than NT-proBNP and hs-TnI for predicting 28 days and 90 days mortality in SIC (Figure 4). Moreover, the AUC of the combination of testosterone and sST2 for predicting 28 days and 90 days mortality were 0.805 (95% CI, 0.750–0.859) and 0.833 (95% CI, 0.785–0.882), respectively (Figure 4). The optimal cut-off values of testosterone and sST2 for predicting 28 days and 90 days mortality were 112.4 ng/dL (28 days mortality, AUC = 0.721; 90 days mortality, AUC = 0.758) and 168.9 ng/mL (28 days mortality, AUC = 0.797; 90 days mortality, AUC = 0.813), respectively (Figure 4 and Table 3).

[image: Figure 4]

FIGURE 4
 The ROC curve analysis of sST2, testosterone, hs-TnI, NT-proBNP for the prognostic value of 28-day mortality (A) and 90-day mortality (B) in patients with SIC. ROC, receiver operating characteristic; AUC, area under the curve; SIC, sepsis induced cardiomyopathy.




TABLE 3 The ROC curve analysis of sST2, testosterone, NT-proBNP, hs-TnI for the prognostic value of 28 days mortality and 90 days mortality in patients with SIC.
[image: Table3]




4 Discussion

SIC, a frequent sepsis complication, results in left heart failure with decreased pumping ability and right heart failure with fluid overload. SIC is strongly associated with end-organ hypoperfusion and heart damage from inflammation (3). Despite receiving fluid resuscitation and standard care, SIC leads to poor outcomes and high mortality. Thus, exploring the potential risk biomarkers of male SIC patients is crucial. Endocrine dysfunction is related to the mortality and clinical outcomes in critically ill patients (21). Male patients showed higher mortality risk due to altered testosterone levels (10). The current analysis showed that decreased testosterone levels were related to severity and mortality in critically ill male patients with SIC. Furthermore, testosterone levels were associated with traditional cardiac biomarkers and echocardiography parameters in patients with SIC. To the best of our knowledge, this study contributes to the existing data by associating testosterone with clinical prognosis prediction among patients with SIC.

Previous research has demonstrated that testosterone plays a critical role in the preservation of cardiovascular homeostasis during inflammation. Castration-induced testosterone suppression in lipopolysaccharide-treated rats could lower blood pressure, raise neuronal inflammatory markers, and time- and frequency-domain measures of heart rate variability (22). On the other hand, testosterone supplementation mitigated superoxide-provoked apoptotic and necrotic cell death by upregulating the pro-survival Akt/NF-κB pathway and decreasing the pro-apoptotic enzyme caspase-3 in cardiac myocytes (23). In male patients with gastrointestinal infections, testosterone mitigates Th2-dominant responses and promotes Th1 immunity by modulating androgen receptor signaling and cytokine secretion in macrophages and lymphocytes (24). Temporarily suppressing inflammation leads to early hormone resistance, which makes testosterone deficiency a potential prognostic indicator of progressive sepsis and SIC.

Lower testosterone levels between 9.5 and 89.4 ng/dL were linked to greater inflammation and worse outcomes in septic cardiomyopathy, similar to coronavirus disease 2019 (COVID-19) (25). Earlier research has shown that decreased testosterone levels were associated with increased CRP, PCT, and interleukin (IL)-6 levels in patients with COVID-19 (25, 26). Furthermore, lower testosterone levels correlated with higher APACHE II and SOFA scores and independently predicted higher mortality in patients with SIC (27). Thus, declining testosterone levels could indicate worsening sepsis severity and increased mortality risk in male patients.

Moreover, conventional cardiac biomarkers in mortality prediction of SIC are not satisfactory (28). Chen et al. (29) reported the AUC for BNP and cTnI in SIC 28 days mortality predicting were 0.571, and 0.544, respectively. The current analysis found that the AUC for testosterone predicting 28 days mortality of SIC was 0.721, which was better than NT-proBNP (0.644) and hs-TnI (0.590). Thus, testosterone may have superior prognostic value compared with these established cardiac biomarkers for predicting SIC mortality.

Our analysis also found that sST2 level could serve as a potentially useful biomarker to predict outcomes in patients with SIC. sST2 inhibits immune responses and results in myocardial injury by targeting ST2L/IL-33 interaction (14). Although sST2 is an inflammation biomarker in other conditions (16, 17, 30, 31), its role in SIC is unclear. A previous study found sST2 elevation on days 1 and 3 of septic patients and correlated with lactate,which indicating illness severity (15). In patients with severe COVID-19, sST2 was also found to be upregulated and positively correlated with inflammatory markers (CRP and PCT), while negatively related to T lymphocyte counts (31, 32). Our results indicated that higher sST2 levels in patients with SIC positively correlate with E/e′ ratio and negatively correlate with TAPSE, suggesting that sST2 may be a potential biomarker reflecting cardiac injury in sepsis. ROC analysis has indicated that sST2 has a higher predictive value for mortality than traditional biomarkers. Thus, sST2 could enhance clinical predictive algorithms under heterogeneous sepsis conditions. Moreover, the combination of testosterone and sST2 improves mortality prediction in SIC patients.

However, our study has several limitations. Firstly, due to the lack of a universally accepted definition of SIC, the inclusion criteria for the current project referenced a study from Mayo Clinic (19), which may require further investigation to accurately identify the population affected by SIC. Secondly, biomarker values were measured at a single time point, limiting insights into the dynamic immune response in SIC over time. Moreover, altered biomarker levels may represent compensatory mechanisms early in SIC rather than a pathological effect. However,the cross-sectional design cannot prove a causal relationship between testosterone, sST2, and the outcomes. In summary, larger prospective multicenter studies measuring serial biomarker levels and long-term outcomes are warranted to validate these biomarkers as predictive tools.



5 Conclusion

Decreased testosterone and elevated sST2 may predict prognosis in patients with SIC. These biomarkers could enable risk stratification and potentially guide treatment, leading to new immunomodulatory therapies. However, further studies are necessary to confirm their diagnostic and prognostic values before clinical implementation.
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Parameters 95% Cl p-value 95% ClI p-value

28 days mortality risk

BMI 1039 0.950-1.138 0402
Age 0990 0.973-1.008 0295
Smoking habits 1309 0.835-2.053 0241
Testosterone 0994 0.991-0.991 <0.001% 0993 0.990-0.996 <0.001%
sST2 1003 1.002-1.004 <0.001% 1003 1.002-1.003 <0.001%
NT-proBNP 1.000 1.000-1.000 <0.001% 1.000 1.000-1.000 <0.001%
hs-Tnl 1015 0.997-1034 0.102
90 days mortality risk
BMI 1084 1.001-1175 0.048*
Age 0.987 0.971-1.003 0112
Smoking habits 1331 0.880-2.013 0175
Testosterone 0992 0.989-0.995 <0.001% 0.991 0.989-0.994 <0.001*
sST2 1003 1.002-1.003 <0001% 1003 1.002-1.003 <0.001%
NT-proBNP 1000 1.000-1.000 <0001% 1000 1.000-1.000 <0.001%
hs-Tnl 1013 0.996-1.030 0132

“Statistically significant at p<0.05 level, two-sided.
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28 days mortality prediction

SST2 (ng/ml) 0.797 (0.740-0.853) 1689 86.21 65.00 <0001%
Testosterone (ng/dL) 0.721 (0.639-0.783) <124 7241 66.67 <0001%
NT-proBNP (pg/mL) 0,644 (0.574-0713) 8,763 4828 75.00 <0.001%
hs-Tnl (ng/mL) 0.590 (0.515-0.664) 5133 4368 7958 0.013¢
90 days mortality prediction

SST2 (ng/ml) 0.813 (0.761-0.865) 1689 86.41 6875 <0.001%
Testosterone (ng/dL) 0.758 (0.702-0.815) <1124 7476 7054 <0.001%
NT-proBNP (pg/mL) 0,571 (0.500-0.642) 52,185 77.67 4688 <0.001%
hs-Tnl (ng/mL) 0.645 (0.580-0.709) >11.27 272 7723 0,039

“Statistically significant at p<0.05 level, two-sided. ROC, receiver operating characteristic; NT-proBNP, N-terminal pro B-type natriuretic peptide; hs-Tnl, high-sensitivity troponin I; SIC,
sepsis induced cardiomyopathy; AUC, area under the curve; CI, confidence interval






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Testosterone and soluble ST2 as mortality predictive biomarkers in male patients with sepsis-induced cardiomyopathy



		1 Introduction



		2 Methods



		2.1 Study design



		2.2 Clinical and laboratory data



		2.3 Measurements of serum testosterone and sST2



		2.4 Statistical analysis









		3 Results



		3.1 Patients’ baseline characteristics



		3.2 Survival analysis of testosterone and sST2 on mortality after 28 days and 90 days follow-ups



		3.3 Associations of testosterone and sST2 and clinical and echocardiographic parameters in SIC patients



		3.4 Receiver operating characteristic curve analysis of 28 days and 90 days mortality in SIC









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmed-10-1278879-g001.jpg
756 patients were excluded:

female (n=426); were not diagnosed as
SIC (n=219); chronic cardiac failure
(n=56); cancer (n=39); out of age range
(n=9); due to missing data or lost to
follow up (n=7)

1083 patients with suspected sepsis
were screened between January 2021
and March 2023

Male patients with SIC included
(n=327)

Analysed
(n=327)






OPS/images/fmed-10-1278879-g002.jpg
ty of Survival

-]

p<0.001
o T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Time (Days)

— Low Tes level (9.5-89.4 ng/dL)
— Middle Tes level (89.6-76.4 ng/dL)
~— High Tes level (78.4-93.7 ng/dL)

of Survival

p<0.001

— T
0 10 20 30 40 50 60 70 80 90
Time (Days)

— Low sST2 level (11.7-81.6 ng/mL)
— Middle SST2 level (82.0-323.3 ng/mL)
— High sST2 level (324.7-1294.5 ng/mL)





OPS/images/cover.jpg
’ frontiers | Frontiers in Medicine

Testosterone and soluble ST2 as
mortality predictive biomarkers
in male patients with
sepsis-induced cardiomyopathy












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Medicine






