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Abstract
Objective
The coronavirus disease 2019 was a global public health emergency in later years (from 2020 to early 2022), and androgens have been associated with infection and prognostic outcomes. However, the relationship between low serum testosterone levels and prognostic outcomes remains inconclusive. This systematic review aimed to investigate the relationship between serum testosterone levels and prognostic outcomes in patients with COVID-19.

Methods
We searched PubMed, MEDLINE, EMBASE and Web of Science electronic databases for all literature from January 1, 2020, to September 1, 2022. In addition, we also searched literature manually. The search terms were COVID-19, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), androgens, and testosterone. There were no language restrictions for retrieval.

Results
Our search identified 2285 articles, resulting in a full-text analysis of 16 studies, including 12 cohort studies and four case-control studies. Low serum testosterone levels were observed to be statistically associated with a higher probability of intensive care unit (ICU) admission in seven studies. In eight studies, higher hospital mortality was associated with lower serum testosterone levels. Six studies found that low serum testosterone levels were associated with a statistically significant difference in lung function impairment. Only four studies found that among living patients, those with lower serum testosterone levels had longer hospital stays. All but one of the included studies had a low risk of bias.

Conclusions
Based on available data, low serum testosterone levels are associated with higher rates of ICU admission, hospital mortality, risk of lung failure, inflammatory markers, and longer hospital stays in patients with COVID-19 compared with those having normal serum testosterone levels.
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Abbreviations
	ACE2
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	ARDS
	Acute respiratory distress syndrome

	BioT
	Bioavailable testosterone
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	Free testosterone
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	Intensive care unit

	SARS-CoV-2
	Severe acute respiratory syndrome coronavirus 2

	SHBG
	Sex hormone binding globulin

	TMPRSS2
	Transmembrane serine protease 2

	TT
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Introduction
The novel coronavirus disease 2019 has rapidly spread globally, causing great impacts on human health and the social economy. The severe acute respiratory syndrome coronavirus 2 (SASR-CoV-2) continues to mutate, resulting in a continued increase in the number of patients with COVID-19 worldwide. As of September 13, 2022, more than 60 million confirmed cases of COVID-19 have been reported to WHO, including more than 6 million deaths [1].
A study has identified more number of male patients with COVID-19 than female patients, which could be due to differences in sex hormone [2]. Androgens can up-regulate the activity of transmembrane serine protease 2 (TMPRSS2), which is required for the initiation of infection by SARS-CoV-2 [3] by promoting the interaction between the receptor-binding domain of the S1 subunit on SASR-CoV-2 spike glycoprotein and the angiotensin-converting enzyme 2 (ACE2) ectodomain and causing SARS-CoV-2 entry into human cells [4].
However, some studies have found that reduced serum testosterone levels are associated with a poor COVID-19 prognosis [5]. Chen et al. used publicly available gene expression datasets to show that ACE2 expression is reduced in hypoandrogen conditions [6]. This indicates that low serum testosterone levels are positively correlated with ACE2 levels. In addition, studies have shown that low ACE2 levels can aggravate lung damage in patients. In a mouse model of acid aspiration and sepsis-induced acute respiratory distress syndrome (ARDS), ACE2-deficient mice were found to have worsened oxygenation, massive pulmonary edema, increased infiltration of inflammatory factors, and hyaline membrane formation [7]. Consequently, an acute lung injury can also lead to decreased ACE2 expression and increased angiotensin II production [7, 8]. Testosterone, the major androgen, is involved not only in the reproductive system, but also in the motor system, endocrine system, blood system, and neuropsychiatric system [9]. Many studies have investigated the relationship between low serum testosterone levels and adverse prognostic outcomes, such as lung function impairment, increased length of hospital stay, intensive care unit (ICU) admission, mortality, and others in patients with COVID-19; however, the conclusions are contradictory. Most studies have shown that low serum testosterone levels are associated with higher ICU admission rates in patients with COVID-19, [10–16] whereas Karkin et al. found that patients admitted to the ICU had higher serum testosterone levels than those not admitted to the ICU [17]. Apaydin et al. also demonstrated that low serum testosterone levels were not associated with a poor prognosis of patients with COVID-19 [18].
Hence, to explore the relationship between serum testosterone levels and prognostic outcomes, such as lung function impairment, length of stay, ICU admission, and mortality in patients with COVID-19, we conducted a systematic review of the current evidence.

Materials and methods
Literature search strategy
The systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [19], and the protocol has been registered on the PROSPERO platform. We searched PubMed, MEDLINE, EMBASE, and Web of Science electronic databases from January 1, 2020, to September 12, 2022. In addition, we manually searched the reference list of the relevant articles. The search terms were COVID-19, SASR-CoV-2, androgens, and testosterone (Table 1). During the search we did not consider language restrictions.
Table 1Electronic search strategy


	Database
	Search term
	Number

	PubMed
(All fields)
	#1: COVID-19 OR SASR-CoV-2
	#1: 328,411

	#2: androgens OR testosterone
	#2: 18,923

	#3: #1 AND #2
	#3: 453

	Embase
(All fields)
	#1: COVID-19 OR SASR-CoV-2
	#1: 306,520

	#2: androgens OR testosterone
	#2: 35,186

	#3: #1 AND #2
	#3: 713

	Medline
(All fields)
	#1: COVID-19 OR SASR-CoV-2
	#1: 201,191

	#2: androgens OR testosterone
	#2: 12,234

	#3: #1 AND #2
	#3: 658

	Web of Science
(Topic)
	#1: COVID-19 OR SASR-CoV-2
	#1: 360,122

	#2: androgens OR testosterone
	#2: 23,421

	#3: #1 AND #2
	#3: 457





Eligibility criteria
This systematic review included all reported differences in serum testosterone levels between patients with COVID-19 and no COVID-19 in context to prognostic outcomes. The relationship between differences in serum testosterone levels and prognostic outcomes in patients with different severity of COVID-19 disease was also included. Studies were included if they reported any of the following measurements: ICU admission, hospital mortality, impairment of lung function, hospitalization time, and inflammation-related indicators. If the literature included data on testosterone levels in both men and women, we extracted data related to male testosterone and its prognosis only. In addition, we considered that all selected studies should have a control group.
Conference abstracts, editorials, reviews, case reports, duplicate publications, animal studies, no control arm, and intervention studies were excluded.

Study selection and data extraction
Two authors independently searched the electronic database, screened the title and abstract of the retrieved literature according to the inclusion and exclusion criteria, and then conducted a full-text analysis of the eligible literature. Two researchers independently analyzed the full text and made decisions on inclusion. In case of disagreement, a discussion was conducted with the third author to solve the problem.
In cases of missing or incorrect data in the literature, we contacted the authors of the literature. Two researchers independently performed data extraction. Data were extracted for the first author, year, country, study design, sample size, age, population, characteristics of groups, blood test index, and outcomes. Other authors reviewed the final data extraction tables.

Evaluation of the quality of research
We use Newcastle-Ottawa Score (NOS) to evaluate the quality of the included cohort studies in terms of selection, comparability, and outcome, and case-control studies in terms of selection, comparability, and exposure [20]. The differences between the two authors were discussed and resolved with the third author. NOS considers a score of six or above moderate to high in research quality and credibility.


Results
Literature search
A total of 2281 articles were retrieved from the four major databases, and four were retrieved manually, resulting in a total of 2285 articles. Of these, 895 duplicate articles were excluded. After evaluating the titles and abstracts of the remaining articles, 18 articles were found to be in line with the research purpose of the present study. After evaluating full-text of these 18 articles, two were excluded due to lack of the serum testosterone level data or control arm; hence, 16 articles were finally retained [10–18, 21–27]. Figure 1 shows the literature selection process.
[image: ]
Fig. 1PRISMA flow diagram



Patient characteristics
Table 2 presents the basic information of the selected articles. All the protocols were observational and included studies from seven countries, including Italy, Turkey, Spain, the Netherlands, Germany, China, and Australia. In total, studies involved 162,677 patients (mostly men between the age of 18 and 91 years). The studies were divided into groups based on serum testosterone levels, presence or absence of COVID-19, disease severity, and disease outcome. The blood test index included sex hormones and markers of inflammation. Outcomes included pulmonary complications associated with poor prognosis, ICU admission, length of hospital stay, and death.
Table 2Study characteristics and outcomes


	First author, year
	Country
	Study design
	Sample size
	Age, years
	Population
	BMI groups and number of cycles
	Blood test index
	Outcomes

	Çayan,
2020
	Turkey
	prospective cohort study
	438
	(43–57)
	COVID-19 male and female patients
	divided into three groups according to asymptomatic, symptomatic IMU hospitalization, and ICU hospitalization.
	TT, FSH, LH, prolactin, estrogen; biochemical indicators
	ICU admission, and length of hospital stay

	Salciccia, 2020
	Italy
	cohort study
	29
	(23–90)
	COVID-19 male patients
	Groups were assigned according to the need for invasive oxygen assistance.
	Complete blood count; TT; biochemical indicators
	Invasive oxygen assistance

	Camici, 2021
	Italy
	case-control study
	48
	(18–65)
	COVID-19 male patients
	24 patients with severe pneumonia in case group; mild COVID-19 in control group
	Sex hormone on admission; Markers of systemic inflammation
	Presence of hyperinflammatory syndrome; Percentage of damaged lung volume; Length of hospital stay; Time to swab clearance; Time to death

	Infante, 2021
	Italy
	case-control study
	59
	(38–89)
	COVID-19 male patients
	two groups: survivors and non-survivors.
	TT, estrogen progesterone, prolactin
	ICU admission; coagulation and Sepsis; hospital mortality

	Karkin, 2021
	Turkey
	prospective cohort study
	70
	(20-over 60)
	COVID-19 male patients
	divided according to the need for intensive care
	TT
	ICU admission

	Salciccia, 2021
	Italy
	cohort study
	25
	(41–78)
	COVID-19 male patients
	stratified according to impaired TT levels at the moment of hospital admission
	TT; complete blood count; biochemical indicators
	Viral positivity durations

	Salonia, 2021
	Italy
	case-control study
	567
	(49–66)
	COVID-19 male patients; healthy men
	divided into four groups according to the severity of COVID-19
	FSH, LH, TT, estrogen; biochemical indicators
	ICU admission; death

	Schroeder, 2021
	Germany
	retrospective cohort study
	92
	(58–82)
	SARS-CoV-2 positive and negative patients
	admitted to the Department of Intensive Care Medicine
	TT
	ARDS; mechanical ventilation; ICU stay

	van Zeggeren, 2021
	the Netherlands
	case-control study
	40
	(63–78)
	Amsterdam UMC COVID-19 Biobank patients
	consisting of postmenopausal women and age-matched men, with a mortality of 50% in each group
	estradiol; TT; SHBG
	ICU admission; Invasive ventilation; Deceased

	Apaydin, 2022
	Turkey
	cohort study
	81
	(22–60)
	COVID-19 male patients
	divided patients into low and normal testosterone groups
	FSH; LH; SHBG; TT
	Duration of hospitalization; ICU admission

	Cinislioglu, 2022
	Turkey
	prospective cohort study
	450
	(25–91)
	COVID-19 male patients; non-COVID-19 patients
	divided into mild/moderate and severe groups
	TT, FSH, LH
	lung involvement; ICU admission; death

	Marinelli, 2022
	Italy
	prospective, multicentric study
	35
	(58–74)
	COVID-19 male patients
	two groups: alive and dead
	hormonal profile; inflammatory/biochemical profile
	CPAP use; hospitalization time; in-hospital mortality rate

	Toscano‑Guerra, 2022
	Spain
	retrospective cohort study
	497
	(56–71)
	COVID-19 male and female patients
	classified as mild, moderate, severe-survivor, and severe-deceased
	TT; biochemical and hematological parameters
	severity; death

	Vena, 2022
	Italy
	cohort study
	221
	(26–93)
	COVID-19 male patients
	Subgroups by serum total testosterone values
	TT
	Respiratory outcomes; In‑hospital mortality

	Yeap, 2022
	Australia
	prospective cohort study
	159,964
	(40–69)
	community-dwelling adults
	5558 were infected with SARS-CoV-2, with 438 deaths from COVID-19
	TT; SHBG
	Deaths related to COVID-19;

	Zheng, 2022
	China
	cohort study
	61
	(37–74)
	COVID-19 male patients
	classified as ICU and non-ICU groups
	TT; laboratory indicators
	PSI; disease severity


ARDS, acute respiratory distress syndrome; COVID-19, coronavirus disease 2019; CPAP, continuous positive airway pressure; FSH, follicle-stimulating hormone; IMU, internal medicine unit; ICU, intensive care unit; LH, luteinizing hormone; PSI, pneumonia severity index; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SHBG, sex hormone binding globulin; TT, total testosterone




Quality assessment
Except for one cohort study [16], for which the total quality assessment score was four, all the other cohort studies had a score of six or above. Hence, the overall quality of the cohort study was acceptable. Further, the total score of quality assessment of observational studies was seven or above, indicating that the overall quality was medium to high (Table 3).
Table 3Outcome of assessment of the quality of non-randomized studies using the Newcastle-Ottawa scale


	cohort studies
	Selection
	Comparability
	Outcome
	 
	 	Representativeness of the exposed
cohort
	Selection of non-exposed cohort
	Ascertainment
of exposure
	Outcome not presented at the start
	age
	Most of
additional
factors
	Assessment of outcome
	Follow-up long enough
	Adequacy of follow up
	Total
score

	Çayan,
2020
	*
	*
	*
	-
	-
	*
	*
	*
	*
	7/9

	Salciccia, 2020
	*
	*
	*
	*
	*
	*
	-
	-
	-
	6/9

	Karkin, 2021
	*
	*
	*
	-
	-
	*
	*
	*
	-
	6/9

	Salciccia, 2021
	*
	*
	*
	-
	*
	*
	-
	*
	-
	6/9

	Schroeder, 2021
	*
	*
	*
	-
	*
	*
	*
	*
	*
	8/9

	Apaydin, 2022
	*
	*
	*
	*
	*
	*
	-
	*
	*
	8/9

	Cinislioglu, 2022
	*
	*
	*
	*
	*
	*
	-
	*
	*
	8/9

	Marinelli, 2022
	*
	*
	*
	-
	*
	*
	*
	*
	-
	7/9

	Toscano
Guerra, 2022
	*
	*
	*
	-
	-
	*
	*
	*
	-
	6/9

	Vena, 2022
	*
	*
	*
	*
	-
	*
	-
	*
	*
	7/9

	Yeap, 2022
	*
	*
	*
	-
	-
	*
	*
	*
	*
	7/9

	Zheng, 2022
	*
	*
	*
	-
	-
	*
	-
	-
	-
	4/9

	case-control
	Selection
	Comparability
	Outcome
	 
	 	Is the case definition adequate?
	Representativeness of the cases
	Selection of Controls
	Definition of Controls
	age
	Most of
additional
factors
	Assessment of outcome
	Same method of ascertainment for cases and controls
	Non-
Response rate
	Total
score

	Camici, 2021
	*
	*
	*
	*
	*
	*
	-
	*
	*
	8/9

	Infante, 2021
	*
	*
	*
	*
	*
	*
	*
	*
	-
	8/9

	Salonia, 2021
	*
	*
	*
	*
	-
	*
	-
	*
	*
	7/9

	van Zeggeren, 2021
	*
	*
	*
	*
	*
	*
	*
	*
	*
	9/9


A single asterisk (*) indicates 1 score, and dash (-) indicates 0 score




Outcomes
ICU admission
Nine studies [10–18] evaluated the relationship between serum total testosterone (TT) levels and ICU admission rates, and eight of them found statistical significance. Çayan et al. found that the mean serum TT level was significantly lower in the ICU admission group than that in the non-ICU admission group (239.94 ± 187.88 vs. 326.73 ± 152.18, p = 0.001). The probability of ICU admission rate during hospitalization increased significantly with decreasing baseline serum TT levels (linear equation p = 0.001, logarithmic equation p = 0.000) [10]. Infante et al. found that compared with the survival group, the non-survival group had a lower serum TT level but a higher probability of ICU admission (79.4% vs. 35%, p < 0.0001) [11]. However, Karkin et al. suggested that serum TT levels were significantly higher in the intensive care need group than that of the non-intensive care need group (291 ng/dL [112–531] vs. 390 ng/dL [180–680], p < 0.05) [17]. In a univariate analysis by Salonia et al., serum TT levels were inversely associated with ICU admission (odds ratio [OR]: 0.54, 95% confidence interval [CI]: 0.43–0.67, p < 0.0001), whereas in multivariate analysis, serum TT levels were associated with the requirement of ICU admission (OR: 0.53, 95% CI: 0.39–0.74, p < 0.0001) [12]. Schroeder et al. discovered that critically ill male patients with COVID-19 admitted to the ICU had the lowest serum TT levels compared with critically ill male patients with no COVID-19 (p < 0.0001) [13]. However, Apaydin et al. found no significant difference in ICU admission rates between the low and normal serum TT level groups (20.6% vs. 4.3%, p = 0.071) [18]. Cinislioglu et al. found that serum TT levels were statistically significant in univariate and multivariate binary logistic regression analyses (OR: 0.985, 95% CI: 0.985–0.993) to assess the need for ICU admission [14]. Using OR estimation and logistic regression analysis to assess the risk of ICU admission in patients with a mild-moderate prognosis, Toscano-Guerra et al. discovered that serum TT levels are significant (OR: 0.17, 95% CI 0.09–0.31) [15]. Zheng et al. showed that serum TT levels in the non-ICU admission group were statistically significant compared with those in the ICU admission group (6.7 nmol/L [4.2–8.7] vs. 3.7 nmol/L [1.5–4.7], p = 0. 012) [16]. Taken together, most studies suggest that patients with low serum TT levels are at higher risk of being admitted to the ICU.

Hospital mortality
A total of 10 [10–12, 15, 18, 22, 24–27] studies reported an association between serum TT levels and mortality. Çayan et al. found that the probability of mortality increased significantly with a decrease in baseline serum TT levels (linear equation p = 0.002, logarithmic equation p = 0.000). In univariate analysis, reduced serum TT level (OR: 1.008) was a highly significant predictor of death in patients with COVID-19 [10]. However, Camici et al. discovered no association between serum TT levels and risk of death (per 1 ng/mL TT, hazard ratio [HR]: 0.49, 95% CI 0.19–1.28, p = 0.147) [22]. Infante et al. showed significantly lower serum TT levels in the non-survivor group compared with the survivor group (< 100 ng/ dL) (71.8% vs. 35%, p < 0.0001) [11]. Salonia et al. used univariate analysis to show that serum TT levels were negatively associated with mortality outcomes (OR: 0.68, 95% CI: 0.53–0.86, p < 0.002). Furthermore, in multivariate analysis, serum TT levels were associated with mortality outcomes (OR: 0.67, 95% CI: 0.46–0.99, p < 0.05) [12]. van Zeggeren et al. found that serum TT levels were lower in dead patients compared with those who survived (0.8 [interquartile range, ITR 0.4–1.9), 3.2 (IQR 2.1–7.5), p < 0.001] [24]. Although dead patients in the Apaydin et al. study had very low free testosterone (FT) levels (3.13 µg/L, 5.37 µg/L, and 6.21 µg/L, respectively), no between-group comparisons were performed because there were only three patient [18]. In the study by Marinelli et al., serum TT and calculated FT levels were lower in dead patients [TT 1.55 ng/mL (0.77–2.29) vs. 1.98 ng/mL (1.30–2.72)]; calculated FT [0.0222 ng/mL (0.0134–0.0703) vs. 0.0441 ng/mL (0.0256–0.0742)] but the difference was not statistically significant [25]. The receiver operating characteristic (ROC) curve and area under the ROC curve (AUC) values calculated by Toscano-Guerra et al., based on the slope of the trajectory of the serum TT level curve, showed that all survivors were compared with those who died (AUC = 0.9281, 95% CI 0.8801–0.9761, p < 0.0001), and severe survivors vs. dead patients (AUC = 0.9205, 95% CI 0.8664–0.9747, p < 0.0001), indicating that the serum testosterone trajectory is a very accurate predictor of COVID-19 survival [15]. Vena et al. showed that in a univariate regression model, in-hospital mortality was associated with serum TT levels (OR: 0.75, 95% CI: 0.64–0.87, p < 0.001). Further, in multivariate regression analysis, low serum TT levels remained significantly associated with in-hospital mortality (OR: 0.68, 95% CI 0.52–0.88, p = 0.004) [26]. Yeap et al. showed an association between serum TT levels and the risk of death from COVID-19 in a fully adjusted model, including exposure variables, age, region, and region/time interaction, a full set of sociodemographic characteristics, lifestyle, medical variables, and time of blood collection (overall trend, p = 0.008) [27]. In summary, most findings suggest that serum TT levels are negatively associated with hospital mortality in patients with COVID-19.

Impairment of lung function
The association between serum TT levels and lung injury in patients with COVID-19 was statistically significant in six studies [16, 21–23, 25, 26]. After adjusting for age-adjusted Charlson Comorbidity Index, history of hypertension, dyslipidemia, and smoking status, Salciccia et al. found that a higher serum TT level was independently associated with a lower odd of invasive oxygenation (OR: 0.43, 95% CI: 0.23–0.85, p = 0.016) [21]. Camici et al. showed lower serum TT, calculated FT, and bioavailable testosterone (BioT) levels in severe pneumonia cases compared with mild COVID-19 (1.4 ng/mL [IQR 0.7–2.8] vs. 3.5 ng/mL [IQR 2.2–4.2], p = 0.005] [22]. In the Salciccia et al. study, patients requiring invasive oxygen support on admission were associated with lower median serum TT levels (2.64 ng/mL [IQR 1.56–2.99] vs. 5.4 ng/mL [IQR 4.47–5.56], p = 0.011] [23]. After adjusting for age and oxygenation index (PaO2/FiO2) [16], Marinelli et al. showed that serum TT and calculated FT levels were negatively correlated with continuous positive airway pressure use in multivariate logistic regression analysis (OR: 0.109, 95% CI: 0.0129–0.916, p < 0.001) [25]. Vena et al. found that the group with normal serum TT levels (T > 12 nmol/L) in comparison with the lower serum TT levels group (T < 8 nmol/L) had significantly higher PaO2/FiO2 ratio (278.1 [97.0–592.0] vs. 328.0 [247.0–452.0], p = 0.001] [26]. Zheng et al. used Spearman correlation analysis to evaluate the relationship between serum TT level and pneumonia severity index (PSI) and showed that the serum TT level was negatively correlated with PSI in both the first and second week after the onset of COVID-19 (r = -0.372, p = 0.043 and r = -0.502, p < 0.001, respectively) [16]. All relevant studies indicated that patients with low serum TT levels had a more severe impairment of the lung function.

Hospitalization time
Only five studies [11, 14, 18, 22, 25] demonstrated the relationship between serum TT level and length of hospital stay, and the differences were statistically significant. Camici et al. showed that TT, calculated FT, and BioT values were negatively correlated with length of hospital stay (p = 0.052, p = 0.041, and p = 0.023, respectively) [22]. Infante et al. found that although the non-survivor group had a significantly higher proportion of patients with severely low serum TT levels compared with survivors (71.8% vs. 35%, p < 0.0001), the mean length of hospital stay was significantly longer in the survivor group than that in the non-survivor group (34 ± 19 days vs. 14 ± 7 days, p < 0.0001) [11]. Correlation analysis by Apaydin et al. showed that FT level was negatively correlated with length of hospital stay (ρ = 0.334, p = 0.002) [18]. Cinislioglu et al. also showed a significant negative correlation between serum TT level and length of hospital stay (r = − 0.316, p < 0.001) [14]. Marinelli et al. showed that in the surviving subgroup, a longer hospital stay was significantly associated with lower serum TT levels and calculated FT levels (ρ = 0.51, p < 0.01 and ρ = 0.55, p < 0.01) [25]. Hence, four studies showed a negative correlation between serum TT levels and hospitalization time.

Inflammation-related indicators
The association between serum TT levels and inflammatory markers was described in seven studies [11, 14–16, 18, 21, 22]. Salciccia et al. showed that serum TT level was significantly negatively correlated with C-reactive protein (CRP), pH, IL-6, and D-dimer (ρ = -0.601, p = 0.001; ρ = -0.446, p = 0.037; ρ = -0.670, p = 0.001; ρ = -0.434, p = 0.049, respectively). Notably, a significant positive association was established between serum TT levels and monocytes (ρ = 0.482, p = 0.017), whereas no further significant associations were observed for other leukocyte lines [21]. In the study by Camici et al., patients with the hyperinflammatory syndrome had significantly lower median serum TT levels than patients with lower inflammatory response (1.7 ng/mL [IQR 0.80–2.60] vs. 3.6 ng/mL [IQR 1.70–4.30], p = 0.018], and lower serum TT level was significantly associated with lower lymphocyte and higher neutrophil counts (ρ = 0.31, p = 0.038; ρ = 0.43, p = 0.003, respectively) [22]. Infante et al. showed a significant negative correlation between serum TT level and CRP, IL-6, and D-dimer (ρ = -0.350, p = 0.006; ρ = − 0.266, p = 0.04; ρ = − 0.327, p = 0.01, respectively), and negatively correlated with WBC count (ρ = -0.255, p = 0.05) [11]. In the study of Apaydin et al., FT level was positively correlated with lymphocyte count and lymphocyte percentage (ρ = 0.260, p = 0.018; ρ = 0.346, p = 0.001, respectively) [18]. Cinislioglu et al. also showed that serum TT level was significantly negatively correlated with serum D-dimer, lactate dehydrogenase, and CRP (r = − 0.278, p < 0.001; r = − 0.510, p < 0.001; r = − 0.527, p < 0.001, respectively) and significantly positively correlated with lymphocyte level (r = 0.515, p < 0.001) [14]. Toscano-guerra et al. also showed a significant correlation between serum TT level and lymphocyte count (absolute count, r = 0.3122; WBC score, r = 0.4187), and neutrophil count was also negatively correlated (r = -0.3586) [15]. At 2 weeks after onset, Zheng et al. found that serum testosterone level was positively correlated with lymphocyte count (r = 0.522, p < 0.05) and negatively correlated with the neutrophil count, LDH, CRP, and D-dimer (r = -0.358, -0.519, -0.403, -0.533, p < 0.05) [16]. In these studies, serum TT levels were negatively correlated with several classical inflammatory markers, while positively correlated with monocyte and lymphocyte counts.



Discussion
This systematic review of 16 observational studies assessed the association between serum testosterone levels and outcomes in patients with COVID-19. This study showed that low serum testosterone levels were associated with higher rates of ICU admission, hospital mortality, risk of lung failure, inflammatory markers, and longer hospital stays in patients with COVID-19 in comparison to those with normal serum testosterone levels. These adverse outcomes may have long-term effects on patients with COVID-19. For example, ICU admission and prolonged hospital stay may increase the risk of the incidence of iatrogenic infections [28].
Our results have important implications for clinical work. Serum testosterone level may be used to predict the prognosis of patients with COVID-19 but existence of a causal relationship between serum testosterone and COVID-19 is yet to be determined.
Androgens are an important factor in the regulation of penile erection. However, we note conflicting points in the study by Karkin et al. where patients with severe COVID-19 had higher testosterone levels and lower erectile function scores compared with patients without severe COVID-19 [17]. In addition, in terms of length of hospital stay, Infante et al. found that although serum testosterone levels were higher in the survival group than that in the non-survival group, the mean length of hospital stay in the survival group was significantly longer than that in the non-survival group [11]. In contrast to other findings, on average, people who have died from severe COVID-19 are expected to have shorter hospital stays than those who survived. Hence, the association between lower serum testosterone levels and longer hospital stays occurred primarily in survivors. Included studies had inconsistent definitions of serum testosterone levels and used different units of measurement, which may also have contributed to the large heterogeneity among them. Moreover, inflammation is a more important indicator than personal characteristics and comorbidities in the admission population [29]. Independent associations were identified between inflammatory biomarkers and the need for respiratory support or mortality outcomes in patients with COVID-19 [30]. Our study also found an inverse relationship between serum TT levels and inflammatory biomarkers, such as CRP, IL-6, and D-dimer. Lymphocytes play a decisive role in maintaining systemic immune homeostasis and inflammation, and lymphopenia is a predictor of prognosis in patients with COVID-19 [31]. Our results showed a positive correlation between serum TT level and lymphocyte count, suggesting that low serum TT level may be a prognostic factor for COVID-19.
Androgens can regulate the enzyme activity of TMPRSS2, which promotes SASR-CoV-2 interaction with ACE2 in human cells [3]. However, ACE2 expression is reduced in the presence of hypoandrogen [6]. A study has demonstrated that low levels of ACE2 and high levels of angiotensin II may lead to pneumonia, resulting in increased pulmonary vascular permeability [32]. This may explain why low serum testosterone levels are associated with poor prognosis in COVID-19. In addition, Welen et al. found that anti-androgens do not benefit patients with COVID-19 and should not be used in hospitalized patients with COVID-19 or as a preventive measure for COVID-19 [33]. Although this study did not measure the subjects’ serum testosterone levels before anti-androgens therapy, it still suggests that low androgen levels are not a favorable factor for COVID-19. It should be noted that the studies included in this systematic review were observational and could only show that low serum testosterone levels were associated with poor prognosis in patients with COVID-19.
Our study has several limitations. First, it is not clear whether testosterone levels of analyzed patients were normal before they contracted COVID-19. Hence, a causal relationship between low testosterone and poor prognosis in men is yet to be explored. Second, the heterogeneity between the included cohorts and case-control studies was largely due to different types of studies and differences in population characteristics, which prevented us from conducting a summary analysis of the primary outcome data. In addition, these studies also differ in the judgment criteria of patient severity, the inclusion criteria of subjects, and the control protocol. In fact, most of the individual studies included in the systematic review did not measure SHBG (sex hormone binding globulin), which is a testosterone binding protein, but only provides TT levels. Therefore, high-level studies are needed to confirm whether intervention patients with serum testosterone levels can improve the outcome of patients with COVID-19.

Conclusion
In conclusion, our findings suggest that low serum testosterone levels may be associated with higher ICU admission, mortality, risk of lung failure, inflammatory markers, and longer hospital stay in patients with COVID-19, and hence these admitted patients should receive more attention upon admission. Furthermore, the serum TT level in patients with COVID-19 can act as an indicator to predict the outcome and may even become an adjuvant therapy strategy to improve the outcome.
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