
1 
 

Lower Thiol, Glutathione, and Glutathione Peroxidase Levels in Prostate Cancer: A Meta-

Analysis Study 

 

Nattanan Sajjaboontawee1, Thitiporn Supasitthumrong1, Chavit Tunvirachaisakul1, Kanyapak 

Nantachai1, Thiti Snabboon2, Edna Maria Vissoci Reiche3, Andréa Name Colado Simão3, 

Michael Maes1,4,5 

 

1. Department of Psychiatry, Faculty of Medicine, Chulalongkorn University, Bangkok, 

Thailand 

2. Department of Medicine, Faculty of Medicine, Chulalongkorn University, Bangkok, 

Thailand 

3. Department of Pathology, Clinical Analysis and Toxicology, Health Sciences Center, 

Londrina State University, Londrina, Paraná, Brazil. 

4. Department of Psychiatry, Medical University of Plovdiv, Plovdiv, Bulgaria.  

5. IMPACT Strategic Research Centre, Deakin University, PO Box 281, Geelong, VIC, 

3220, Australia. 

 

 

 

 

Corresponding author: 

Prof. Dr. Michael Maes, M.D., Ph.D., and Dr. Thitiporn Supasitthumrong, M.D.  

Department of Psychiatry 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2020                   doi:10.20944/preprints202006.0003.v1

©  2020 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202006.0003.v1
http://creativecommons.org/licenses/by/4.0/


2 
 

Faculty of Medicine 

Chulalongkorn University 

Bangkok 

Thailand 

 

Nattanan Sajjaboontawee: nattanan.sajja@gmail.com  

Thitiporn Supasitthumrong: Thitiporn.S@chula.ac.th 

Chavit Tunvirachaisakul: Chavit.T@chula.ac.th  

Kanyapak Nantachai: nantachaikanyapak1234@gmail.com 

Thiti Snabboon: snabboon@yahoo.com  

Edna Maria Vissoci Reiche: reiche@sercomtel.com.br  

Andréa Name Colado Simão: deianame@yahoo.com.br  

Michael Maes: dr.michaelmaes@hotmail.com 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 June 2020                   doi:10.20944/preprints202006.0003.v1

mailto:nattanan.sajja@gmail.com
mailto:Thitiporn.S@chula.ac.th
mailto:Chavit.T@chula.ac.th
mailto:nantachaikanyapak1234@gmail.com
mailto:snabboon@yahoo.com
mailto:reiche@sercomtel.com.br
mailto:deianame@yahoo.com.br
mailto:dr.michaelmaes@hotmail.com
https://doi.org/10.20944/preprints202006.0003.v1


3 
 

ABSTRACT 

Introduction: Lowered thiol or sulfhydryl (-SH) groups and glutathione (GSH) metabolism may 

be associated with prostate cancer (PCa) and benign prostatic hyperplasia (BPH). The main 

objectives of this study were to systematically review and meta-analyze the evidence on the 

associations among -SH groups, GSH, GSH peroxidase (GPx), GSH reductase (GR) and GSH 

transferase (GST) and PCa/BPH. 

Methods: Four electronic databases were searched for studies that reported -SH and GSH 

variables in PCa/BPH and healthy controls (HC) and the data were meta-analyzed by calculating 

Hedges’s g with 95% confidence intervals.  

Results: Twenty studies were included in this meta-analysis including 800 PCa and 791 BPH 

patients and 592 HC. Total -SH (g=-1.750, -2.341/-1.159), GPx (g=-0.789, -1.234/-0.344), GSH 

(g=-2.219, -4.132/-0.305), and the combination of -SH, GPx, and GSH (g=-1.271, -1.271/-0.800) 

were significantly lower in PCa patients than in HC. -SH (g=-1.752, -3.123/-0.381) and the 

combination of -SH, GPx, and GSH (g=-0.813, -1.298/-0.327) were significantly lower in BPH 

patients than in HC. GPx was significantly lower in PCa than in BPH patients (g=-0.455, -

0.896/-0.014). Heterogeneity levels were very high, but Egger’s test showed that none of the 

biomarkers showed significant publication bias.  

Conclusion: Thiol/GPx antioxidant defenses are significantly attenuated in patients with PCa 

while patients with BPH occupy an intermediate risk group position between PCa patients and 

HC. Those results suggest that reduced thiol-related antioxidant mechanisms play a crucial role 

in prostatic disorders, especially in PCa. Future research should examine whether thiols/GPx 

antioxidants are associated with the onset of PCa/BHP.  
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1. Introduction 

Prostate cancer (PCa) is one of the most common diseases and leading causes of death in 

men around the world1 while PCa and benign prostatic hyperplasia (BPH) are the major urologic 

diseases in aging men. The etiology and the risk factors of PCa and BPH are not well 

understood, however, different factors increase the risk of PCa and BPH including non-

modifiable factors such as age2, family history2,3, and ethnicity4, and modifiable factors such as 

lifestyle and diets5, body weight6, and chronic prostatic inflammation7,8.  

Increased levels of prostate-specific antigen (PSA) are commonly used as an external 

validating criterion of the clinical diagnosis PCa, although with moderate accuracy, while this 

biomarker shows less accuracy in differentiating between PCa and BPH9. For example, one 

study showed that more than 20% of PCa patients have PSA levels below the cut-off value (4.0 

µg/L)10. Therefore, it is important to discover novel biomarkers, which could indicate the 

presence of PCa more precisely and differentiate PCA from BPH11. 

Increased oxidative stress has been implicated in the pathophysiology of PCa, especially 

during the early stages of development12,13,14. Reactive oxygen species (ROS), such as 

superoxide anion, hydrogen peroxides and hydroxyl radicals, may induce lipid peroxidation and 

genomic DNA damage by altering the activity of enzymes dependent on -sulfhydryl or thiol (-

SH) groups15. Recently, there were some reports that levels of key antioxidants including -SH 

groups and glutathione (GSH) are lowered in patients with PCa as compared with healthy 

controls (HC)16,17. In addition, GSH-related enzymes, such as GSH peroxidase (GPx), GST 

transferase (GST) and GSH reductase (GR), may be lowered in PCa versus controls18,19,20. -SH 

groups in peripheral blood are part of protein and non-protein compartments (e.g. GSH and 

cysteine) while protein-SH is more abundant in plasma and GSH in red blood cells21,22. 
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However, the levels of total -SH do not differ significantly from protein-SH because GSH levels 

in plasma are low21,22. Moreover, the plasma levels of -SH groups usually decline with increasing 

age and the decreases in -SH groups may be associated with PCa progression21.  

These above-mentioned data are important because key antioxidants, such as -SH groups 

and the GSH system, confer protection against oxidative stress toxicity (OSTOX) while a 

reduced efficiency of antioxidant defense mechanisms is one of the key factors that aggravate 

oxidative stress-induced damage23. -SH groups and the GSH system comprising GSH and the 

GSH-related enzymes such as GR, GST, and GPx contribute to the neutralization of ROS and 

OSTOX in the body24. GPx catalyzes the reaction of GSH with ROS, whereby GSH is oxidized, 

and GR can reduce the inactive oxidized form of GSH. Moreover, an additional GSH-related 

enzyme, GST, catalyzes the conjugation between GSH and toxic compounds and detoxifies 

peroxidized lipids25. OSTOX is one of the risk factors associated with BPH26 and PCa27,28 

through detrimental effects of ROS which may lead to carcinogenesis by causing DNA damage, 

interactions with oncogenes or tumor suppressor genes, and immune mechanisms26,29. Moreover, 

ROS could be a leading cause of DNA adduct formation and unrepaired OSTOX lesions may 

cause mutations thereby increasing the risk of cancer formation23.  

A recent study, which included the largest number of patients with PCa (n=73) and BPH 

(n=67) as well as HC (n=64), reported that the assays of -SH groups in PCa may considerably 

improve the diagnostic accuracy when combining -SH groups with PSA17. Furthermore, these 

authors showed that lowered levels of -SH groups may accurately discriminate PCa from BHP. 

On the other hand, GSH and its enzymes GPx, GR, and GST were, in some studies, significantly 

lower in BPH patients than in HC while in other studies no differences were detected between 
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PCa and BPH20,30,31. Therefore, it is not clear whether disorders in these key antioxidants are 

confined to PCa or are less specific and also occur in BPH.     

Hence, the main objectives of this study were to systematically review and meta-analyze 

whether -SH groups and the GSH system are lowered in PCa and BPH patients as compared with 

HC and in PCa as compared with BPH patients. 

 

2. Materials and Methods 

The review protocol was registered at PROSPERO on (awaiting for registration number). 

This systematic review and meta-analysis followed the Preferred Reporting Items for Systematic 

Reviews and meta-Analyses (PRISMA) guidelines32. 

 

2.1. Literature search 

We searched PubMed, Scopus, Google Scholar, and the Cochrane Database of 

Systematic Reviews and obtained the manuscripts through PennState University Libraries’ 

website, and ResearchGate using free texts. The search used the major terms included “prostate 

cancer”, “PCa”, “thiol”, “SH”, “sulfhydryl”, “glutathione”, “GSH”, “glutathione peroxidase”, 

“GSH-Px”, “GPx”, “glutathione reductase”, “GSH-Red”, “GR”, and “glutathione transferase”, 

“GST”. We considered publication dates between January 1, 1990 and March 20, 2020. Our 

search was restricted to manuscripts written in English, French, Spanish, German, Dutch, Italian 

and Thai, and the reference lists were examined and conducted a reverse citation search of 

included papers (see Electronic Supplementary File ESF Table 1). 

Inclusion criteria were cross-sectional and case-control studies and baseline data from 

longitudinal studies, with a HC group; diagnosis of PCa or BPH, male adults (≥20 years); and 
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assays of peripheral -SH/GSH-associated antioxidants in erythrocytes, serum, or plasma. Some 

studies, which presented the data in graph formats but did not provide numerical data, were 

excluded if the authors did not provide the necessary mean and standard deviation (SD) values. 

Moreover, studies without a healthy group and studies in other languages than those listed above 

were also excluded. The HC group was well-defined as individuals who were diagnosed as not 

having any significant disease and chronic injury.  

 

2.2. Study selection 

The articles were initially screened by considering their titles and abstracts by two 

authors (NS and MM). After selecting the related studies, the full-text versions were printed and 

reviewed to confirm their qualifications. Later, the key data were obtained from the full-length 

articles by the first author (NS). 

 

2.3. Data abstraction and study coding 

The first author (NS) compiled all information from the studies into an Excel spreadsheet 

while the third author (KN) checked the extracted data. If there was any disagreement, the 

second author (TS) helped to confirm the correctness. Then, the last author (MM) imported the 

information on the Excel spreadsheet into a Comprehensive Meta-Analysis (CMA V3) 

spreadsheet. The information collected from each selected study included: mean (SD) age, year 

of publication, country, ethnicity, latitude, type of samples, sample size in the study groups, 

mean and SD of biomarker levels. 

 

2.4. Data analyses 
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The CMA V3 software was used to analyze the data. A meta-analysis was conducted 

when the biomarker levels were reported in at least three studies. Since different studies might 

use different measurement methods, we computed standardized mean differences (Hedges’s g) 

with 95% confidence intervals for each assay was estimated, which provided an unbiased effect 

size adjusted for small sample sizes. The data were considered outliers and removed when 

SD>4.033. The results were considered significant when p<0.05 (two-sided tests), the cut-off 

values for estimating the ES were 0.2 (small), 0.5 (moderate) and 0.8 (large)34. In this study, we 

used a random-effect model with restricted maximum likelihood due to the assumption that 

population’s characteristics among the different studies were different. Egger’s linear regression 

test was used to identify publication bias. This test is employed to examine the asymmetry of the 

funnel plot at p<0.10 showing significant asymmetry and also publication bias. When Egger’s 

linear regression test presented a significant asymmetry, the Duval and Tweedie’s trim-and-fill 

procedure was used to estimate the effect size adjusting for publication bias. Heterogeneity 

between studies was evaluated using the Cochran Q test and I2 statistic to indicate the percentage 

of total variation across different studies due to heterogeneity, and it is considered high when 

≥50%35. Possible sources of heterogeneity across studies for each estimate were explored when 

at least 10 studies reported data of the same variable, using either subgroup meta-analysis (with a 

minimum of three studies per sub-group) or random-effects meta-regression analyses36 while the 

group-by analyses were identified using within- and between-group heterogeneity results. 

Moreover, all meta-analyses were examined using the leave-one-out sensitivity analysis. 

Confounder variables with known effects on -SH and GSH performance as biomarker were 

considered and if possible entered in group meta-analysis or meta-regressions including mean 

age, year of publication, country, ethnicity, latitude, type of samples (erythrocytes, serum, or 
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plasma), and diagnostic assessment (biopsy reported or not). Unfortunately, most studies do not 

report the participants’ body mass index (BMI), severity of illness, duration of illness (PCa or 

BPH), diet, physical exercise, smoking, use of vitamin or antioxidant supplements, and 

psychological conditions to evaluate the effect of these variables. 

 

2.5. Patient and public involvement 

No public or patient participants were directly involved in the process of this review. 

 

3. Results 

3.1. Selection and inclusion of studies 

Two hundred and two potential studies were found in the online databases during the 

initial literature search (168 abstracts in total after removal of duplicates) (see Figure 1). After 

screening the full-text articles, two out of the 30 studies were excluded because they did not meet 

the inclusion criteria, and one was excluded because the full-text versions was not provided upon 

requests. Therefore, 27 studies matched the criteria, and all of them were case-control studies. Of 

those studies, five were excluded because data were shown in graphs, numerical data were not 

given upon requests, and two did not have a healthy control group (see ESF Table 2). Therefore, 

20 published studies were selected to conduct the meta-analysis (see Figure 1). 

 

Fig. 1. Flowchart of study selection. 

 

3.2. Characteristics of the included studies  
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The included studies were published between 1995 to 2020. The sample sizes of the 

selected study groups ranged from 10 to 164 participants while the reported mean ages ranged 

from 48 to 70 years. Most of the participants including 800 PCa patients, 791 BPH patients, and 

592 HC were aging men. Most of the studies were conducted in Turkey (n = 9) followed by nine 

other countries: India (n = 3), Poland (n = 2), Nigeria (n = 1), Brazil (n = 1), Sweden (n = 1), 

Macedonia (n = 1), Ghana (n = 1), Egypt (n = 1), and Georgia (n = 1) with the latitudes ranged 

from 60.1282° N to 23.3045° S. For ethnicities, 52.38% were Asian, 23.81% were Caucasian, 

14.29% were Black, and other 9.52% were not reported. Three types of samples were used in the 

studies: erythrocytes (40.91%), serum (31.82%), and plasma (18.18%). Another 9.09% of the 

studies reported “blood”, but did not provide more details on the type of blood sample. 

Additional details of the systematically reviewed characteristics of individual studies are shown 

in ESF Table 3. 

 

3.3. Meta-analysis 

All of the 20 studies were included in the meta-analysis. However, 1 outlier GSH value 

was detected, namely in Ahmed Amar’s et al.’s study18 and consequently GSH data were 

analyzed with and without this study. 

 

3.3.1. Biomarker levels in PCa patients versus HC 

Table 1 shows the results of meta-analyses and heterogeneity tests of the biomarkers 

when comparing PCa patients with HC. The meta-analysis included 145 PCa patients and 136 

HC. -SH levels were significantly lower in PCa patients than in HC with large effect size (g = -

1.750) (Figure 2). Two studies12,37. measured GPx in different peripheral blood compartments 
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and, therefore, we have combined these two different GPx measurements and used the mean in 

the meta-analysis. Figure 3 displays a forest plot indicating that peripheral levels of GPx were 

significantly lower with large effect size in the PCa patient group (n=341) than in HC (n=257). 

Table 1 shows that also serum GSH levels were significantly lower in PCa patients. The GSH 

data in the Ahmed-Amar et al. study18 were considered as “outlier values” and, therefore, those 

data were removed from the meta-analysis indicating that the meta-analysis differences were no 

longer significant. Considering the combined scores of -SH and GSH, we found that (after 

removal of the Ahmed-Amar et al. study18) this combination was significantly lower in 319 PCa 

patients as compared with 286 HC with a large effects size. The combination of -SH + GSH + 

GPx scores was, again after removing the Ahmed-Amar et al. (2018) study18, significantly lower 

in 558 PCa patients than in 473 HC (Figure 4). A meta-analysis including the Ahmed-Amar et 

al. (2018) study18 showed that the effect size was even larger. For GR and GST, the levels were 

measured in at least 3 studies and, therefore, meta-analyzed, but the values were not significantly 

different between PCa patients and HC.  

 

3.3.2. Biomarkers levels in PCa patients versus BPH 

 Table 2 shows the results of meta-analyses and heterogeneity tests performed on the 

biomarkers when comparing PCa with BPH patients. -SH levels were not significantly different 

between 152 PCa and 152 BHP patients. GPx levels were analyzed in eleven studies, although 

two studies12,37. measured GPx more than once in different peripheral blood compartments and, 

therefore, we grouped these different GPx measurements. The forest plot in Figure 5 shows that 

GPx levels were significantly lower in 424 PCa patients than in 474 BPH patients. The group 

composite scores of SH+GPx+GSH showed a trend towards significance (p=0.087) between 
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both individuals with PCa (n=576) and BPH (n=626). GR and GST levels were not meta-

analyzed due to insufficient numbers of studies (n < 3).  

 

3.3.3. Biomarkers in BPH versus HC  

 Table 3 shows the results of meta-analysis and heterogeneity tests of the biomarkers 

when comparing BPH patients with HC. We found that -SH levels were significantly lower in 

127 BPH patients compared with 119 HS with a large effect size. The combination of -SH and 

GSH was significantly lower in 370 BHA patients and compared with 199 HC. The forest plot in 

Figure 6 shows that the combination of -SH, GPx, and GSH was significantly inversely 

associated with the presence of BPH (n=554) versus HC (n=401) with a large effect size. The 

levels of GPx, GSH, and GST were not significantly different between the two groups and GR 

levels were not meta-analyzed in this comparison because the number of studies was less than 

three.   

 

3.3.4. Sensitivity analysis, publication bias and heterogeneity 

Removing one study did not alter the significance levels for the different comparisons 

listed in tables 1-3. Egger’s test showed that there was no significant publication bias in any of 

the comparisons. Nevertheless, the heterogeneity was very high with all biomarkers showing I2 

values >0.75.  

 

3.3.5. Subgroup analysis and meta-regression. 

Meta-regression performed on the combined score SH+GSH+GPx in PCa patients and 

HC showed that there was a significant effect of latency on this score (z=2.50, p=0.012) whereby 
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a lower latency is significantly associated with a more negative Hedges’s g value. There was a 

trend towards a negative correlation between the year of publication and this composite score 

(z=-1.91, p=0.056). There were no significant associations between this composite score and age 

differences or combined effects of latency, age-differences or year of publication. Subgroup 

analysis did not show any significant differences between these biomarker scores and the 

diagnosis of PCa.      

 

4. Discussion 

 The first major finding of this meta-analysis is that PCa is characterized by lowered 

levels of -SH groups, GSH and GPx as compared with HC, while there were no significant 

differences in GR and GST, suggesting that antioxidant defenses are lowered in PCa patients 

and, thus, may play a role in the pathophysiology of PCa. Thiol groups have essential functions 

in ROS detoxification, regulation of enzymes, and cellular mechanisms, especially apoptotic 

signaling and, therefore, decreased -SH levels cause impaired antioxidant defense mechanism 

and may result in tissue damage17,38. Among non-protein thiols, GSH plays a key role in 

maintaining intracellular antioxidant defenses by scavenging ROS and regenerating other 

antioxidant molecules. In the cytoplasm, reduced GSH may dissociate hydrogen peroxides 

(H2O2) resulting in increased oxidized GSH (GSSG) which, subsequently, may be recycled to 

GSH by GR through the nicotinamide adenine dinucleotide phosphate (NADPH)-dependent 

redox pathway thereby sustaining adequate levels of GSH14. GPx is a primary antioxidant 

enzyme, which is directly involved in the elimination of ROS and uses GSH to remove H2O2 and 

lipid hydroperoxides39. Moreover, different GST isozymes catalyze intracellular detoxification 

reactions by conjugating GSH with ROS, resulting in less toxic products40,41 including toxic 
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electrophiles and a variety of carcinogens, which are after conjugation or reduction more easily 

excreted in urine or bile. 

It should be stressed that also other antioxidant systems are lowered in patients with PCa, 

including total plasma antioxidant capacity as measured with radical-trapping plasma parameter 

(TRAP), catalase, vitamin C and E12,13,17,42. Likewise, PCa is accompanied by increased OSTOX, 

as indicated by indices of lipid peroxidation and protein oxidation including increased levels of 

protein carbonyls and advanced oxidation protein products (AOPP), suggesting increased 

hypochlorous stress13,17,43. The latter and increased AOPP levels may cause many disorders 

which in theory could increase risk of cancer, including oxidative damage to RNA and DNA, 

vascular injuries, increased inflammation, activation of nuclear factor-κB, p38 mitogen-activated 

protein kinase (MAPK), and apoptosis pathways, NADPH oxidase (NOX) increasing the 

expression of NOX isoforms (NOX1, NOX2 and NOX4), accumulation of abnormal proteins, 

and increased reticulum stress44. Further evidence that lowered -SH groups are associated with 

the pathophysiology of PCa comes from findings that -SH groups are significantly and inversely 

associated with PSA levels16,17 and with prostate volume and high-risk phenotype groups based 

on age and volume (AV) scores and metastasis17. In addition, radical prostatectomy is not always 

accompanied by a normalization of the thiol levels16 suggesting that such deficits are not 

secondary to PCa.  

The second major finding of this study is that PCa may be discriminated from BPH using 

lowered levels of GPx, although no significant differences were detected in -SH groups or GSH 

levels. Nevertheless, there was a trend towards lower -SH, GSH and GPx scores in PCa patients 

compared to those with BPH. Some previous studies showed lower trolox equivalent antioxidant 

capacity in the plasma of PCa patients when compared with those with BPH19. In addition, 
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TRAP levels in red blood cells were significantly lower in PCa patients than in HC while BHP 

patients occupied an intermediate risk group position17. Likewise, protein carbonyls were 

significantly higher in PCa patients as compared with BPH patients, although no differences in 

lipid hydroperoxides and AOPP could be detected17. As such, it appears that the differences 

between PCa patients and HC are more important than the differences between PCa and BPH 

patients. Moreover, previous papers examined the association between GPX gene variants and 

risk of PCa or PCa progression. One study found that men with the GPX1 rs17650792 variant 

had a higher risk to develop PCa than men with the GPX1 rs180066845 variant. Men carrying, in 

homozygosity, the rare allele (G) of the GXP4 rs3746165 (A>G) variant showed lower PCa 

mortality risk and higher γ-tocopherol levels when compared with men carrying, in 

homozygosity, the more frequent A allele46. In addition, PCa is also characterized by 

polymorphisms in the GST gene. For example, a strong association was observed between PCa 

and the null genotypes of two distinct classes of soluble GST in cytoplasmic mammals, named 

GSTM1 and GSTT1; the association between GSTM1 deletion and PCa was observed especially 

in Asian, Eurasian, and American populations, whereas the GSTT1 deletion was significantly 

higher in Africans with PCa as compared with HC47. However, in a huge previous review48, 

these associations showed different results. GSTM1 deletion conferred increased risk of PCa on a 

wide population basis and similar results were reached in Caucasians and Asians, with exception 

for Africans with PCa. Moreover, no association between GSTT1 or GSTP1 and PCa risk was 

detected in different ethnicities. Furthermore, a recent meta-analysis reported that the 

methylation rate of the GSTP1 promoter was higher in PCa patients as compared with HC49. 

The third major finding of the present study is that patients with BPH show significantly 

lower -SH groups and lowered combined scores of -SH and GSH when compared to HC. By 
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inference, lowered thiol groups may contribute to the pathophysiology of BPH. Previously, 

increased OSTOX, as measured with AOPP, protein carbonyls and lipid hydroperoxides in red 

blood cells, was observed in BHP patients when compared with HC17. Other studies reported 

higher erythrocyte thiobarbituric acid reactive substances (TBARS) and malondialdehyde 

(MDA), indicating increased aldehyde formation following lipid peroxidation, in BPH patients 

as compared with HC12,19,50,51,52,53. Nevertheless, not all studies showed significant differences in 

MDA between BPH patients and healthy controls54. In BPH patients, lowered activity of the 

GSH system was accompanied by more DNA damage and OSTOX while increased GSH 

enzyme levels after surgery may be accompanied by attenuated DNA damage20.  

 

Limitations of the study 

The results of our meta-analysis should be discussed with reference to its limitations. 

Firstly, when comparing the three study groups, we found a very large heterogeneity in all 

biomarkers and their combinations as well. Many different confounding variables may explain 

this large heterogeneity in the data including the presence of other age-related comorbidities, 

which may be accompanied by lowered -SH and GSH levels, e.g. metabolic syndrome or 

cardiovascular disorder such as type 2 diabetes55 and coronary artery disease56, treatments of 

BPH with selenium37, quercetin57, lycopene and soy58, and psychological stress59. This study did 

not find that relatively small differences in age between the studies could have affected our 

results. However, latitude was an intervening variable that may affect -SH, GSH, GPx levels, 

which may point towards effects of environmental variables, including diet60, pollution61, 

xenobiotics62, and hours of sunlight per day63. Nevertheless, we were unable to enter ethnicity 

and type of blood specimen into the meta-regression analyses because the number of selected 
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studies was insufficient. In addition, there are many more intervening variables which could 

possibly induce heterogeneity, and which were most often not controlled in the selected studies, 

e.g. use of medications, time of blood extraction, fasting, sedentarism, BMI, staging of PCa, diet, 

smoking, use of vitamin or antioxidant supplements, and psychological conditions to evaluate the 

effect of these variables. Nevertheless, the differences in key antioxidants reported in this meta-

analysis are highly significant and therefore robust. Furthermore, sensitivity analyses employing 

the leave-one-out method showed that all significant effect sizes remained unchanged. Secondly, 

when examining BPH, the data on GSH were more difficult to interpret because of the low 

number of studies included and the presence of some trend differences. Thirdly, we only 

included peer-reviewed papers and did not include unpublished studies or gray literature. 

Fourthly, often it was not clear how the diagnosis of PCa was made or how PCA was 

differentiated from BPH.   

 

Conclusions 

Overall, our results show that thiols and GPx antioxidant defenses are significantly 

attenuated in patients with PCa while patients with BPH appear to occupy an intermediate risk 

group position between PCa patients and HC. Those results suggest that lowered thiol-related 

antioxidant defense mechanisms may play a crucial role in prostatic disorders and especially in 

PCa. Future research should examine whether thiols could potentially constitute diagnostic 

biomarkers for PCa and BPH and may help to discriminate PCa from BHP. Moreover, future 

studies should examine whether combinations of total thiols, GPx with PSA in machine learning 

techniques may be more accurate as diagnostic criterion that PSA alone. Towards that purpose, a 

few large-scale, well-powered studies should be performed to examine thiols, GPx, and other 
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antioxidants, OSTOX biomarkers, and PSA in PCa, BPH and controls. Importantly, these studies 

should be controlled for the many different sources of variability, which may induce 

heterogeneity in those biomarkers. 
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Table 1. Meta-analysis and heterogeneity of biomarkers when discriminating patients with 

prostate cancer versus healthy controls 

 

Biomarkers Hedges’g 95% CI p-value Heterogeneity 

Q df p-value I2 

-SH -1.750 -2.341/-1.159 <0.001 12.265 3 0.007 75.54 

GPx -0.789 -1.234/-0.344 <0.001 54.795 9 <0.001 83.58 

GSH  

GSH* 

-2.219 

-1.166 

-4.132/-0.305 

-2.604/0.373 

0.023 

0.142 

235.76 

139.69 

6 

5 

<0.001 

<0.001 

97.46 

96.42 

-SH + GSH* -1.384 -2.213/-0.555 0.001 154.49 9 <0.001 94.18 

SH+GSH-Px+GSH* -1.271 -1.743/-0.800 <0.001 158.59 15 <0.001 90.54 

SH+GSH+GPx -1.384 -2.213/-0.555 0.001 255.15 16 <0.001 93.73 

GR 0.691 -1.206/2.587 0.475 36.26 2 <0.001 94.49 

GST 0.052 -1.469/1.573 0.947 64.14 3 <0.001 95.32 

 

*After removal of Ahmed-Amar et al.18 

CI: confidence interval; Q: Cochran Q test, to evaluate the heterogeneity between studies; df: 

degree of freedom; I2: statistic to indicate the percentage of total variation across different studies 

due to heterogeneity. 

-SH: thiol groups, GPx: glutathione peroxidase, GSH: glutathione, SH+GSH: combination of -

SH groups and GSH, SH+GSH-Px+GSH: combination of -SH groups, GSH, and GPx. GR: 

glutathione reductase. GST: glutathione-S-transferase. 
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Table 2 Meta-analysis and heterogeneity of biomarkers when discriminating prostate cancer 

from benign prostate hyperplasia 

 

 

Biomarkers 

Hedges’g 95% CI p-value Heterogeneity 

Q df p-value I2 

-SH -0.118 -1.118/0.883 0.817 51.73 3 <0.001 94.20 

GPx -0.455 -0.896/-0.014 0.043 70.55 8 <0.001 88.66 

-SH+GPx+GSH  -0.348 -0.746/0.050 0.087 123.26 12 <0.001 90.26 

 

 

CI: confidence interval; Q: Cochran Q test, to evaluate the heterogeneity between studies; df: 

degree of freedom; I2: statistic to indicate the percentage of total variation across different studies 

due to heterogeneity. 

-SH: thiol groups; GPx: glutathione peroxidase; GSH: glutathione; -SH+GPx+GSH: combination 

of thiol groups, glutathione peroxidase, and glutathione 
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Table 3 Meta-analysis and heterogeneity of biomarkers for the discrimination of individuals with 

benign prostate hyperplasia versus healthy controls 

 

Biomarkers Hedges’g 95% CI p-value Heterogeneity 

Q df p-value I2 

-SH groups -1.752 -3.123/-0.381 0.012 37.57 2 <0.001 94.68 

GPx -0.317 -0.946/0.311 0.323 95.67 8 <0.001 91.64 

GSH -0.811 -1.632/0.012 0.053 12.55 2 0.002 84.07 

-SH+GSH -1.257 -1.958/-0.556 <0.001 51.54 5 <0.001 90.30 

-SH+GPx+GSH  -0.813 -1.298/-0.327 0.001 133.09 12 <0.001 90.98 

GST -0.659 -2.722/1.403 0.531 70.47 2 <0.001 97.16 

 

CI: confidence interval; Q: Cochran Q test, to evaluate the heterogeneity between studies; df: 

degree of freedom; I2: statistic to indicate the percentage of total variation across different studies 

due to heterogeneity. 

-SH: thiol groups; GPx: glutathione peroxidase; GSH: glutathione; -SH+GSH-Px+GSH: 

combination of thiol groups, glutathione peroxidase, and glutathione ; GST: glutathione-S-

transferase. 
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Fig. 1. Flowchart of study selection. 
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Fig. 2. Meta-analysis of thiol groups (SH) in patients with prostate cancer (PCa) and healthy 

controls (HC).  
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Fig. 3. Meta-analysis of glutathione peroxidase (GPx) in patients with prostate cancer (PCa) and 

healthy controls (HC).  
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Fig. 4. Meta-analysis of thiol (SH) groups, glutathione (GSH), and glutathione peroxidase (GPx) 

in patients with prostate cancer (PCa) and healthy controls (HC).  
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Fig. 5. Meta-analysis of glutathione peroxidase (GPx) in patients with prostate cancer (PCa) and 

patients with benign prostatic hyperplasia (BPH). 
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Fig. 6. Meta-analysis of thiol (SH) groups, glutathione (GSH), and glutathione peroxidase (GPx) 

in patients with benign prostatic hyperplasia (BPH) and healthy controls (HC).  
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