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ARTICLE INFO ABSTRACT

Keywords: Background: GSTM1 deletion was reported to be associated with CKD progression in cohort
Glutathione S-transferase studies. However, the results of case—control studies were conflicting. The association between
GSTM1

GST genes and CKD progression needs to be studied in China. Therefore, we conducted this case-
control study and systematic review for Southwest China to outline the association between GST
genes and CKD.

Methods: CKD patients and healthy controls were enrolled from June 1, 2022 to 1 August 2022.
Reported case-control studies were identified by searching databases until 1 September 2022 for
meta-analysis.

Results: Significant associations were found between deletions of GSTM1 and GSTT1 and CKD risk
(all P < 0.01) but not in GSTP1 rs1695 (all P > 0.05) in Southwest China. Then, we conducted a
meta-analysis on 30 studies and found positive associations between deletions of GSTM1 and
GSTT1 and CKD risk (all P < 0.01) but failed to find associations in GSTP1 rs1695 (all P > 0.05).
Stratification analysis for ethnicity only showed a significant association in Southern Asia (P <
0.05) but not in Eastern Asia or other populations. This was different from our case-control
results. The current evidence was influenced by study quality and PCR method but not by control
selection. Given the different stages of CKD patients, a subanalysis of disease stages was per-
formed, and the results remained positive. Interestingly, we found no significant associations
between DM-CKD and GST genes, which should be interpreted with caution.

Conclusion: We found that GSTM1 and GSTT1 null genotypes were risk factors for CKD in China.
The results of the meta-analysis were somewhat different from our results. We considered that
antioxidant therapy might be useful for the treatment of these patients.

GSTT1
Chronic kidney disease
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1. Introduction

Chronic kidney disease (CKD) has a marked racial disparity and affects more than 10 % of the United States population [1,2].
Environmental (such as nephrotoxic compound exposure) and clinical factors (such as diabetes and hypertension) increase the burden
of CKD [3,4]. The treatment therapy for CKD is control of blood pressure and proteinuria using angiotensin-converting enzyme in-
hibitor (ACEI) drugs, which were introduced more than 20 years ago. However, many individuals with CKD still progress to end-stage
renal disease (ESRD), and hemodialysis and renal replacement therapy are required [1]. Some studies have reported that individuals
with glutathione-S-transferase M1 (GSTM1) deletion have a high risk for CKD, ESRD, allograft dysfunction, and all-cause mortality
[5-7]. These results indicated that GST deletions might affect CKD progression and have a high risk of adverse renal outcomes.

In 2013, GSTM1 deletion was first demonstrated to be a risk factor for adverse clinical outcomes, such as kidney failure, in an AASK
cohort study with 731 participants [2]. In 2016, GSTM1 null was reported to affect CKD progression among the black AASK population
[8]. In 2017, the ARIC cohort study with 5700 participants also showed that GSTM1 deletion was associated with incidents of kidney
failure and a higher level of oxidative stress (OS) but not CKD events [5]. In 2020, Gstm1 knockout mice displayed kidney injury in a
CKD model, and the results of the ARIC study also proved that high consumption of cruciferous vegetables was associated with fewer
kidney failure events in participants with homozygous GSTM1 deletion [9]. In 2020, a case—control study in southern India confirmed
that GSTM1 deletion increased the risk for rapid CKD progression to ESRD among non-dialysis patients and caused high mortality rates
among ESRD patients [10]. This finding provided an explanation for the smaller effect sizes in the 2020 study with a larger sample size
than those of the 2017 ARIC study. In addition, in 2021, GSTM1 null was also reported to be associated with rapid progression of CKD
in children using a CKD cohort study with 674 participants [11]. However, in 2019, Zhang failed to find any significant results in a
large cohort study with 46983 participants [12].

The effects of GSTT1 null and GSTP1 rs1695 were ignored in all cohort studies [2,5,8,9,11,12], whereas many case—control studies
delineated a delicate position of GSTT1 and GSTP1 in CKD patients. Glutathione-S-transferases (GSTs) are multifunctional enzymes,
including GSTM1, GSTT1 and GSTP1, and their function is to neutralize endogenous oxidants and play a detoxifying role [10]. Defense
against oxidative stress (OS) might be impaired due to reduced GST expression, and OS could be an alarming factor in the progression
of CKD [13]. Deletions of GSTM1 and GSTT1 result in a lack of enzyme activities, and the G allele of GSTP1 (rs1695, p. Ile105Val)
reduces its enzymatic activity by 50%-70 % compared to the wild-type [11-14]. Many case-control studies have been reported, and
some of them showed significant associations between GST polymorphisms and CKD risk [10,15-44]. To extend our prospective study,
this study was warranted. Furthermore, this was the first study to outline the associations between GST genes and CKD in a Chinese
population.

2. Patients and methods
2.1. Patients

The sample size included 1036 individuals who were recruited from June 2022 to August 2022 at the First Affiliated Hospital of
Chengdu Medical College, located in Sichuan Province, in the Southwest region of China. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Chengdu Medical College. Written informed consent was obtained from all participants.
The study was carried out following the Helsinki Declaration. The diagnosis of CKD was determined by the nephrologist based on the
estimated glomerular filtration rate (eGFR) levels. Stages of CKD are classified by eGFR: stage 1 > 90 mL/min/1.73 m?, stage 2 =
(60-89) mL/min/1.73 m3, stage 3 = (30-59) mL/min/1.73 m3, stage 4 = (15-29) mL/min/1.73 m3, and stage 5 < 15mL/min/1.73 m®
or dialysis. Patients under hemodialysis were also recruited from the Center of Hemodialysis. All patients underwent hemodialysis for
12-15 h per week for more than 3 months before the study, and they used a single—use dialyzer equipped with low- and high- flux
polysulfone membranes. Kt/V (K, clearance of urea, t, time of dialysis and V, volume of distribution of urea) was calculated to evaluate
the efficiency of dialysis. Baseline information, including age, sex, hemodialysis duration, smoking habits, systolic and diastolic
pressure, and body mass index (BMI), was collected. Patients with infectious diseases, acute kidney injury, cancers, nephrotoxic
compound exposure, IgA nephropathy and lupus nephritis were excluded from this study. Accordingly, the final case population
consisted of 511 patients with CKD (261 males and 250 females; mean age + SD, 59.3 + 15.1 years old). A total of 525 healthy controls
(260 males and 265 females; mean age + SD, 58.6 + 15.8 years old) were recruited from the health management center, and all
individuals had no history of kidney disease.

2.2. Genotype analysis

Genomic DNA was extracted using phenol/chloroform methods from the peripheral blood. The genetic polymorphisms of GSTM1
and GSTT1 were measured using multiplex PCR, and CYP1A1 was used as an internal control [3]. GSTP1 rs1695 was analyzed by PCR-
restriction fragment length polymorphism (PCR-RFLP) as described previously [3]. Serum urea and creatinine were measured in the
clinical laboratory of the First Affiliated Hospital. The forward primer for GSTM1 was F: 5-GAACTCCCTGAAAAGCTAAAGC-3', and the
reverse primer for GSTM1 was R: 5 GTTGGGCTCAAATATACGGTGG-3. The forward primer for GSTT1 was F:
5-TTCCTTACTGGTCCTCACATCTC-3, and the reverse primer for GSTT1 was R: 5-TCACGGGATCATGGCCAGCA-3'. The presence of
GSTM1 and GSTT1 was detected at 215 bp and 480 bp, respectively, and this method did not distinguish between heterozygous ge-
notypes or homozygous wild-type genotypes, and linkage disequilibrium analysis could not be conducted. Primers of CYP1Al, F:
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5-GAACTGCCACTTCAGCTGTCT-3' and R: 5-CAGCTGCATTTGGAAGTGCTC-3. GSTP1 rs1695 (Ilel05Val) polymorphism was
measured using PCR-RFLP. The primers were F: 5-~ACCCCAGGGCTCTATGGGAA-3' and R: 5-TGAGGGCACAAGAAGCCCCT-3". The
presence of 91 bp and 85 bp indicated the Val/Val allele (GG genotype), and 176 bp resulted from Ile/Val (GA genotype) and Ile/Ile
(AA genotype). The dominant and recessive models were used for further analysis. GG + GA and GG + GA + AA were compared in the
dominant model. GG and GG + GA + AA were compared in the recessive model.

2.3. Search strategy and inclusion criteria

A systematic review was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement. PubMed and Chinese National Knowledge Infrastructure (CNKI) databases were searched for eligible studies
from inception to 1 September 2022. The search keywords that we used were “kidney disease’’, “GSTM1”, “GSTT1”, “GSTP1”,

»

“glutathione S-transferase M1”, “glutathione S-transferase T1”, “glutathione S-transferase P1” “renal disease”, “end-stage renal dis-
ease”, “diabetic nephropathy”, “nephropathy”, “renal transplant recipients”, “chronic kidney disease”, “dialysis”, “hemodialysis”,
“renal transplantation”, and “glomerulonephritis”. Reference lists of the included studies were also reviewed to retrieve additional

studies that were not identified through the search strategy.
2.4. Study selection

We included case-control studies and cross-sectional studies examining the associations between GST polymorphisms and the risk
of kidney disease (consisting of CKD, ESRD, DN, hemodialysis, kidney transplantation, and allograft function). Animal studies, case
reports, kidney cancer, acute kidney injury, nephrotoxic compound exposure, and studies with data not shown were excluded, as
shown in Fig. 1. Risk estimates (OR) with 95 % CI had to be provided in the studies. All references of identified studies were reviewed to
screen additional studies. In this meta-analysis, we expanded the boundary of the included studies and reported studies with CKD,
diabetic nephropathy, ESRD or dialysis, kidney transplantation or allograft function, and survival rate of ESRD. The flow chart of study
selection is shown in Fig. 1. Three authors J.P., P.M., and X-Q. W. performed screening separately. Titles, abstracts and keywords of all
studies were screened for relevance to GST polymorphisms and kidney disease. The full text of studies was then selected to assess their
eligibility and data extraction. Any discrepancies were resolved by rechecking the full text T-R. Y.

2.5. Data extraction
The following information was extracted: first author’s last name, published year, country where the research was conducted and

ethnicity, study design and control population type (population-based or selected sample), sample size (number of cases, number of
controls), criteria of kidney disease, OR and 95 % CIs, male/female and age in Supplementary Table 1 (Table S1). S.L. performed the

Studies identified through Studies identified through
searching PubMed CNKI and other databases
(n=6250) (n=1125)
v . J

] Studies identified (n=7375) \

Excluded based on the abstract
"l (n=17229)

v

’ Studies assessed for eligibility (n= 246) l

Excluded based on the criteria
(n=185)
# Review or meta-analysis
»| # Letter or commentary
# Acute kidney injury
# Case report

Studies related to GSTs and CKD risk (n=61) Excluded b(aSCd;F) the criteria
=

# Duplicates

# No risk estimate calculated

# Cohort studies

# methylation

# nephrotoxic compounds, such as
Cisplatin

# nephrolithiasis and lupus nephritis

v

30 studies included in this meta-analysis

Fig. 1. A flow diagram of the study selection process.
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data extraction, and the accuracy of the extractions was double-checked by Y-T. H. and J.P. Any discrepancies were resolved by
rechecking the full text T-R. Y.

2.6. Quality assessment

All included studies were assessed using the Newcastle—Ottawa quality assessment scale (NOS), was rewritten by us and is shown in
Table S2. The domain of “Exposure” was deleted, and domains of “Methodology” and “Deductions” were added in the rewritten NOS
(reNOS). The PCR method, PCR control, subgroup analysis, Hardy—Weinberg equilibrium (HWE), and age of onset years were included
in the domain of “Methodology”. Deductions were defined by inconsistent data or incorrect descriptions, which would affect the
quality score of studies. Studies with 6-10 stars or no deductions were considered high—quality studies. The detailed information and
number of stars of the included studies were assessed by S.L. and J.P. and are shown in Table S3. Any discordance was rechecked by the
third reviewer T-R. Y.

2.7. Risk of bias

The potential risk of bias was assessed using the risk of bias in nonrandomized studies of interventions (ROBINS-I) tool scale [45].
This tool includes 7 aspects: bias due to confounding; bias due to misclassification of exposure during follow-up; bias in selection of
study participants; bias due to missing data; bias in exposure measurement; bias in selection of reported results and bias in mea-
surement of outcomes, and the results are shown in Table S4. On this scale, a study that is rated ‘low’ in all aspects is considered at ‘low
risk of bias’; a study that is rated ‘probably at risk’ for one aspect is considered at ‘low-to—moderate risk of bias’; a study is considered
at ‘serious risk of bias’, if it is rated as ‘high risk’ for more than one aspect; and ‘critical risk of bias’ is considered if it is rated as ‘critical
risk’ in at least one aspect. A study that is missing information in at least two aspects is classified as ‘no information’ for evaluation.
Assessment was performed by two reviewers independently P.M. and X-Q. W. Any discordance was rechecked by the third reviewer
T-R. Y.

2.8. Data synthesis and meta-analysis

OR and 95 % CIs were calculated based on detailed information of data extraction in Table S5. Data extraction was performed by
two reviewers independently H-Z.L. and J.P. Any discordance was rechecked by the third reviewer T-R. Y.

The Q test and I? statistics were used to assess the heterogeneity in Review Manager 5.4. Potential sources of heterogeneity were
investigated using subgroup analyses, such as geographic location, study group, star of NOS, and risk of bias. The study sample size
accounted for the weight of the overall results and the width of the 95 % CI in the statistical modeling. In the sensitivity analysis,
studies were removed one by one, and whether the results were stable was assessed. Publication bias was assessed using funnel plots in
Review Manager 5.4 and Egger’s test and Begg’s test in Stata 12. The association between genetic frequencies and CKD was detected
using Fisher’s exact test. Multiple logistic regression was used to adjust for confounding factors (such as sex and years) to obtain odds
ratios (ORs) and 95 % confidence intervals (95 % CIs). P < 0.05 was considered to be statistically significant.

3. Results
3.1. GST gene polymorphisms in Chinese CKD patients

The genetic frequencies of GST genes are shown in Table 1. We found significant associations between null genotypes of GSTM1 and
GSTT1 and CKD risk (all P < 0.01) in Southwest China but failed to find associations in GSTP1 (all P > 0.05).

Table 1

Distribution of GST genes and risk analysis for CKD.
Genotype CKD n (%) Control n(%) F Pa value OR (95 % CI) Pb value
GSTM1
Positive (+) 296 (57.9) 389 (74.1) reference
Null (-) 215 (42.1) 136 (25.9) 4.46 <0.01 1.93 (1.37-2.71) <0.01
Total 511 525
GSTT1
Positive (+) 408 (79.8) 466 (88.8) reference
Null (-) 103 (20.2) 59 (11.2) 3.92 <0.01 1.45 (1.22-2.36) <0.01
Total 511 525
GSTP1
Tle/Ile 289 (56.6) 261(49.7) reference
Ile/Val 187 (36.6) 234 (44.6) 2.41 0.031 0.87 (0.52-1.36) >0.05
Val/Val 35 (6.8) 30 (5.7) 0.99 >0.05 1.14 (0.71-1.93) >0.05
Total 511 525

Pa: Analysis by Fisher’s extract test; Pb: Multiple Logistic Regression to obtain of OR (95% CI).
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Fig. 2. Forest plot for overall analysis. (A) Analysis of the null genotype vs. the present genotype of GSTM1. (B) Analysis of the null genotype vs. the
present genotype of GSTTI. (C) Analysis of the double null genotype vs. the present genotype of GSTM1+GSTT1. (D) Analysis of the G allele vs. the
G + A allele in allelic comparison of GSTP1 rs1695. (E) Analysis of the GG genotype vs. the GG + GA + AA genotypes in the recessive model of
(‘}STPl rs1695. (F) Analysis of the GG + GA genotype vs. the GG + GA + AA genotypes in the dominant model of GSTP1 rs1695.

3.2. Meta-analysis of GST genes in overall CKD patients

In Fig. 2A-C, GSTM1 null (P = 0.0009), GSTT1 null (P = 0.0003), and double null (P < 0.00001) increased risk of CKD in total
populations, but not in GSTP1 (in Fig. 2D-F).

3.3. Stratification analysis of studies by ethnicity

We performed a subanalysis on the Asian population (in Table 2) and other populations (in Table S6). The results showed sig-
nificant associations in the total Asian population (P = 0.0001 for GSTM1 null, P = 0.001 for GSTT1 null, P < 0.00001 for double null,
and P = 0.006 for GG allele, as shown in Table 2) and in the Southern Asian population (P = 0.03 for GSTM1 null, P = 0.02 for GSTT1
null, P = 0.008 for double null, and P = 0.002 for GG allele, as shown in Table 2) but not in the Eastern Asian and Western Asian
populations. Surprisingly, no significant associations were found in the European population and USA population (P > 0.05, as shown
in Table S6).

3.4. Risk of bias of the included studies

As shown in Table 3, GSTM1 null (P = 0.002), GSTT null (P = 0.001), and double null (P < 0.00001) were significantly associated
with CKD risk in “low/moderate” studies but not in GSTP1. Furthermore, GSTT null (P = 0.03) and double null (P < 0.00001) were also
related to the risk of CKD in “serious/critical” studies but not in GSTM1 null and GSTP1. This result indicated that the risk of bias might
influence the overall results, and studies rated “low or moderate” had a higher quality for meta-analysis.

3.5. NOS star of selected studies

GSTM1 null (P = 0.005), GSTT null (P = 0.0003), and double null (P < 0.0001) were significantly associated with CKD risk in high-
quality studies assessed by the rewritten NOS in Table 4. Interestingly, the G allele (P = 0.04), GG allele (P = 0.0009), and GG + GA
allele (P < 0.0001) were related to CKD risk in this approach, and these results were different from the results of studies rating “low/
moderate” bias. It was confirmed that GSTM1 and GSTT1 null genotypes were risk factors for CKD risk in a high-quality study assessed
by two methods. However, the role of GSTP1 was ambiguous.

Table 2
Stratification analysis of studies by Asian region.
Gene Symbols Ethnicity Location No. of studies Heterogeneity Model OR 95%CI P
P 2

GSTM1 null Asian All 16 0.0001 65 % Random 1.48 1.21-1.81 0.0001
Eastern Asian 5 0.41 0% Fixed 1.12 0.95-1.33 0.18
Southern Asian 8 <0.0001 79 % Random 1.53 1.04-2.25 0.03
Western Asian 3 0.004 82 % Random 1.80 0.83-3.94 0.14

GSTT1 null Asian All 10 <0.00001 82 % Random 1.74 1.25-2.43 0.001
Eastern Asian 2 Not Applicable
Southern Asian 5 <0.00001 90 % Random 2.05 1.11-3.79 0.02
Western Asian 3 0.27 23 % Fixed 1.33 0.99-1.78 0.06

double null Asian All 6 0.003 72 % Random 2.43 1.65-3.57 <0.00001
Eastern Asian 2 Not Applicable
Southern Asian 3 0.002 84 % Random 2.72 1.29-5.74 0.008
Western Asian 1 Not Applicable

G allele Asian All 4 <0.00001 91 % Random 1.11 0.67-1.83 0.70
Eastern Asian 0 Not Applicable
Southern Asian 3 <0.00001 93 % Random 1.19 0.64-2.24 0.58
Western Asian 1 Not Applicable

GG Asian All 4 0.02 70 % Random 1.57 1.14-2.16 0.006
Eastern Asian 0 Not Applicable
Southern Asian 3 0.02 73 % Random 1.72 1.23-2.43 0.002
Western Asian 1 Not Applicable

GG + GA Asian All 4 <0.0001 88 % Random 1.07 0.61-1.88 0.82
Eastern Asian 0 Not Applicable
Southern Asian 3 <0.00001 91 % Random 1.15 0.56-2.36 0.70
Western Asian 1 Not Applicable

Not Applicable: 3 studies were needed to meta-analysis.
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Table 3
Stratification analysis of risk of bias based on the ROBINS-I tool.
Gene Symbols risk of bias No. of studies Heterogeneity Model OR 95%CI P
P 2
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
low/moderate 13 0.004 59 % Random 1.35 1.11-1.65 0.002
serious/critical 16 <0.00001 79 % Random 1.21 0.89-1.64 0.22
GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
low/moderate 11 0.008 58 % Random 1.50 1.17-1.91 0.001
serious/critical 12 <0.00001 82 % Random 1.55 1.05-2.30 0.03
double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
low/moderate 5 0.68 0% Fixed 1.83 1.45-2.31 <0.00001
serious/critical 3 0.27 24 % Fixed 4.00 2.95-5.42 <0.00001
G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
low/moderate 3 0.12 52 % Random 1.15 0.88-1.51 0.30
serious/critical 7 <0.00001 83 % Random 1.01 0.70-1.46 0.95
GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
low/moderate 3 0.18 41 % Fixed 1.43 0.97-2.11 0.07
serious/critical 7 0.003 69 % Random 0.86 0.46-1.61 0.64
GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
low/moderate 4 0.28 22 % Fixed 1.24 0.98-1.56 0.07
serious/critical 7 <0.0001 82 % Random 1.23 0.77-1.96 0.38
Table 4
Stratification analysis of study quality based on the reNOS tool.
Gene Symbols NOS quality No. of studies Heterogeneity Model OR 95%CI P
P 2
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
High quaility 14 0.001 61 % Random 1.33 1.09-1.63 0.005
Low quality 15 <0.00001 80 % Random 1.23 0.90-1.67 0.20
GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
High quaility 12 <0.00001 78 % Random 1.84 1.33-2.56 0.0003
Low quality 11 0.04 48 % Random 1.22 0.97-1.55 0.09
double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
High quaility 6 0.003 72 % Random 2.44 1.58-3.78 <0.0001
Low quality 2 Not Applicable
G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
High quaility 4 0.04 64 % Random 1.40 1.02-1.93 0.04
Low quality 6 0.07 52 % Random 0.91 0.73-1.14 0.41
GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
High quaility 4 0.09 55 % Random 1.84 1.28-2.63 0.0009
Low quality 6 0.16 37 % Fixed 0.92 0.67-1.25 0.59
GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
High quaility 5 0.12 45 % Fixed 1.52 1.23-1.87 <0.0001
Low quality 6 0.003 73 % Random 1.04 0.70-1.53 0.86

Not Applicable: 3 studies were needed to meta-analysis.

3.6. Subgroup analysis of deductions

Significant associations with CKD risk (P < 0.0001, and P < 0.0001 for double null) were found among studies with no deductions
but not in GSTM1 null in Table 5. Not surprisingly, the GG allele (P = 0.001) and GG + GA allele (P = 0.01) were also related to CKD
risk in a study with no deductions. GSTM1 null was associated with CKD risk in studies with deductions but not in GSTT1 null and
GSTP1. These results were somewhat different from those in high-quality studies based on the reNOS scale.

3.7. Subgroup results of PCR methods

When stratified for multiplex PCR as shown in Table 6, GSTM1 (P < 0.0001) and GSTT1 (P = 0.008) null genotypes showed
significant associations with CKD risk, but not in other PCR methods (P = 0.57 for GSTM1). These positive results should be carefully
interpreted, as PCR methods are generally not considered a risk factor for quality, and they might not be representative. Subanalysis for
PCR methods might be necessary due to judgement of genotypes with less arbitrariness.

3.8. Subgroup results of control selection

Control selection is important for case—control studies and might lead to different conclusions. We conducted this subanalysis to
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Table 5
Subgroup analysis of deductions assessed by the rewritten NOS.
Gene Symbols deductions No. of studies Heterogeneity Model OR 95%CIL P
P 2

GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
no deductions 17 0.0005 61 % Random 1.22 1.00-1.49 0.05
deductions 12 <0.00001 75 % Random 1.47 1.11-1.94 0.008

GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
no deductions 13 <0.00001 74 % Random 1.96 1.44-2.67 <0.0001
deductions 10 0.19 28 % Fixed 1.14 0.97-1.34 0.11

double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
no deductions 6 0.003 72 % Random 2.44 1.58-3.78 <0.0001
deductions 2 Not Applicable

G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
no deductions 5 0.008 71 % Random 1.27 0.90-1.80 0.17
deductions 5 0.04 60 % Random 0.90 0.70-1.14 0.38

GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
no deductions 5 0.11 46 % Fixed 1.78 1.25-2.53 0.001
deductions 5 0.10 49 % Fixed 0.92 0.67-1.26 0.61

GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
no deductions 6 0.04 58 % Random 1.61 1.12-2.31 0.01
deductions 5 0.08 53 % Random 0.89 0.66-1.19 0.42

Not Applicable: 3 studies were needed to meta-analysis.

Table 6
Subgroup results of PCR methods.
Gene Symbols PCR method No. of studies Heterogeneity Model OR 95%CI P
P I
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
Multiplex PCR 15 <0.00001 72 % Random 1.58 1.26-1.98 <0.0001
other PCR 14 0.006 55 % Random 1.07 0.85-1.33 0.57
GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
Multiplex PCR 14 0.0004 65 % Random 1.38 1.09-1.76 0.008
other PCR 9 <0.00001 80 % Random 1.75 1.13-2.71 0.01
double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
Multiplex PCR 6 0.51 0 % Fixed 2.04 1.63-2.56 <0.00001
other PCR 2 Not Applicable

Not Applicable: 3 studies were needed to meta-analysis.

Table 7
Subgroup analysis of control selection.
Gene Symbols Control No. of studies Heterogeneity Model OR 95%CIL P
P 2

GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
healthy control 16 <0.00001 75 % Random 1.38 1.06-1.78 0.02
selected control 16 0.0009 60 % Random 1.36 1.10-1.68 0.004

GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
healthy control 12 <0.00001 83 % Random 1.75 1.18-2.60 0.006
selected control 13 0.07 40 % Fixed 1.40 1.21-1.62 <0.00001

GSTM1 + GSTT1 double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
healthy control 5 0.03 63 % Random 3.17 1.90-5.31 <0.0001
selected control 4 0.65 0% Fixed 1.78 1.38-2.30 <0.0001

G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
healthy control 5 <0.0001 84 % Random 1.06 0.70-1.60 0.80
selected control 5 0.007 71 % Random 1.04 0.76-1.42 0.82

GG allele All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
healthy control 5 0.002 76 % Random 0.91 0.41-2.02 0.82
selected control 5 0.14 42 % Fixed 1.19 0.85-1.66 0.31

GG + GA allele All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
healthy control 5 0.0004 80 % Random 1.28 0.76-2.16 0.35
selected control 6 0.007 69 % Random 1.14 0.79-1.65 0.48
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reduce the potential arbitrariness. Three studies [18,40,44] had both healthy controls and selected controls. Data synthesis of these
studies was recalculated. As shown in Table 7, the results showed significant associations in the healthy control population (P = 0.02
for GSTM1 null, P = 0.006 for GSTT1 null, P < 0.0001 for both null) and in the selected control population (P = 0.004 for GSTM1 null,
P < 0.00001 for GSTT1 null, P < 0.0001 for both null) but not in GSTP1. These results were consistent with those of the total pop-
ulation, which indicated that control selection might have no effect on the final conclusions. The result might change our opinions that
community control might be more representative than selected control in terms of these meta-results.

3.9. Data synthesis of case selection based on ESRD and non-ESRD

In the above results, patients were enrolled based on different stages of CKD. To reach accurate conclusions and verify the results of
the cohort studies, the patients were divided into different groups based on the progression of CKD (ESRD and non—-ESRD), etiology of
CKD (DN and non-DN), allograft function (allograft dysfunction and stable graft function, SGF), and all-cause death (death and alive).

We performed this subanalysis to ascertain whether GST polymorphisms were associated with the progression of CKD. As shown in
Table 8, GSTM1 deletion was associated with ESRD (P = 0.003) but not non-ESRD (P = 0.07). GSTT1 deletion was associated with
ESRD risk (P = 0.02) and non-ESRD risk (P = 0.003). Double null also showed a significant association with ESRD risk (P < 0.0001)
and non-ESRD risk (P = 0.001). Surprisingly, the G allele was a protective factor for the risk of non-ESRD, but not in GG and GG + GA.
However, only 3 studies were included in this subgroup, and the results should be interpreted with caution.

3.10. Data synthesis of case selection based on DN and non-DN

The results in Table 9 show that GSTM1 null was weakly associated with DN risk (P = 0.04) but not in non-DN (P = 0.06). GSTT1
null was associated with DN risk (P = 0.005) and non—-DN risk (P = 0.005). Double null showed a significant association with non-DN
risk (P = 0.0004). G (P = 0.02) allele also seemed to be a protective factor for DN risk, but not in the GG + GA allele. However, only 4
studies were included in this subgroup, and the result should be interpreted with caution.

3.11. Data synthesis of case selection based on DM—-ESRD and DM-CKD

Subsequently, data synthesis of DM-ESRD and DM-CKD was conducted to confirm whether GST polymorphisms were associated
with the progression of CKD in DM patients. When we reanalyzed the association among patients with DM in Table 10, the positive
effects of GSTM1 deletion were missing in DM—-ESRD (P = 0.17) and DM-CKD (P = 0.14). GSTT1 deletion showed a weak association
with DM-ESRD (P = 0.04) but not with DM~-CKD (P = 0.11). Double null was not suitable for analysis. Interestingly, the G (P = 0.04)
allele showed a weakly diminished risk of DM~-CKD, but not the GG genotype and GG + GA genotype.

3.12. Data synthesis of case selection based on DM—-ESRD and non-DM ESRD

ESRD patients were divided into two groups (DM-ESRD and non-DM ESRD). The positive effects of GSTM1 deletion were also
missing in DM-ESRD (P = 0.17) and non—-DM ESRD (P = 0.28), as shown in Table 11. GSTT1 deletion showed a weak association with
DM-ESRD (P = 0.04) but not with non—-DM ESRD (P = 0.36). No significant associations were observed in double null and GSTP1
polymorphisms (all P > 0.05). These results revealed that GSTM1 and GSTT1 deletions were not associated with ESRD in non-DM

Table 8
Subgroup analysis of ESRD and non-ESRD.
Gene Symbols ESRD vs. non-ESRD No. of studies Heterogeneity Model OR 95%CI P
P I

GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
ESRD 17 <0.00001 75 % Random 1.38 1.12-1.70 0.003
non-ESRD 14 0.0009 63 % Random 1.31 0.98-1.74 0.07

GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
ESRD 14 <0.00001 81 % Random 1.46 1.07-1.99 0.02
non-ESRD 11 0.02 52 % Random 1.52 1.15-2.01 0.003

double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
ESRD 5 0.004 74 % Random 2.7 1.68-4.33 <0.0001
non-ESRD 3 0.62 0% Fixed 1.75 1.25-2.46 0.001

G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
ESRD 7 0.0003 77 % Random 1.14 0.87-1.48 0.35
non-ESRD 3 0.16 46 % Fixed 0.77 0.60-0.99 0.04

GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
ESRD 7 0.009 65 % Random 1.17 0.72-1.90 0.52
non-ESRD 3 0.94 0 % Fixed 0.61 0.33-1.12 0.11

GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
ESRD 8 0.03 68 % Random 1.3 0.95-1.78 0.10
non-ESRD 4 0.01 73 % Random 1.08 0.60-1.97 0.79
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Table 9
Subgroup analysis of DN and non-DN.
Gene Symbols DN vs. non-DN No. of studies Heterogeneity Model OR 95%CI P
P 2

GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
DN 13 <0.0001 73 % Random 1.40 1.02-1.92 0.04
non-DN 19 <0.00001 71 % Random 1.21 0.99-1.48 0.06

GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
DN 10 0.002 66 % Random 1.67 1.17-2.39 0.005
non-DN 16 <0.00001 79 % Random 1.49 1.13-1.96 0.005

double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
DN 2 Not Applicable:
non-DN 8 0.0005 73 % Random 2.09 1.39-3.15 0.0004

G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
DN 4 0.29 19 % Fixed 0.78 0.63-0.96 0.02
non-DN 6 0.0007 77 % Random 1.20 0.90-1.58 0.21

GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
DN 4 0.97 0% Fixed 0.58 0.33-1.00 0.05
non-DN 6 0.02 64 % Random 1.29 0.80-2.10 0.30

GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
DN 5 0.02 67 % Random 1.01 0.62-1.63 0.97
non-DN 6 0.003 72 % Random 1.35 0.95-1.90 0.09

Not Applicable: 3 studies were needed to meta-analysis.

Table 10
Subgroup analysis of DM-ESRD and DM-CKD.
Gene Symbols DM-ESRD vs. DM-CKD No. of studies Heterogeneity Model OR 95%CI P
P I
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
DM with ESRD 6 0.005 70 % Random 1.31 0.89-1.92 0.17
DM with CKD 8 0.0003 74 % Random 1.47 0.88-2.45 0.14
GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
DM with ESRD 4 0.03 66 % Random 1.74 1.02-2.97 0.04
DM with CKD 7 0.005 67 % Random 1.51 0.92-2.48 0.11
double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
DM with ESRD 1 Not Applicable:
DM with CKD 1 Not Applicable:
G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
DM with ESRD 1 Not Applicable:
DM with CKD 3 0.16 46 % Fixed 0.77 0.60-0.99 0.04
GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
DM with ESRD 1 Not Applicable:
DM with CKD 3 0.94 0 % Fixed 0.61 0.33-1.12 0.11
GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
DM with ESRD 2 Not Applicable:
DM with CKD 4 0.01 73 % Random 1.08 0.60-1.97 0.79

Not Applicable: 3 studies were needed to meta-analysis.
patients.
3.13. Data synthesis of case selection based on allograft function

Finally, allograft dysfunction (such as delayed graft function and rejection episodes) of renal transplant recipients (RTRs) was
analyzed compared to that of stable graft function (SGF) controls or healthy controls. Two studies [7,25] were additionally included in
this subgroup, as they had SGF controls. As shown in Table 12, the GSTM1 null showed a weak association with allograft dysfunction in
studies that selected SGF patients as controls but not in normal controls and GSTT1 null patients. This result indicated that GSTM1
deletion might be a risk factor for allograft dysfunction in RTRs.

3.14. Data synthesis of case selection based on all-cause mortality

Considering that GSTM1 might be involved in allograft dysfunction, we tried to determine the association between GSTM1 null and
all-cause mortality in RTRs. Only three studies [10,29,46] were included in this subgroup. Interestingly, the GSTM1 null genotype had
a 2.43-fold increased risk for all-cause death, as shown in Table 13. This proved that GSTM1 might be a risk factor for all-cause

mortality in RTRs. This conclusion should be carefully interpreted as only three studies were included, and anti—OS therapy might be

10
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Table 11
Subgroup analysis of DM-ESRD and non-DM ESRD.
Gene Symbols DM-ESRD vs. non-DM ESRD No. of studies Heterogeneity Model OR 95%CI P
P 2

GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
DM-ESRD 6 0.005 70 % Random 1.31 0.89-1.92 0.17
non-DM ESRD 5 0.04 60 % Random 1.17 0.88-1.57 0.28

GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
DM-ESRD 4 0.03 66 % Random 1.74 1.02-2.97 0.04
non-DM ESRD 5 <0.00001 93 % Random 1.48 0.64-3.44 0.36

double null All 8 0.003 68 % Random 2.32 1.64-3.28 <0.00001
DM-ESRD 1 Not Applicable
non-DM ESRD 3 <0.00001 95 % Random 2.14 0.39-11.62 0.38

G allele All 10 <0.00001 78 % Random 1.05 0.82-1.34 0.70
DM-ESRD 1 Not Applicable
non-DM ESRD 2 Not Applicable

GG All 10 0.005 62 % Random 1.00 0.65-1.55 0.99
DM-ESRD 2 Not Applicable
non-DM ESRD 2 Not Applicable

GG + GA All 11 <0.0001 73 % Random 1.20 0.89-1.61 0.23
DM-ESRD 2 Not Applicable
non-DM ESRD 2 Not Applicable

Not Applicable: 3 studies were needed to meta-analysis.

Table 12
Subgroup analysis of SGF control and normal control.
Gene Symbols allograft dysfunction No. of studies Heterogeneity Model OR 95%CI P
P 2
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
SGF control 5 0.19 34 % Fixed 1.31 1.01-1.70 0.04
normal control 3 0.04 69 % Random 1.31 0.70-2.45 0.40
GSTT1 null All 23 <0.00001 74 % Random 1.52 1.21-1.90 0.0003
SGF control 4 0.14 45 % Fixed 0.91 0.65-1.28 0.61
normal control 3 0.54 0% Fixed 1.04 0.68-1.60 0.84

meaningful for the treatment of these patients.
4. Discussion

We found significant associations between deletions of GSTM1 and GSTT1 and CKD risk in Southwest China but failed to find
associations in GSTP1 rs1695. While the results of cohort studies were positive and consistent, the positions of GST genes were
somewhat different in case—control studies. In the USA, Yan reported that deletions of GSTM1 and GSTT1 were not associated with
ESRD [15]. Negative associations were also found in European populations [21,38], Eastern Asia [37], and Northern Africa [39]. The
participants in these studies were mainly DM patients, which might be the reason why no associations were found. As shown in
Table 10, the meta-results also proved that GSTM1 null was not associated with DM—-CKD or DM-ESRD. These results suggested that
GSTM1 deletion might behave differently in DM-CKD patients. Our case—-control results showed no differences in the distributions of
GST gene polymorphisms based on gender (data not shown). We reviewed other case-control studies listed in Table S1 to fully un-
derstand the associations and found that the results were conflicting.

Then, we conducted this meta-analysis on 30 studies and quantified positive associations between deletions of GSTM1 and GSTT1
and CKD risk but failed in GSTP1 rs1695 among three genetic models. We also found that the current evidence was influenced by
ethnicity, study quality, and PCR method but not control selection. Given the extended concept of CKD patients, a subanalysis of
disease types was executed, and the results remained positive. While these polymorphisms were not associated with DM-CKD, we
considered that CKD patients could benefit from anti—OS therapy.

Table 13
Subgroup analysis of dead patients and alive patients.
Gene Symbols Dead vs. alive No. of studies Heterogeneity Model OR 95%ClL P
P 2
GSTM1 null All 29 <0.00001 68 % Random 1.32 1.12-1.56 0.0009
dead/alive 3 0.68 0 % Fixed 2.43 1.71-3.44 <0.00001

11



J. Peng et al. Heliyon 9 (2023) 21183

When restricted to studies with ethnicity, positive results were observed only in Southern Asia but not in Eastern Asia or other
populations. This finding revealed that race might provide diversity and the Southern Asian population with GST gene polymorphisms
might be more susceptible to CKD risk. Our case-control results were positive and different from the overall results in Eastern Asia. The
different baseline characteristics of the population in Southwest China might explain this different finding. The present study provides
a new perspective on the delicate position of GST genes in Chinese CKD patients.

To fully understand the possible influence of study quality, three methods were used for quality assessment. In the approach using
the ROBINS-I tool, bias mainly came from the “bias due to confounding” domain and “bias due to selective reporting of the results”
domain. Potential data bias and heterogeneity might be the reason for negative results in studies rated as “serious/critical” bias. In
terms of the rewritten NOS scale, the selection of controls (such as community controls), comparability (such as age, sex, smoking, and
BMI), and inconsistent data might be the other important factors for quality assessment. As shown in Table 4, significant associations
were also found in GSTM1 null, GSTT1 null, double null and G allele of GSTP1. These results indicated that quality assessment was
necessary for meta-analysis and that the synthetic results of high-quality studies were more robust.

To explore the potential arbitrariness, we also conducted subanalysis for PCR methods and control selection. Interestingly, PCR
methodology might affect the conclusions, but not control selection. Since the multiplex PCR technique was not more accurate than
other PCR methods, these results were somewhat impressive and hard to interpret. One possible reason was that the genotype
determined by multiplex PCR might be more comparable due to less arbitrariness. Different methods have different abilities to identify
SNPs or indels, and the genotypes should be rechecked with manual inspection [53]. Multiplex PCR had the same quality for the
determination of genotypes and might have less arbitrariness in large amounts of data.

We also conducted another subanalysis. First, GSTM1 null was proven to be a risk factor for CKD progression, which was the same
as in cohort studies [2,5,8,11]. Positive associations were also found in the GSTT1 null and double null groups. These results provide
more awareness of the relationships between GST genes and CKD risk. Other factors, such as cruciferous vegetables, were also involved
in CKD events and progression in a cohort study [9]. This finding provided a possible explanation for why the GSTM1 null behaved
differently in the Southwest Chinese population compared to other Eastern Asian populations. In Southwest China, dietary factors,
such as Houttuynia cordata, might account for this difference. In our case—control study, more than 63 % of patients had ESRD or were
under hemodialysis. It also provided a new perspective on the delicate position of GSTT1 and GSTP1 in ESRD patients.

Second, the previous meta-analysis showed that GSTM1 and GSTT1 deletions were associated with T2DM [47,48]. However,
conflicting results were observed between GSTM1/T1 deletions and DN [49-51]. Our results indicated that GSTM1 and GSTT1 null
genotypes were risk factors for DN. Interestingly, the G allele was somewhat different, and the role of GSTP1 might be protective and
ambiguous. However, its effects should be interpreted with caution due to the small sample size effect.

Third, our results showed that GSTM1 null was not associated with CKD progression in DM patients. The subanalysis produced
interesting results compared to the positive associations in DN. GSTM1 null was reported to be associated with DM and DN risk,
whereas it might not be a risk factor for CKD progression in DM patients. Considering that the positive effect of GSTM1 null was
missing, a subanalysis for non-DM ESRD also showed that GSTM1 null was not associated with non-DM ESRD. One possible reason
was that the etiology of CKD was different, and the baseline characteristics of DM-CKD patients were different from those of other
disease types.

Fourth, allograft dysfunction and all-cause death of RTRs were subsequently analyzed to determine the potential role of GSTM1
deletion. It was shown that GSTM1 null, but not GSTT1 null, might be a risk factor for allograft dysfunction and all-cause death.
Although GSTT1 antigens were reported to be responsible for the occurrence of antibody-mediated kidney graft rejection [52],
GSTM1 null might be more important in terms of the meta-results. This result suggested that identification of the GSTM1 genotype
might be useful and that anti-OS therapy should be promoted in RTRs or dialysis patients.

There were some limitations in this study. First, the survival rate was not analyzed in the case—control study. Second, other factors
might have effects on the results of GSTM1 and GSTT1 deletions, such as baseline characteristics. However, this information was hard
to collect. Third, an extended concept of CKD was used for data collection, which might introduce some selection bias. Subanalysis of
disease types was performed to eliminate selection bias, and the results were still positive.

Thus, we found significant associations between deletions of GSTM1 and GSTT1 and CKD patients in Southwest China but failed in
GSTP1 rs1695. The meta—analysis of 30 included studies also showed positive results, and the results were influenced by ethnicity,
study quality, and PCR method but not control selection. Subanalysis of disease types remained positive. However, the relationship
between GST genes and DM-CKD patients was different and should be further researched.

Ethics statement

This study was approved by the Ethics Committee of the First Affiliated Hospital of Chengdu Medical College (CYFY-2022011).
Written informed consent was obtained from all participants.

Author contribution statement

Jie Peng: Conceived and designed the experiments; Performed the experiments; Wrote the paper, Pei Ma; Xuegin Wu; Tianrong
Yang; Yuting Hu: Performed the experiments. Ying Xu: Contributed reagents, materials, analysis tools or data. Shuang Li: Analyzed and
interpreted the data; Contributed reagents, materials, analysis tools or data. Hang Zhang: Contributed reagents, materials, analysis
tools or data; Wrote the paper. Hongzhou Liu: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or
data; Wrote the paper.

12



J. Peng et al. Heliyon 9 (2023) €21183

Data availability statement

Data will be made available on request.

Declaration of competing interest

The authors declared no potential conflicts of interest.

Acknowledgments

This research was supported by foundation of the First Affiliated Hospital of Chengdu Medical College (CYFY-GQ49), the program
of Wuhan Municipal Health Commission (WX20C32), the Natural Science Foundation of Sichuan Province (2022NSFSC1514), the
program of Chengdu Medical College (CYZYB22-17).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e21183.

References

[1] S.E. Liebman, T.H. Le, Eat your broccoli: oxidative stress, NRF2, and sulforaphane in chronic kidney disease, Nutrients 13 (1) (2021) 266.
[2] J. Chang, et al., Loss of GSTM1, a NRF2 target, is associated with accelerated progression of hypertensive kidney disease in the African American Study of
Kidney Disease (AASK), Am. J. Physiol. Ren. Physiol. 304 (4) (2013) F348-F355.
[3] M. Neghab, et al., Effects of genetic polymorphism on susceptibility to nephrotoxic properties of BTEXs compounds, J. Occup. Environ. Med. 60 (8) (2018)
e377-e382.
[4] R.K.Y. Hung, et al., GSTM1 copy number and kidney disease in people with HIV, Kidney Int Rep 7 (8) (2022) 1901-1904.
[5] A. Tin, et al., The loss of GSTM1 associates with kidney failure and heart failure, J. Am. Soc. Nephrol. 28 (11) (2017) 3345-3352.
[6] D. Jerotic, et al., Association of Nrf2, SOD2 and GPX1 polymorphisms with biomarkers of oxidative distress and survival in end-stage renal disease patients,
Toxins 11 (7) (2019) 431.
[7] H.R. Chang, et al., Glutathione S-transferase M1 gene polymorphism is associated with susceptibility to impaired long-term allograft outcomes in renal
transplant recipients, World J. Surg. 37 (2) (2013) 466-472.
[8] G.Bodonyi-Kovacs, et al., Combined effects of GSTM1 null allele and APOL1 renal risk alleles in CKD progression in the african American study of kidney disease
and hypertension trial, J. Am. Soc. Nephrol. 27 (10) (2016) 3140-3152.
[9] J.C. Gigliotti, et al., GSTM1 deletion exaggerates kidney injury in experimental mouse models and confers the protective effect of cruciferous vegetables in mice
and humans, J. Am. Soc. Nephrol. 31 (1) (2020) 102-116.
[10] V. Vasudevan, et al., GSTM1-null allele predicts rapid disease progression in non-dialysis patients and mortality among South Indian ESRD patients, Mol. Cell.
Biochem. 469 (1-2) (2020) 21-28.
[11] R.V. Levy, et al., Association of GSTM1 deletion with progression of CKD in children: findings from the chronic kidney disease in children (CKiD) study, Am. J.
Kidney Dis. 80 (1) (2022) 79-86.
[12] Y. Zhang, et al., GSTM1 copy number is not associated with risk of kidney failure in a large cohort, Front. Genet. 10 (2019) 765.
[13] Glutathione S -transferase, M1 and T1) and angiotensin-converting enzyme gene polymorphisms and chronic kidney disease in Bangladeshi population, Meta
Gene 30 (2021), 100981, https://doi.org/10.1016/j.mgene.2021.100981.
[14] H.Z. Liu, et al., Glutathione S-transferase T1 and M1 null genotypes and Parkinson’s disease risk: evidence from an updated meta-analysis, Neurol. Sci. 36 (9)
(2015) 1559-1565.
[15] F.X. Yan, et al., CYP2D6, GST-M1 and GST-T1 enzymes: expression in parathyroid gland and association with the parathyroid hormone concentration during
early renal replacement therapy, Br. J. Clin. Pharmacol. 56 (1) (2003) 68-77.
[16] Y. Yang, et al., Glutathione S-transferase T1 deletion is a risk factor for developing end-stage renal disease in diabetic patients, Int. J. Mol. Med. 14 (5) (2004)
855-859.
[17]1 S. Agrawal, et al., Relationship between GSTs gene polymorphism and susceptibility to end stage renal disease among North Indians, Ren. Fail. 29 (8) (2007)
947-953.
[18] S.K. Datta, et al., Association of glutathione S-transferase M1 and T1 gene polymorphism with oxidative stress in diabetic and nondiabetic chronic kidney
disease, Ren. Fail. 32 (10) (2010) 1189-1195.
[19] S. Suvakov, et al., Glutathione S-transferase A1, M1, P1 and T1 null or low-activity genotypes are associated with enhanced oxidative damage among
haemodialysis patients, Nephrol. Dial. Transplant. 28 (1) (2013) 202-212.
[20] M. Siddarth, et al., Increased level of organochlorine pesticides in chronic kidney disease patients of unknown etiology: role of GSTM1/GSTT1 polymorphism,
Chemosphere 96 (2014) 174-179.
[21] J. Klen, et al., Common polymorphisms in antioxidant genes are associated with diabetic nephropathy in Type 2 diabetes patients, Méd. 12 (3) (2015) 187-198.
[22] H. Nomani, et al., Association between GSTM1, GSTT1, and GSTP1 variants and the risk of end stage renal disease, Ren. Fail. 38 (9) (2016) 1455-1461.
[23] S. Sayanthooran, et al., Upregulation of oxidative stress related genes in a chronic kidney disease attributed to specific geographical locations of Sri Lanka,
BioMed Res. Int. 2016 (2016), 7546265.
[24] Sayanthooran S, et al. Potential diagnostic biomarkers for chronic kidney disease of unknown etiology (CKDu) in Sri Lanka: a pilot study.BMC Nephrol.. 201719;
18(1):31..
[25] R.G. Pagliuso, et al., Role of glutathione s-transferase polymorphisms and chronic allograft dysfunction, Transplant. Proc. 40 (3) (2008) 743-745.
[26] R. Singh, et al., Influence of genetic polymorphisms in GSTM1, GSTM3, GSTT1 and GSTP1 on allograft outcome in renal transplant recipients, Clin. Transplant.
23 (4) (2009) 490-498.
[27] B.E. Gutiérrez-Amavizca, et al., Contribution of GSTM1, GSTT1, and MTHFR polymorphisms to end-stage renal disease of unknown etiology in Mexicans, Indian
J. Nephrol. 23 (6) (2013 Nov) 438-443.
[28] AK. Tiwari, et al., Oxidative stress pathway genes and chronic renal insufficiency in Asian Indians with Type 2 diabetes, J. Diabet. Complicat. 23 (2) (2009)
102-111.

13


https://doi.org/10.1016/j.heliyon.2023.e21183
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref1
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref2
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref2
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref3
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref3
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref4
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref5
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref6
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref6
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref7
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref7
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref8
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref8
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref9
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref9
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref10
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref10
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref11
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref11
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref12
https://doi.org/10.1016/j.mgene.2021.100981
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref14
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref14
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref15
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref15
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref16
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref16
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref17
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref17
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref18
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref18
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref19
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref19
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref20
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref20
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref21
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref22
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref23
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref23
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref25
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref26
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref26
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref27
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref27
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref28
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref28

J. Peng et al. Heliyon 9 (2023) 21183

[29] Y.S. Lin, et al., GST M1 polymorphism associates with DNA oxidative damage and mortality among hemodialysis patients, J. Am. Soc. Nephrol. 20 (2) (2009)
405-415.

[30] Z. Reljic, et al., Is increased susceptibility to Balkan endemic nephropathy in carriers of common GSTA1 (*A/*B) polymorphism linked with the catalytic role of
GSTAL1 in ochratoxin a biotransformation? Serbian case control study and in silico analysis, Toxins 6 (8) (2014) 2348-2362.

[31] S.D. St Peter, et al., Genetic determinants of delayed graft function after kidney transplantation, Transplantation 27 (6) (2002) 809-813, 74.

[32] S.U. Akgul, et al., The effect of glutathione S-transferase polymorphisms and anti-GSTT1 antibodies on allograft functions in recipients of renal transplant,
Transplant. Proc. 44 (6) (2012) 1679-1684.

[33] J. Azmandian, et al., Role of donors and recipients’ glutathione S-transferase gene polymorphisms in association of oxidative stress with delayed graft function
in kidney allograft recipients, Iran J Kidney Dis 11 (3) (2017) 241-248.

[34] R.M. de Lima, et al., Do GST polymorphisms influence in the pathogenesis of diabetic nephropathy? Mol. Cell. Endocrinol. 478 (2018 15) 10-16.

[35] B. Chen, et al., Glutathione S-transferases T1 null genotype is associated with susceptibility to aristolochic acid nephropathy, Int. Urol. Nephrol. 44 (1) (2012)
301-307.

[36] D.I Toncheva, et al., Identification of NQO1 and GSTs genotype frequencies in Bulgarian patients with Balkan endemic nephropathy, J. Nephrol. 17 (3) (2004)
384-389.

[37]1 H. Fujita, et al., No association of glutathione S-transferase M1 gene polymorphism with diabetic nephropathy in Japanese type 2 diabetic patients, Ren. Fail. 22
(4) (2000) 479-486.

[38] J. Makuc, et al., Diabetic nephropathy in type 2 diabetes: MPO t-764C genotype is associated with oxidative stress, Cent. Eur. J. Biol. 7 (8) (2012) 964-972.

[39] M.A. Zaki, et al., Glutathione-S-transferase M1, T1 and P1 gene polymorphisms and the risk of developing type 1 diabetes mellitus in Egyptian diabetic patients
with and without diabetic vascular complications, Alexandria Journal of Medicine 51 (2015) 73-82, https://doi.org/10.1016/j.ajme.2014.03.003.

[40] P. Purkait, et al., GSTM1 null genotype associated with type2 diabetic nephropathy patients among Indian population, World J. Pharmaceut. Res. 3 (3) (2014)
4452-4463. https://www.researchgate.net/publication/269406959.

[41] J.H. Kim, et al., Glutathione S-transferase M1 gene polymorphism is associated with type 2 diabetic nephropathy, J Kor Diabetes Assoc 29 (2005) 315-321.
https://www.koreamed.org/SearchBasic.php?RID=1004JKDA/2005.29.4.315&DT=1.

[42] T. Hovnik, et al., Genetic polymorphisms in genes encoding antioxidant enzymes are associated with diabetic retinopathy in type 1 diabetes, Diabetes Care 32
(12) (2009) 2258-2262.

[43] F.I Albeladi, et al., Association of polymorphisms in antioxidant enzyme-encoding genes with diabetic nephropathy in a group of Saudi arabian patients with
type II diabetes mellitus, Int. J. Gen. Med. 15 (2022) 5919-5928.

[44] M.B. Hashemi-Soteh, et al., Evaluation of glutathione S-transferase polymorphism in Iranian patients with type 2 diabetic microangiopathy, Egyptian Journal of
Medical Human Genetics 21 (2020) 40.

[45] J.A. Sterne, et al., ROBINS-I: a tool for assessing risk of bias in non-randomised studies of interventions, BMJ 355 (2016) i4919.

[46] S. Suvakov, et al., Markers of oxidative stress and endothelial dysfunction predict haemodialysis patients survival, Am. J. Nephrol. 50 (2) (2019) 115-125.

[47] J. Zhang, et al., Null genotypes of GSTM1 and GSTT1 contribute to increased risk of diabetes mellitus: a meta-analysis, Gene 518 (2) (2013) 405-411.

[48] G. Wang, L. Zhang, Q. Li, Genetic polymorphisms of GSTT1, GSTM1, and NQO1 genes and diabetes mellitus risk in Chinese population, Biochem. Biophys. Res.
Commun. 341 (2) (2006) 310-313.

[49] F. Bitarafan, et al., Influence of antioxidants’ gene variants on risk of diabetes mellitus and its complications: a systematic review, Minerva Endocrinol. 44 (3)
(2019) 310-325.

[50] S. Nath, et al., The GSTM1 and GSTT1 null genotypes increase the risk for type 2 diabetes mellitus and the subsequent development of diabetic complications: a
meta-analysis, Curr. Diabetes Rev. 15 (1) (2019) 31-43.

[511 J. Orlewski, E. Orlewska, Effects of genetic polymorphisms of glutathione S-transferase genes (GSTM1, GSTT1, GSTP1) on the risk of diabetic nephropathy: a
meta-analysis, Pol. Arch. Med. Wewn. 125 (9) (2015) 649-658.

[52] A. Alvarez-Marquez, et al., Donor-specific antibodies against HLA, MICA, and GSTT1 in patients with allograft rejection and C4d deposition in renal biopsies,
Transplantation 87 (1) (2009) 94-99.

[53] L. Lovmar, et al., Silhouette scores for assessment of SNP genotype clusters, BMC Genom. 6 (2005) 35.

14


http://refhub.elsevier.com/S2405-8440(23)08391-3/sref29
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref29
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref30
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref30
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref31
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref32
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref32
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref33
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref33
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref34
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref35
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref35
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref36
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref36
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref37
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref37
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref38
https://doi.org/10.1016/j.ajme.2014.03.003
https://www.researchgate.net/publication/269406959
https://www.koreamed.org/SearchBasic.php?RID=1004JKDA/2005.29.4.315&amp;DT=1
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref42
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref42
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref43
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref43
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref44
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref44
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref45
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref46
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref47
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref48
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref48
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref49
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref49
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref50
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref50
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref51
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref51
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref52
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref52
http://refhub.elsevier.com/S2405-8440(23)08391-3/sref53

	A case-control study and systematic review of the association between glutathione S-transferase genes and chronic kidney di ...
	1 Introduction
	2 Patients and methods
	2.1 Patients
	2.2 Genotype analysis
	2.3 Search strategy and inclusion criteria
	2.4 Study selection
	2.5 Data extraction
	2.6 Quality assessment
	2.7 Risk of bias
	2.8 Data synthesis and meta-analysis

	3 Results
	3.1 GST gene polymorphisms in Chinese CKD patients
	3.2 Meta-analysis of GST genes in overall CKD patients
	3.3 Stratification analysis of studies by ethnicity
	3.4 Risk of bias of the included studies
	3.5 NOS star of selected studies
	3.6 Subgroup analysis of deductions
	3.7 Subgroup results of PCR methods
	3.8 Subgroup results of control selection
	3.9 Data synthesis of case selection based on ESRD and non‒ESRD
	3.10 Data synthesis of case selection based on DN and non‒DN
	3.11 Data synthesis of case selection based on DM‒ESRD and DM‒CKD
	3.12 Data synthesis of case selection based on DM‒ESRD and non‒DM ESRD
	3.13 Data synthesis of case selection based on allograft function
	3.14 Data synthesis of case selection based on all‒cause mortality

	4 Discussion
	Ethics statement
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


