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Abstract 
Glutathione-S-transferase alpha-1 (GSTA1) is an enzyme with high conjugation activity 

against aldophosphamide, a metabolite of cyclophosphamide and promoter 

polymorphisms in GSTA1 may influence the cyclophosphamide effectiveness. The aim of 

this study was to evaluate the effectiveness and side effects of cyclophosphamide in lupus 

nephritis patients, using GSTA1 variants as predictors. A case-control study was 

conducted at Hasan Sadikin Hospital, Bandung, Indonesia, involving 100 lupus nephritis 

patients from February 2023 to January 2024. The PCR-Sanger sequencing was used to 

genotype five selected single nucleotide polymorphisms (SNPs) in the GSTA1 promoter: -

52 A>G, -69 T>C, -513 A>G, -567 G>T, and -631 G>T. The endpoint was assessed after six 

doses of cyclophosphamide by evaluating renal function, disease activity and side effects. 

Results indicated that six doses of intravenous cyclophosphamide treatment improved 

renal function and disease activity in the patients, as evidenced by significant changes in 

serum creatinine (0.79 vs 0.69 mg/dL), dipstick proteinuria (3.00 vs 1.50), creatinine 

clearance (98.50 vs 109.50 mL/min), and Modified Systemic Lupus Erythematosus 

Disease Activity Index 2000 (M-SLEDAI-2K) score (8.61 vs 6.95). The AG genotype at -

513 A>G was associated with reduced cyclophosphamide effectiveness (odds ratio (OR): 

0.19; 95%CI: 0.19–0.60; p=0.019). The GT genotype at -631 G>T independently increased 

the progression of anemia (OR: 2.41; 95%CI: 0.26–22.12; p=0.040). This study highlights 

that the presence of GSTA1 variants affected cyclophosphamide effectiveness in lupus 

nephritis patients, with heterozygous polymorphisms at -513 (AA to AG) and -631 (TT to 

GT) predicting reduced effectiveness of cyclophosphamide by enhancing GSTA1 promoter 

activity, while anemia further exacerbated lupus nephritis disease severity. GSTA1 

polymorphism was not associated with the presence of alopecia, amenorrhea, 

gastrointestinal disorders, and leukopenia during cyclophosphamide therapy.  

Keywords: Promoter polymorphism, GSTA1, cyclophosphamide, effectiveness, lupus 

nephritis 

Introduction  

Cyclophosphamide, an alkylating agent, is a preferred treatment for lupus nephritis, primarily 

by suppressing T lymphocyte proliferation [1,2]. It is administered in six intravenous (IV) dosages 
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for lupus nephritis induction therapy [3,4], with varying response rates across ethnic groups [5]. 

Asians have shown higher remission rates compared to Caucasians and Africans when treated 

with cyclophosphamide [6-12]. A meta-analysis found no significant difference in effectiveness 

between mycophenolate mofetil and cyclophosphamide for treating lupus nephritis when urine 

protein levels were ≥4 g/day (p=0.599) [13]. Mycophenolate mofetil, proven effective in 

randomized controlled trials even at lower doses, offers better tolerance than cyclophosphamide, 

which is associated with adverse effects such as pneumonia, gastrointestinal issues, and 

menstrual disturbances [14]. Cyclophosphamide’s active metabolites, including 

aldophosphamide, 4-OH-cyclophosphamide, and phosphoramide mustard, can lead to organ 

damage, affecting heart function and causing myelosuppression and menstrual irregularities 

[15,16]. Despite these effects, cyclophosphamide lacks pharmacogenetic labeling as food and drug 

administration (FDA) biomarker [17]. 

Glutathione s-transferase alpha 1 (GSTA1) gene polymorphisms may affect the response to 

cyclophosphamide in lupus nephritis patients [8,11]. Previous studies on lupus nephritis 

populations from China and Egypt have identified different GSTA1 genotypes affecting the 

effectiveness of cyclophosphamide [8,11]. In Egypt, the TT (-69) genotype was associated with 

non-remission and persistent proteinuria [8], whereas in China, heterozygous genotypes GA (-

52) and TC (-69) were correlated with lower levels of cyclophosphamide active metabolites [11]. 

Prominent GSTA1 promoter variants, including -52 A>G, -69 T>C, -513 A>G, -567 G>T, and 

-631 G>T, vary significantly across diverse human populations and form haplotypes through 

linkage disequilibrium [18-21]. Functional assays have demonstrated that single nucleotide 

polymorphisms (SNPs) at positions -52 (rs3957356) and -69 (rs3957357) play crucial roles in 

GSTA1 haplotypes by interacting with SNPs at -513 (rs11964968) and -567 (rs4715332), while -

631 (rs4715333) acts independently [21,22]. Individuals with specific GSTA1 diplotypes, such as 

-52, -69, -567, -631 (ATGG/ATGG), have lower GSTA1 enzyme levels, whereas those with -52, -

69, -513, -567, -631, -1142 (GCATGC/GCATGC) exhibit maximum promoter activity [18,20]. 

Given the geographic variability in GSTA1 genotypes, the aim of this study was to evaluate how 

GSTA1 variants, including diplotype sequences, predict cyclophosphamide efficacy and adverse 

effects. The present study’s findings could inform precision medicine strategies for optimizing 

cyclophosphamide treatment in lupus nephritis. 

Methods 

Study design and setting  

A case-control study involving lupus nephritis patients was conducted at Hasan Sadikin Hospital, 

Bandung, Indonesia, from February 2023 to January 2024. Outpatient rheumatology patients at 

Hasan Sadikin Hospital were enrolled in this study, with eligibility determined by their history of 

cyclophosphamide use, as documented in medical records. Data regarding lupus nephritis 

diagnosis, classification, associated symptoms, and laboratory findings were extracted from both 

manual and electronic medical records. Patients who met the inclusion criteria provided 

informed consent for genotyping during their routine follow-up visits. The evaluation of 

cyclophosphamide's effectiveness and side effects were assessed through physical examinations 

and laboratory data collected two weeks pre-treatment and post sixth cycle of cyclophosphamide 

treatment. Once the minimum required sample size was reached, patients were categorized into 

case and control groups according to specific definitional criteria (Figure 1). 

Participants and criteria  

Inclusion criteria comprised lupus nephritis patients aged over 18 years who had received six IV 

cyclophosphamide treatments according to the National Institutes of Health (NIH) or European 

Alliance of Associations for Rheumatology (EULAR) protocols [23,24]. Patients receiving the 

EULAR protocol were administered six doses of IV cyclophosphamide at a dose of 500 mg every 

two weeks, while patients following the NIH protocol received six doses of IV cyclophosphamide 

at a dosage of 0.5–1 g/m2 administered monthly. Exclusion criteria included pregnancy, lactation, 

pregnancy planning, chronic kidney failure (CKD), mixed connective tissue disease (MCTD), 

systemic sclerosis (SSC), hepatitis, and neuro-psychiatric complications of systemic lupus 

http://doi.org/10.52225/narra.v4i3.1144
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erythematosus (NPSLE). Patients who had used allopurinol, busulfan, chloramphenicol, or 

ciprofloxacin within the previous two months were also excluded due to potential interactions 

with cyclophosphamide metabolism. 

 

Figure 1. Study design and patient recruitment. This case-control study included adult lupus 
nephritis patients with six doses of cyclophosphamide to ensure homogeneity in the study 
sample. Dependent variables included the effectivity and side effects of cyclophosphamide, while 
independent variables were genotypes and diplotypes of the GSTA1. CKD: chronic kidney disease; 
MCTD: mixed connective tissue disease; NPSLE: neuro-psychiatric complications of systemic 
lupus erythematosus; SLE: systemic lupus erythematosus; SSC: systemic sclerosis 

Sample and sampling method 

Sample size calculation used the Cochrane formula, with a previous study involving 125 systemic 

lupus erythematosus (SLE) patients treated with cyclophosphamide [25]. The minimum sample 

inclusion of 96 cyclophosphamide-treated patients was deemed representative of the present 

study. To achieve 80% power and a 5% alpha error [8], a minimum sample size of 32 patients in 

both low and high-disease activity groups was required. Power analysis was conducted to assess 

the effectiveness of the primary outcome, where low disease activity and complete remission were 

categorized as case groups, while high disease activity and partial plus non-remission events were 

categorized as control groups. A power of 80% was calculated for each dependent variable to 

determine the number of representative subjects required for this study. In this retrospective 

case-control study, patient groups were not matched in equal numbers due to the requirement of 

genotype profiles of Indonesian patients as a preliminary investigation for GSTA1. To minimize 

bias from confounding factors, an initial stratification was conducted using a Chi-squared test to 

analyze low and high disease activity groups, followed by the identification of covariates for 

inclusion in the binary logistic regression analysis (regression adjustment). Both stratification 

and regression adjustment are recognized methodologies within propensity score measurement 

(PSM) [26,27]. Subsequently, propensity scores were calculated using multiple logistic 

regression, with the case group scores nearing 1 and the control group scores nearing 0. These 

scores were calculated based on the average of predicted probabilities in the multiple logistic 

regression, which indicated statistically significant differences. In this retrospective case-control 

http://doi.org/10.52225/narra.v4i3.1144
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study, incidence density sampling was used to more accurately reflect the epidemiological 

conditions at the time of observation, with controls selected from the same population and during 

the same period as the cases. 

Study procedures 

Patients were diagnosed and treated based on the American College of Rheumatology (ACR) and 

the Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guideline for the 

management of lupus nephritis [23,24]. Remission was assessed according to KDIGO 2023 

[24,28,29], i.e. no proteinuria detected, creatinine clearance within normal range, and no edema 

and hypertension. The diagnosis of lupus nephritis in patients was based on signs of proteinuria 

and symptoms of SLE flare, along with the management of cyclophosphamide therapy. The 

duration from the initial diagnosis of SLE to the initiation of cyclophosphamide treatment was 

not constrained by a specific time frame. The lupus nephritis patients who were eligible to receive 

cyclophosphamide had nephritis class III, IV or V. Based on histological findings, class I was 

characterized by minimal mesangial lupus nephritis; class II with mesangial proliferative lupus 

nephritis; class III with focal lupus nephritis; class IV with diffuse lupus nephritis; and class V 

with membranous lupus nephritis [30,31]. Lupus nephritis disease activity was assessed using 

the Modified Systemic Lupus Erythematosus Disease Activity Index 2000 (M-SLEDAI-2K) [32]. 

Cyclophosphamide side effects such as alopecia, amenorrhea, gastrointestinal disorders, and 

leukopenia were evaluated according to the Common Terminology Criteria for Adverse Events 

version 5 (CTCAE v.5, 2017) [33].  

DNA extraction 

A volume of 0.5 mL of peripheral blood was collected from each patient using sterile 

ethylenediaminetetraacetic acid (EDTA) vacutainers during outpatient visits. The DNA of each 

patient was directly extracted from the fresh whole blood at the Molecular Genetics and 

Microbiology Laboratory, Faculty of Medicine, Universitas Padjadjaran, Bandung, Indonesia, 

using Genomic DNA Mini Kit (Blood) (Geneaid, New Taipei City, Taiwan) following the 

manufacturer's instructions. The concentration and purity of the genomic DNA were assessed 

using a UV-Vis spectrophotometer at λ260/280 (Thermo Fisher Scientific Multiskan Go, USA). 

The DNA of each patient was stored at -20°C for further use as a template for polymerase chain 

reaction (PCR) amplification using Veriti Thermal Cycler, 96-well Fast (Thermo Fisher Scientific, 

Massachusetts, USA). 

PCR-Sanger sequencing 

A pair of primers (forward: 5'-GGAGGGTGTGAGGCAATGTA-3') and (reverse: 5'-

CCCCCTACATGGTATAGGTGAA-3') was used to amplify the GSTA1 fragment through PCR 

amplification. The PCR reaction mixture consisted of 1U of GoTaq Green Master Mix (Promega, 

USA), 150 ng of genomic DNA, 0.25 µM of each primer (Integrated DNA Technologies, 

Singapore), and nuclease-free water to a total volume of 50 µL (Promega, USA). The amplification 

protocol began with initial denaturation at 95°C for 2 minutes, followed by 30 cycles of 

denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and elongation at 72°C 

for 30 seconds, with a final elongation step at 72°C for 5 minutes. PCR and gel electrophoresis of 

each amplicon was performed at Pharmacology and Pharmaceutical Biotechnology Laboratories, 

School of Pharmacy, Institut Teknologi Bandung, Bandung, Indonesia. The PCR products 

confirmed were subjected to Apical Scientific, Malaysia, for Sanger-sequencing. SNP genotypes 

were identified based on the GSTA1 gene sequence from the GenBank database (AL590363.6). 

DNA sequences were analyzed using SnapGene software (Dotmatics, Illinois, USA) and Geneious 

Prime 2022 (Dotmatics, Auckland, New Zealand) for sequence alignment. 

Determination of single nucleotide polymorphisms (SNPs) combination 

Genotypes were assigned simultaneously from a single chromatogram of Sanger sequencing, 

allowing for the determination of five SNP genotypes of GSTA1. Each SNP genotype for GSTA1 

promoter (-52, -69, -513, -567, and -631) was confirmed to follow Hardy-Weinberg Equilibrium 

(HWE) (p>0.05). Allele frequency differences were assessed using the Chi-squared test for 

deviations from HWE [34]. The procedure for calculating the HWE involved the tabulation of 

http://doi.org/10.52225/narra.v4i3.1144


Indrawijaya et al. Narra J 2024; 4 (3): e1144 - http://doi.org/10.52225/narra.v4i3.1144  

Page 5 of 19 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

genotypes from five SNPs in the GSTA1, analyzed in relation to the binary disease activity group 

and remission group. SNPstat was utilized to determine the exact p-value for all subjects and 

within each subgroup. Subjects were considered to meet the HWE criteria when the p-value for 

the overall and each subgroup exceeds 0.05. The linkage disequilibrium value (r2) in the 

Indonesian population was calculated to analyze interactions between the five SNPs, determined 

using SNPStats (Institut Català d'Oncologia, Barcelona, Spain) [34] with a strong correlation 

defined as r2>0.8 [22]. Linkage disequilibrium data from the Indonesian population were also 

compared with the closest Chinese population (https://ldlink.nih.gov/). Based on previous study, 

three combinations were analyzed: first (-52, -69), second (-52, -69, -513), and third (-52, -69, -

567) [21]. Diplotype frequencies for each combination were calculated as percentages. 

Study variables 

The dependent variables included disease activity as assessed by the M-SLEDAI-2K score, 

remission based on renal function/proteinuria, and the occurrence of side effects. The M-

SLEDAI-2K scores for each patient were assessed two weeks pre and post cyclophosphamide 

treatment. Patients who were classified as having low disease activity demonstrated M-SLEDAI-

2K scores ranging from 0 to 5, while those with high disease activity had scores between 6 and 15. 

Renal function was evaluated two weeks prior to the first cycle and post sixth cycle of 

cyclophosphamide therapy. Based on the renal function evaluation, patients were classified as in 

remission if they demonstrated a significant reduction in proteinuria and improvement in lupus 

nephritis manifestations, while those with persistent lupus nephritis manifestations and did not 

have a significant reduction in proteinuria were classified as being in non-remission. To assess 

the disease activity progression, the presence of anemia and non-infection cystitis were evaluated 

based on laboratory data two weeks post cyclophosphamide. Non-infection cystitis was defined 

as urine erythrocyte counts exceeding 5 cells/µL, while hemoglobin levels below 10 g/dL were 

classified in patients with anemia. Data on side effects were gathered from the manifestations 

observed during the administration of cyclophosphamide. This information was recorded in the 

medical records and validated during follow-up visits, along with the relevant laboratory results. 

The severity of these adverse effects was assessed according to the CTCAE v.5, 2017. Patients who 

experienced side effects were documented, and their occurrence rates were compiled. Detailed 

definition of remission, disease activity, and side effects of patients are presented in Table S1. 

Statistical analysis 

The Kolmogorov-Smirnov test was calculated to assess data normality distribution. Binary 

logistic regression assessed genotype and diplotype differences in response and side effects. The 

multiple logistic regression was adjusted by including covariates for age, lupus nephritis 

conditions, and cyclophosphamide protocol. Propensity scores from post-hoc multiple logistic 

regression analysis using probability density compared using one-way ANOVA. Poisson 

regression was used to analyze genotype and diplotype effects on proteinuria and M-SLEDAI-2K 

scores alongside covariates, with the first genotype or diplotype as the reference. The paired 

Student t-tests were used to assess the pre-post differences for quantitative data, while Chi-

squared tests assessed associations. The associations between each characteristic in the low and 

high disease activity groups were evaluated using Chi-squared tests for qualitative data and one-

way ANOVA for quantitative data. Two-way ANOVA illustrated interaction plots of genotype 

against M-SLEDAI-2K scores and hemoglobin levels post-cyclophosphamide. Minitab Statistical 

Software v.21 (Minitab LLC, Pennsylvania, USA) was employed for data analysis, with p<0.05 

considered statistically significant. 

Transcription factor prediction 

Transcription factors were predicted using two GSTA1 fragments (780 bp) containing variants 

and wild types. Using the JASPAR 2024 database (https://jaspar.elixir.no/), transcription factors 

were classified into classes based on binding positions, with a threshold of 80% for relative profile 

scores predicting a total of 1,518 transcription factor sites [35]. Position weight matrix (PWM) 

scores were used to compare variant and wild type binding scores at each position. Increased 

PWM scores indicated a higher likelihood of binding to the sequence motif, with transcription 

factor changes predicted based on SNPs positions within the GSTA1 fragment. 

http://doi.org/10.52225/narra.v4i3.1144
https://ldlink.nih.gov/
https://jaspar.elixir.no/
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Results 

Characteristic of patients 

A total of 100 lupus nephritis patients were involved in this study and were all successfully 

genotyped. The characteristics are presented in Table 1. Based on M-SLEDAI-2K scores, 40 had 

low disease activity (scores 0–5), while 60 had high disease activity (scores 6–15).  

Table 1. Characteristics of lupus nephritis patients treated with cyclophosphamide  

Characteristics Low disease 
activity (n=40) 

High disease 
activity (n=60) 

p-value 

Sex   0.669a 
Male 3 (7.50) 6 (10.00) 
Female 37 (92.50) 54 (90.00) 

Age, mean±SD (years) 27.39±8.61 29.55±9.32 0.244b 
Duration from SLE to lupus nephritis patients treated 
with cyclophosphamide, mean±SD (years) 

3.58±4.78 2.57±3.55 0.227b 

Protocol used   0.444a 
EULAR 8 (20.00) 16 (26.67) 
NIH 32 (80.00) 44 (73.33) 

Ethnic groups   0.185a 
Sundanese 38 (95.00) 53 (88.33) 
Javanese 2 (5.00) 5 (8.33) 
Balinese 0 (0.00) 1 (1.67) 
Batak 0 (0.00) 1 (1.67) 

Disease activity progression   0.126a 
 Without anemia 37 (92.50) 49 (81.67) 

Anemia 3 (7.50) 11 (18.33) 
Without non-infection cystitis 33 (82.50) 17 (28.33) 0.000a** 
Non-infection cystitis 7 (17.50) 43 (71.67) 

Side effects   0.269a 
Alopecia 23 (57.50) 41 (68.33) 
Without alopecia 17 (42.50) 19 (31.67) 
Amenorrhea 18 (45.00) 31 (51.67) 0.514a 
Without amenorrhea 22 (55.00) 29 (48.33) 
Gastrointestinal disorders 7 (17.50) 11 (18.33) 0.915a 
Without gastrointestinal disorders 33 (82.50) 49 (81.67) 
Leukopenia 5 (12.50) 8 (13.33) 0.903a 
Without leukopenia 35 (87.50) 52 (86.67) 

EULAR: European Alliance of Associations for Rheumatology; NIH: National Institutes of Health; SLE: 
systemic lupus erythematosus  
a Analyzed using Chi-squared test 
b Analyzed using One-way ANOVA 
* Statistically significant at p<0.01 
** Statistically significant at p<0.001 
 

The interval between the first diagnosis of SLE and the administration of cyclophosphamide 

varied, ranging from 0 to 22 years. All genotype frequencies adhered to Hardy-Weinberg 

equilibrium (p>0.05) (Table S2). The SNPs at positions -52 and -69 exhibited linkage 

disequilibrium (r2)>0.8, specifically 0.87 (Table S3). Genotype and diplotype frequencies for 

each SNP (-52, -69, -513, -567, -631) were analyzed in the case (30% remission, 40% low disease 

activity) and control (70% non-remission, 60% high disease activity) groups (Table S4). 

Heterozygote proportions exceeded 25% for each SNP in the non-remission and high disease 

activity groups. GG (-52), CC (-69), AA (-513), and TT (-567) genotypes were significantly more 

prevalent in the non-remission group (p<0.05). Additionally, diplotypes GC/GC, GCA/GCA, and 

GCT/GCT differed significantly in frequency between remission and non-remission groups across 

the first to third combination distributions (p<0.05) (Table S4).  

Improvement in renal function and disease activity 

Following IV cyclophosphamide treatment, significant improvements were observed in 100 

patients' serum creatinine (0.79 vs 0.69 mg/dL), dipstick proteinuria (3.00 vs 1.50), creatinine 

clearance (98.50 vs 109.50 mL/min), and M-SLEDAI-2K score (8.61 vs 6.95) (Figure 2A). Post-

treatment, hemoglobin levels increased significantly (11.51 vs 11.98 g/dl; n=98), along with 

erythrocyte count (4.29 vs 4.44 × 103/µL; n=73), monocyte percentage (7.63 vs 10.00%; n=85), 

http://doi.org/10.52225/narra.v4i3.1144
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and decreased urine erythrocyte count (14.07 vs 5.03 cells/µL; n=76) (p<0.05) (Figure 2B). 

Patients following the NIH protocol and aged 18–20 years showed the lowest levels of dipstick 

proteinuria and M-SLEDAI-2K post-cyclophosphamide, serving as covariates in multivariate 

analysis (Figure 2C), indicating that IV cyclophosphamide treatment significantly improved 

SLE activity post-treatment.  

 

Figure 2. Evaluation of renal function and disease activity pre- and post-cyclophosphamide 
treatment. (A) Assessment of serum creatinine, creatinine clearance, dipstick proteinuria, and M-
SLEDAI-2K scores. (B) Measurement of hemoglobin levels, erythrocyte counts, monocyte 
percentage, and urine erythrocyte counts. (C) Analysis of the impact of protocol IV 
cyclophosphamide and patient age on renal function and disease activity. ns: not significant. * 

Statistically significant at p<0.05; ** Statistically significant at p<0.01; *** Statistically significant 
at p<0.001; and **** Statistically significant at p<0.0001. 

In this study, 100 Indonesian subjects were involved, with the majority (91%) being of 

Sundanese ethnicity. The Sundanese, Javanese, Balinese, and Batak ethnic groups were analyzed 

regarding proteinuria and M-SLEDAI-2K scores, which were not shown to have a significant 

effect (Table S5). The patients with non-infectious cystitis and anemia following 

cyclophosphamide treatment demonstrated higher scores in M-SLEDAI-2K compared to patients 

without anemia and non-infectious cystitis (Table S6). 

Effect of GSTA1 gene polymorphism on the effectiveness of intravenous (IV) 

cyclophosphamide  

A homozygous polymorphism at position -513 (GG) correlated with minimal proteinuria (0.0) 

and a lower M-SLEDAI-2K score (3.0) post-cyclophosphamide (Figure 3A). Conversely, 

A A 

B 

C 

http://doi.org/10.52225/narra.v4i3.1144
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genotype AG (-513) was associated with persistent proteinuria (1.93) and higher disease activity 

(9.22) (p<0.05), indicating reduced effectiveness of cyclophosphamide (Table 2). Receiver 

operating characteristic (ROC) analysis showed that detecting the -513 polymorphism could 

predict achieving low disease activity with an AUC of 0.7583 (sensitivity 72.50%, specificity 

71.67%). Heterozygous polymorphisms at positions -52 (AG), -69 (TC), -513 (AG), and -567 (GT) 

consistently correlated with increased proteinuria and M-SLEDAI-2K scores, indicating 

worsened lupus nephritis outcomes. The second combination diplotype (-52, -69, -513) with 

ATA/GCG showed the highest post-cyclophosphamide proteinuria (2.15) and M-SLEDAI-2K 

score (9.60) (p<0.05), suggesting reduced cyclophosphamide efficacy.  

Binary logistic regression (Table 3), revealed that AG (-513) and TT (-631) genotypes were 

associated with worsened disease activity (OR: 0.19 and 0.20, respectively), while AA (-52), TT (-

69), and GG (-513) genotypes correlated with improvement (OR>1). Genotypes TT (-69) and GG 

(-513) were associated with higher odds of complete remission post-cyclophosphamide (OR>1) 

compared to CC and AA (Table 4).  

Anemia and non-infectious cystitis were contributors to increased disease activity (Table 

S6), suggesting potentially reduced cyclophosphamide efficacy (Table 5). The ATA/GCG 

diplotype in the second combination increased the likelihood of non-infectious cystitis (OR: 2.22) 

but did not reach significance. Approximately 14% of patients experienced low hemoglobin levels 

(<10 g/dL) post-cyclophosphamide. The GT (-631) genotype significantly increased the risk of 

anemia (OR: 2.41) compared to GG (p<0.05) (Figure 3B). ROC analysis for the -631 

polymorphism in predicting anemia yielded an AUC of 0.8173 (sensitivity 78.57%, specificity 

79.07%). 

 

Figure 3. Effect of GSTA1 polymorphisms on cyclophosphamide efficacy. (A) Interaction plot 
showing the GSTA1 genotype at -513 versus M-SLEDAI-2K scores following cyclophosphamide 
treatment, alongside the receiver operating characteristic (ROC) curve of GSTA1 (-513) as a 
predictor of achieving low disease activity. (B) Interaction plot depicting the GSTA1 genotype at 
-631 versus hemoglobin levels, and ROC curve of GSTA1 (-631) as a predictor of anemia in disease 
activity progression. Analysis was conducted using multiple binary logistic regression. 

http://doi.org/10.52225/narra.v4i3.1144
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Table 2. Effect of genotypes and diplotypes on proteinuria and M-SLEDAI-2K scores following cyclophosphamide treatment 

Predictors Genotypes and diplotypes (n) Dipstick proteinuria post-
cyclophosphamide (mean±SD) 

p-value a M-SLEDAI-2K score post-
cyclophosphamide (mean±SD) 

p-value a 

rs3957356 (-52 A>G) GG (68) (R) 1.41±1.51 0.006** 6.52±4.05 <0.001** 
AG (28) 1.78±1.45 8.36±4.60 
AA (4) 0.50±0.57 4.50±3.79 

rs3957357 (-69 T>C) CC (69) (R) 1.45±1.51 0.009** 6.52±4.00 <0.001** 
TC (28) 1.71±1.47 8.18±4.80 
TT (3) 0.67±0.57 5.33-4.16 

rs11964968 (-513 A>G) AA (71) (R) 1.38±1.52 0.008** 6.19±4.10 <0.001** 
AG (27) 
GG (2) 

1.93±1.29 
0.00 

9.22±4.01 
3.00±1.41 

rs4715332 (-567 G>T) TT (64) (R) 1.39±1.53 0.007** 6.31±4.00 <0.001** 
GT (28) 1.75±1.43 8.14±4.66 
GG (8) 1.50±1.31 7.88±4.49 

rs4715333 (-631 G>T) GG (53) (R) 1.42±1.47 0.003** 6.72±3.99 <0.001** 
GT (39) 1.38±1.44 6.74±4.54 
TT (8) 2.63±1.41 9.50±4.50 

First combination (-52, -69) GC/GC (67) (R) 1.43±1.52 0.049* 6.43±4.03 <0.001** 
AT/GC (26) 1.77±1.48 8.27±4.77 
AT/AT (3) 0.67±0.57 5.33±4.16 
AC/GC (2) 2.00±1.41 9.50±0.71 
AT/AC (1) 0.00 2.00 
GT/GC (1) 2.00 12.00 

Second combination (-52, -69, -513) GCA/GCA (66) (R) 1.44±1.53 0.082 6.38±4.03 <0.001** 
ATA/GCG (20) 2.15±1.35 9.60±4.15 
ATA/GCA (5) 0.60±1.34 3.80±4.71 
ATA/ATG (2) 1.00±0.00 7.00±4.24 
ACA/GCG (2) 2.00±1.41 9.50±0.71 
ATA/ACG (1) 0.00 2.00 
ATG/ATG (1) 0.00 2.00 
ATG/GCG (1) 0.00 4.00 
GCA/GCG (1) 1.00 10.00 
GTA/GCG (1) 2.00 12.00 

Third combination (-52, -69, -567) GCT/GCT (63) (R) 1.41±1.53 0.084 
 

6.32±4.03 <0.001** 
ATG/GCT (24) 1.79±1.47 8.13±4.80 
GCG/GCG (4) 1.75±1.50 8.25-4.03 
ATG/ATG (3) 0.67±0.57 5.33±4.16 
ACG/GCT (2) 2.00±1.41 9.50±0.71 
ATG/ACT (1) 0.00 2.00 
ATG/GCG (1) 3.00 14.00 
ATT/GCT (1) 0.00 6.00 
GTG/GCT (1) 2.00 12.00 

a Analyzed using Poisson regression analysis with the greatest genotype as reference (R)  
* Statistically significant at p<0.05 
** Statistically significant at p<0.01 
*** Statistically significant at p<0.001 
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Table 3. Effect of genotypes and diplotypes on achieving low disease activity analyzed through binary and multiple regression analysis 

Predictors Genotypes and diplotypes (n) Low disease activity, OR (95%CI) p-value a Low disease activity, aOR (95%CI) Adjusted p-value b 
rs3957356 (-52 A>G) GG (68) (R) 1.00 0.096 1.00 0.041* 

 AG (28) 0.42 (0.38–38.40) 0.36 (0.12–1.04) 
AA (4) 3.80 (0.38–38.40) 2.59 (0.23–28.29) 

rs3957357 (-69 T>C) CC (69) (R) 1.00 0.267 1.00 0.072 
TC (28) 0.52 (0.20–1.34) 0.47 (0.17–1.30) 
TT (3) 2.60 (0.22–30.05) 1.97 (0.16–24.73) 

rs11964968 (-513 A>G) AA (71) (R) 1.00 0.019* 
 

1.00 0.015* 
AG (27) 0.19 (0.19–0.60) 0.16 (0.04–0.55) 
GG (2) 5.28 (1.65–16.85) 707,685.94 (0–1.79×10306) 

rs4715332 (-567 G>T) TT (64) (R) 1.00 0.324 1.00 0.058 
GT (28) 0.48 (0.19–1.26) 0.39 (0.14–1.11) 
GG (8) 0.72 (0.16–3.29) 0.61 (0.12–3.06) 

rs4715333 (-631 G>T) GG (53) (R) 1.00 0.316 1.00 0.111 
GT (39) 1.09 (0.47–2.51) 1.09 (0.45–2.64) 
TT (8) 0.20 (0.02–1.75) 0.28 (0.03–2.57) 

First combination (-52, -69) GC/GC (67) (R) 1.00 0.668 1.00 0.217 
AT/GC (26) 0.45 (0.17–1.22) 0.40 (0.14–1.15) 
AT/AT (3) 
AC/GC (2) 

2.47 (0.21–28.53) 
0.00 

1.87 (0.15–23.68) 
0.00 

AT/AC (1) 353,551.18 (0–9×10281) 150,272.52 (0–3.97×10281) 
GT/GC (1) 0.00 0.00 

Second combination (-52, -69, -513) GCA/GCA (66) (R) 1.00 0.434 1.00 0.291 
ATA/GCG (20) 0.13 (0.03–0.62) 0.11 (0.02–0.56) 
ATA/GCA (5) 4.80 (0.51–45.28) 3.05 (0.29–32.16) 
ATA/ATG (2) 1.20 (0.07–20.01) 0.00 
ACA/GCG (2) 0.00 0.00 
ATA/ACG (1) 343,995.74 (0–9×10281) 174,600.79 (0–4.62×10281) 
ATG/ATG (1) 343,995.74 (0–9×10281) 133,138.98 (0–3.52×10281) 
ATG/GCG (1) 343,995.74 (0–9×10281) 628,843.43 (0–1.38×10281) 
GCA/GCG (1) 0.00 0.00 
GTA/GCG (1) 0.00 0.00 

Third combination (-52, -69, -567) GCT/GCT (63) (R) 1.00 0.925 1.00 0.509 
ATG/GCT (24) 0.48 (0.17–1.32) 0.42 (0.14–1.23) 
GCG/GCG (4) 0.39 (0.03–3.96) 0.38 (0.03–4.48) 
ATG/ATG (3) 2.34 (0.20–27.20) 1.74 (0.13–22.14) 
ACG/GCT (2) 0.00 0.00 
ATG/ACT (1) 8.2×1010 (0–~) 141,588.60 (0–3.75×10281) 
ATG/GCG (1) 0.00 0.00 
ATT/GCT (1) 0.00 0.00 
GTG/GCT (1) 0.00 0.00 

R: reference group, the genotype and diplotype with the greatest frequency  
a Analyzed using binary logistic regression 
b OR: adjusted with the covariates 
* Statistically significant at p<0.05 
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Table 4. Effect of genotypes and diplotypes on achieving remission, as assessed through binary and multiple regression analysis 

Predictors Genotypes and diplotypes (n) Remission, OR (95%CI) p-value a Remission, aOR (95%CI)  Adjusted p-value b 
rs3957356 (-52 A>G) GG (68) (R) 1.00 0.757 

 
1.00 0.224 

AG (28) 0.70 (0.26–1.88) 0.53 (0.18–1.53) 
AA (4) 0.70 (0.07–7.09) 0.59 (0.05–6.50) 

rs3957357 (-69 T>C) CC (69) (R) 1.00 0.793 1.00 0.239 
TC (28) 0.71 (0.26–1.92) 0.55 (0.19–1.59) 
TT (3) 1.07 (0.09–12.42) 1.02 (0.07–13.11) 

rs11964968 (-513 A>G) AA (71) (R) 1.00 0.291 1.00 0.112 
AG (27) 0.45 (0.15–1.32) 0.36 (0.11–1.12) 
GG (2) 1.96 (0.12–32.70) 2.81 (0.11–70.43) 

rs4715332 (-567 G>T) TT (64) (R) 1.00 0.218 1.00 0.087 
GT (28) 0.49 (0.17–1.37) 0.34 (0.11–1.04) 
GG (8) 0.25 (0.03–2.20) 0.27 (0.03–2.44) 

rs4715333 (-631 G>T) GG (53) (R) 1.00 0.325 1.00 0.240 
GT (39) 0.62 (0.25–1.54) 0.63 (0.24–1.61) 
TT (8) 0.26 (0.03–2.24) 0.38 (0.04–3.56) 

First combination (-52, -69) GC/GC (67) (R) 1.00 0.997 1.00 0.480 
AT/GC (26) 0.75 (0.28–2.05) 0.58 (0.19–1.70) 
AT/AT (3) 1.02 (0.09–11.89) 0.93 (0.07–12.17) 
AC/GC (2) 0.00 0.00 
AT/AC (1) 0.00 0.00 
GT/GC (1) 0.00 0.00 

Second combination (-52, -69, -513) GCA/GCA (66)(R) 1.00 1.000 1.00 0.905 
 
 

ATA/GCG (20) 0.67 (0.21–2.07) 0.54 (0.16–1.81) 
ATA/GCA (5) 1.33 (0.21–8.57) 0.73 (0.10–5.26) 
ATA/ATG (2) 0.00 0.00 
ACA/GCG (2) 0.00 0.00 
ATA/ACG (1) 0.00 0.00 
ATG/ATG (1) 8.21×1010 (0–~) 296,387.54 (0–7.84×10282) 
ATG/GCG (1) 0.00 0.00 

0.00 GCA/GCG (1) 0.00 
GTA/GCG (1) 0.00 0.00 

Third combination (-52, -69, -567) GCT/GCT (63)(R) 1.00 0.999 1.00 0.633 
ATG/GCT (24) 0.62 (0.21–1.79) 0.45 (0.14–1.41) 
GCG/GCG (4) 0.00 0.00 
ATG/ATG (3) 0.93 (0.08–10.86) 0.82 (0.06–10.88) 
ACG/GCT (2) 0.00 0.00 
ATG/ACT (1) 0.00 0.00 
ATG/GCG (1) 0.00 0.00 
ATT/GCT (1) 534,235.81 (0–1×10282) 1.83×106 (0–4.85×10282) 
GTG/GCT (1) 0.00 0.00 

R: reference group, the genotype and diplotype with the greatest frequency  
a Analyzed using binary logistic regression.  
b OR: adjusted with the covariates 
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Table 5. Effect of genotypes and diplotypes on anemia and non-infectious cystitis 

Predictors Genotypes and diplotypes (n) Anemia, OR (95%CI) p-value a Non-infectious cystitis, OR (95%CI) p-value a  
rs3957356 (-52 A>G) GG (68) (R) 1.00 1.000 1.00 0.300 

AG (28) 0.97 (0.27–3.38) 1.74 (0.71–4.26) 
AA (4) 0.00 0.37 (0.04–3.79) 

rs3957357 (-69 T>C) CC (69) (R) 1.00 1.000 1.00 0.380 
TC (28) 0.98 (0.28–3.44) 1.79 (0.73–4.36) 
TT (3) 0.00 0.57 (0.05–6.67) 

rs11964968 (-513 A>G) AA (71) (R) 1.00 0.860 1.00 0.290 
AG (27) 0.68 (0.17–2.66) 2.07 (0.83–5.14) 
GG (2) 0.00 1.21 (0.07–20.26) 

rs4715332 (-567 G>T) TT (64) (R) 1.00 0.990 1.00 0.670 
GT (28) 0.90 (0.26–3.15) 1.51 (0.62–3.69) 
GG (8) 0.00 1.13 (0.26–4.93) 

rs4715333 (-631 G>T) GG (53) (R) 1.00 0.040* 1.00 0.820 
GT (39) 2.41 (0.26–22.12) 0.86 (0.19–3.93) 
TT (8) 0.42 (0.04–4.61) 1.12 (0.25–4.95) 

First combination (-52, -69) GC/GC (67) (R) 1.00 1.000 1.00 0.840 
AT/GC (26) 1.03 (0.29–3.65) 1.60 (0.08–28.56) 
AT/AT (3) 0.00 0.58 (0.05–6.71) 
AC/GC (2) 0.00 0.00 
AT/AC (1) 0.00 143,331.56 (0–3.8×10281) 
GT/GC (1) 0.00 286,663.12 (0–7.63×10281) 

Second combination (-52, -69, -513) GCA/GCA (66) (R) 1.00 1.000 1.00 0.980 
ATA/GCG (20) 0.98 (0.24–4.00) 2.22 (0.78–6.29) 
ATA/GCA (5) 1.40 (0.14–13.85) 0.80 (0.12–5.10) 
ATA/ATG (2) 0.00 1.20 (0.07–20.01) 
ACA/GCG (2) 0.00 1.20 (0.07–20.01) 
ATA/ACG (1) 0.00 0.00 
ATG/ATG (1) 0.00 0.00 
ATG/GCG (1) 0.00 343,995.7 (0–9.09×10281) 
GCA/GCG (1) 0.00 343,995.7 (0–9.09×10281) 
GTA/GCG (1) 0.00 343,995.7 (0–9.09×10281) 

Third combination (-52, -69, -567) GCT/GCT (63) (R) 1.00 1.000 1.00 1.000 
ATG/GCT (24) 1.06 (0.29–3.77) 1.64 (0.63–4.24) 
GCG/GCG (4) 0.00 1.17 (0.15–8.85) 
ATG/ATG (3) 0.00 0.58 (0.05–6.80) 
ACG/GCT (2) 0.00 1.17 (0.07–19.58) 
ATG/ACT (1) 0.00 0.00 
ATG/GCG (1) 0.00 336,087 (0–8.88×10281) 
ATT/GCT (1) 0.00 336,087 (0–8.88×10281) 
GTG/GCT (1) 0.00 336,087 (0–8.88×10281) 

R: reference group, the genotype and diplotype with the greatest frequency  
a Analyzed using binary logistic regression 
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Effect of GSTA1 gene polymorphism on the side effect of IV cyclophosphamide  

Two weeks after cyclophosphamide treatment, patients without side effects returned to normal 

values on each parameter, whereas those with side effects showed deviations from normal. 

Among 49 female patients, amenorrhea was observed (Table 1), and binary regression analysis 

indicated that polymorphisms had no significant impact on cyclophosphamide side effects 

(Table S7). Regarding gastrointestinal side effects, a significantly higher incidence was noted 

among male patients compared to female patients (Table S8). Conversely, no significant 

differences were found between male and female patients with respect to the side effects of 

alopecia and leukopenia. The incidence of amenorrhea was elevated in patients with the diplotype 

third combination ATG/GCT (OR: 2.50), GCG/GCG (OR: 3.00), and the genotype GT (-567) (OR: 

2.07).  

 
Predicted transcription factor 

A fragment of GSTA1's promoter region, including 5 sites of SNPs, was examined for the binding 

of potential transcription factors (Figure 4 and Table S9). Changes in transcription factors were 

predicted to have a dual effect on GSTA1 transcription, potentially both decreasing and increasing 

its expression. 

 

Figure 4. Illustration of predicted transcription factors for GSTA1 polymorphisms at the -52, -69, 
-513, -567, and -631 promoter regions. Activators (depicted in chocolate) enhance transcription 
(bold arrow), while repressors (depicted in blue) diminish transcription (thin arrow) at the 
polymorphism-specific transcription factor binding sites. 

Discussion 
This case-control study examined the efficacy, side effects, and implications of GSTA1 variants in 

cyclophosphamide treatment among lupus nephritis patients in Indonesia. The present study 

identified 5 SNPs in the -52 to -631 promoter region, including -513 A>G and -631 G>T variants 

relevant to lupus nephritis populations. Patients aged 25–35 years were critical due to SLE onset 

and therapy response dynamics [36]. Class I–II lupus nephritis patients typically exhibit milder 

symptoms, whereas class III, IV, and V lupus nephritis are more severe and often require 

treatment with cyclophosphamide, particularly for proliferative and membranous lupus nephritis 

[37]. The selection of either the EULAR or NIH protocols should be tailored to the individual 

patient, taking into account the severity of the disease, existing comorbidities, and the potential 

for adverse effects [38]. Patients seeking to preserve fertility or those with a higher susceptibility 

to infections may find greater advantages with the EULAR protocol; nonetheless, the outcomes 

related to achieving complete remission can differ among individuals [39,40]. The 

pharmacokinetics of cyclophosphamide (CYC) and its active metabolite, 4-

hydroxycyclophosphamide, are affected by serum albumin levels and genetic polymorphisms in 

drug metabolism genes [41,42]. However, the NIH and EULAR protocols did not demonstrate a 
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significant impact on treatment outcomes in relation to the different CYC protocols [43,44]. Both 

protocols exhibited comparable efficacy and adverse effects, with no significant differences 

observed in blood levels or metabolism of CYC. Therefore, the choice between these protocols 

may be determined by other clinical factors rather than pharmacokinetic differences, allowing 

patients from both protocols to be included in this study. 

Similar heterozygous polymorphisms at -52 and -69 were observed in Chinese lupus 

nephritis patients, affecting cyclophosphamide metabolism and efficacy [11]. Strong linkage 

disequilibrium (r2) was found between SNPs at -52 and -69, influencing allele representation. The 

GC/GC diplotype frequency in the first combination (67%) differed from breast cancer patients 

in Pakistan (39.7%) [45], while the GCT/GCT frequency in the third combination contrasted with 

prostate cancer patients in Japan (73.7%) [46]. 

In the present study, post-cyclophosphamide evaluation demonstrated significant 

improvement in renal function and disease activity, though not all patients achieved complete 

remission or low disease activity. The present study highlighted the influence of protocol type and 

patient age on cyclophosphamide effectiveness. Due to limited 24-hour urine data, proteinuria 

dipstick was consistently used. Renal function was assessed using serum creatinine, clearance, 

and dipstick proteinuria, while disease activity was measured by M-SLEDAI-2K score. Effective 

cyclophosphamide induction therapy is crucial for predicting renal survival [47]. Lupus nephritis 

patients exhibited reduced blood monocyte counts pre-cyclophosphamide, potentially associated 

with kidney deposits and urine excretion [2,48,49]. Hematological conditions were prevalent in 

Indonesian SLE patients, with 73.5% showing hematological involvement [25]. Factors 

contributing to low erythrocyte counts in SLE include impaired kidney function and eryptosis 

[50,51].  

Reduced promoter activity of GSTA1 gene expression, associated with decreased enzyme 

levels and increased cell apoptosis [46], consistent with cyclophosphamide's mechanism of 

inhibiting lymphocyte proliferation in lupus nephritis [1,2]. Altered transcription factors at 

positions -52 (G to A) and -69 (C to T) reduced GSTA1 gene expression in the liver and eliminated 

the active metabolite (4-OH-cyclophosphamide) [18,52,53]. In the present study, the high 

frequency of the GC/GC diplotype in the first combination potentially reduces cyclophosphamide 

effectiveness due to enhanced metabolite elimination. Heterozygous diplotypes (AT/GC) showed 

lower effectiveness (OR<1) compared to AT/AT and GC/GC, albeit not significantly. Promoter 

variations alter gene expression balance, impacting drug metabolism. Heterozygous 

polymorphisms (-52A, -69T, -567G/-52G, -69C, -567T) correlated with higher α-GST levels 

during sevoflurane administration, potentially reducing active metabolite concentrations via 

detoxification [54]. From the present study findings, the AT/AT diplotype in the first combination 

demonstrated greater effectiveness than GC/GC, suggesting reduced metabolite clearance and 

increased drug exposure. 

Based on reporter assays in the present study, the GCG sequence in the second combination 

exhibited higher promoter activity compared to GCA and ATA, potentially reducing the active 

metabolite of cyclophosphamide and worsening lupus nephritis outcomes [21]. The GCG/GCG 

diplotype from the second combination was not observed in the present study. The change from 

A to G at position -513 increased GSTA1 promoter activity, correlating with reduced 

cyclophosphamide effectiveness. The AG (-513) genotype significantly decreased 

cyclophosphamide efficacy. The GG genotype potentially increased promoter activity in 

sequences prior (-52 and -69), such as GC/GC and AT/GC, whereas ATG/ATG reduced promoter 

activity. The present study identified one patient with an ATG/GCG genotype, which reduced 

efficacy, and another with an ATG/ATG genotype, which showed increased efficacy. The second 

combination of SNPs (-52, -69, and -513) with the diplotype ATA/GCG demonstrated a significant 

association with decreased achievement of low disease activity (OR: 0.11; 95%CI: 0.02–0.56). 

This finding aligns with the results of the individual genotype analysis of AG (-513), which also 

indicated a decreased achievement of low disease activity (OR: 0.16; 95%CI: 0.04–0.55). 

SP1 binding at the GC/GC site (-52 and -69) interacts with the transcription factor at -567, 

enhancing promoter activity [21]. The third combination ATG/ATG, associated with improved 

cyclophosphamide effectiveness, showed the lowest GSTA1 gene expression in the present study. 

Additionally, the change from T to G at the -631 position increased GSTA1 promoter activity. The 
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GT genotype at -631 reduced cyclophosphamide effectiveness and was associated with a higher 

risk of anemia compared to the TT genotype, which had the lowest promoter activity and 

improved cyclophosphamide effectiveness. Changes from G to C at position -1142 (rs58912740) 

affected function at -631 but not at -52 and -69. However, the present study did not analyze the 

genotype at position -1142. Based on a prior study [21], the SNP at position -513 was found to 

interact with the SNPs at positions -52 and -69, resulting in the second combination. However, 

the SNP at position -513 was not found to interact with the SNPs at positions -567 and -631. The 

lack of interaction between the SNPs at -513 and -631 was predicted due to opposing changes. The 

increase in promoter activity at position -513 was attributed to the transition from wild type to 

homozygous polymorphism (AA to GG), whereas at position -631, it was due to the transition from 

homozygous polymorphism to wild type (TT to GG). 

Approximately 20–30% of cyclophosphamide remains unmetabolized in the liver, posing 

risks of multi-organ damage [16,55,56]. Cyclophosphamide-induced alopecia was prevalent 

among 64 patients in this study, attributed to cell division inhibition and apoptosis [57,58]. 

Preventive measures such as topical treatments have been recommended [59]. Amenorrhea 

affected 49 patients, a higher incidence compared to Chinese SLE patients treated with 

cyclophosphamide [14,60], causing physical and mental symptoms by increasing gonadotropins 

and decreasing estradiol [61]. Older SLE patients (>32 years) faced prolonged amenorrhea (>12 

months) after brief cyclophosphamide IV therapy, necessitating alternative treatments [62]. 

Cyclophosphamide's inhibition of anti-Müllerian hormone in the endoplasmic reticulum was 

linked to ovarian function decline and premature insufficiency [63]. Increased GST activity on 

phosphoramide mustard in vivo mitigated ovotoxicity [64]. Polymorphism at position -567 (G to 

T) increased amenorrhea risk in breast cancer patients treated with cyclophosphamide [65]. The 

third combination, ATG/GCT, in the present study exhibited higher GSTA1 expression than 

ATG/ATG, reducing ovarian toxicity without causing amenorrhea. Specific data on sex 

differences in cyclophosphamide side effects are lacking [66-68]. The limitation of this study was 

that infertility was not recorded in male patients. 

 Disease progression included increased non-infectious cystitis (50%) and anemia (14%) 

rates started 24–48 hours following IV cyclophosphamide and lasted 5–7 days or up to one 

month, managed with 2-mercaptethane sulfonate and hydration [69,70]. Cyclophosphamide 

suppressed erythropoiesis and hemoglobin synthesis, necessitating serum iron and ferritin 

assessments for anemia treatment [70,71]. 

SP1 enhances transcription by binding to the GC box, while NR2F1 initiates transcription via 

the PU box [72]. BATF::JUN negatively regulates AP-1/ATF transcription [73]. HOXA9 promotes 

B cell and lymphoid development [74], and FOXA1 binds to the ER element, reducing GST 

expression in the liver [75]. NFYC enhances transcription by binding to C/EBP sites with 

coactivators [76]. BATF::JUN and FOSL::JUN inhibit proliferation and induce cell death at the 

ATG (-52,-69,-567) [76]. IRF7, expressed in B cells, dendritic cells, and monocytes, induces IFN1 

in the immune system [77]. Reduced binding of IRF7 to TT (-631) suggests lower anemia risk 

compared to GT and GG. The GT (-631) genotype likely increases GSTA1 gene expression while 

elevating IFN1 levels. FOXA1, NFYC, and IRF7 binding at this locus is crucial, given SP1's known 

interaction [78]. GSTA1 expression occurs not only in the liver but also in renal, ovarian, fallopian 

tube, stomach, and intestinal tissues [79], influencing cyclophosphamide effectiveness and side 

effects based on target cell specificity. 

The impact of GSTA1 gene polymorphisms on promoter activity and gene expression varies 

by SNP position and combination [21]. Tissue-specific expression influences how GSTA1 affects 

cyclophosphamide effectiveness and side effects [18,52,53]. The present study confirmed 

significant associations between GSTA1 polymorphisms and cyclophosphamide effectiveness. 

The findings suggest that prior to use cyclophosphamide could be determined the presence of 

GSTA1 polymorphism at positions -513 and -631. Based on the newest guideline for lupus 

nephritis management, if patients fail to reach the target effectiveness after cyclophosphamide 

treatment, alternative immunosuppressants such as mycophenolate mofetil (MMF) are 

recommended. Additionally, if remission is not attained, the administration of rituximab or 

belimumab may be considered [79].  
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Limitations of the present study include reliance on clinical lupus nephritis classification due 

to limited kidney biopsy data and retrospective medical records for laboratory measurements. 

Future research should focus on mechanistic insights into cyclophosphamide effectiveness and 

side effects mediated by GSTA1 polymorphisms, requiring larger sample sizes to investigate 

amenorrhea, non-infectious cystitis and metabolite levels prospectively. 

Conclusion 
In lupus nephritis patients, GSTA1 variants, particularly heterozygous polymorphisms at -513 

(AA to AG) and -631 (TT to GT), significantly reduced cyclophosphamide effectiveness by 

enhancing GSTA1 promoter activity and anemia exacerbated the disease severity in these 

patients. The alopecia, amenorrhea, gastrointestinal disorders, and leukopenia that occurred 

during cyclophosphamide use were not associated with GSTA1 polymorphisms. 

Ethics approval  

The protocol of the present study was reviewed and approved by the Ethical Committee for Health 
Research, Hasan Sadikin Hospital, Bandung, Indonesia (Approval numbers: 
LB.02.01/X.6.5/37/2023 and DP.04/03/X.2.2.1/5757/2023), and adhered to the Declaration of 
Helsinki.  

Acknowledgments 

The authors are grateful to all patients for contributing to this study. 

Competing interests 

All the authors declare that there are no conflicts of interest. 

Funding 

This study received no external funding. 

Underlying data  

All data generated or analyzed in this study are included in the published article and 

supplementary files (https://doi.org/10.6084/m9.figshare.26526781).  

How to cite 
Indrawijaya YYA, Artarini AA, Hamijoyo L, et al. GSTA1 gene polymorphisms are associated with 

cyclophosphamide effectiveness in lupus nephritis patients: A case-control study in Indonesia. 

Narra J 2024; 4 (3): e1144 - http://doi.org/10.52225/narra.v4i3.1144.  

References 
1. Abu Eid R, Razavi GSE, Mkrtichyan M, et al. Old-school chemotherapy in immunotherapeutic combination in cancer, a 

low-cost drug repurposed. Cancer Immunol Res 2016;4(5):377-382. 

2. Herrada AA, Escobedo N, Iruretagoyena M, et al. Innate immune cells’ contribution to systemic lupus erythematosus. 

Front Immunol 2019;10:772. 

3. Oku K, Hamijoyo L, Kasitanon N, et al. Prevention of infective complications in systemic lupus erythematosus: A 

systematic literature review for the APLAR consensus statements. Int J Rheum Dis 2021;24(7):880-895. 

4. Fanouriakis A, Kostopoulou M, Andersen J, et al. EULAR recommendations for the management of systemic lupus 

erythematosus: 2023 update. Ann Rheum Dis 2024;83(1):15-29. 

5. Pakozdi A, Rajakariar R, Sheaff M, et al. Treatment outcomes from a multiethnic lupus cohort with proliferative nephritis. 

Indian J Rheumatol 2016;11(3):136-143. 

6. Takada K, Arefayene M, Desta Z, et al. Cytochrome P450 pharmacogenetics as a predictor of toxicity and clinical 

response to pulse cyclophosphamide in lupus nephritis. Arthritis Rheum 2004;50(7):2202-2210. 

7. Bobirca A, Bobirca F, Florescu A, et al. Evaluation of treatment response in lupus nephritis. Med Mod 2021;28(4):389-

395. 

http://doi.org/10.52225/narra.v4i3.1144
https://doi.org/10.6084/m9.figshare.26526781
http://doi.org/10.52225/narra.v4i3.1144


Indrawijaya et al. Narra J 2024; 4 (3): e1144 - http://doi.org/10.52225/narra.v4i3.1144  

Page 17 of 19 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

8. Attia DHS, Eissa M, Samy LA, et al. Influence of glutathione S transferase A1 gene polymorphism (-69C > T, rs3957356) 

on intravenous cyclophosphamide efficacy and side effects: A case-control study in Egyptian patients with lupus 

nephritis. Clin Rheumatol 2021;40(2):753-762. 

9. Kumaraswami K, Katkam SK, Aggarwal A, et al. Epistatic interactions among CYP2C19∗2, CYP3A4 and GSTP1 on the 

cyclophosphamide therapy in lupus nephritis patients. Pharmacogenomics 2017;18(15):1401-1411. 

10. Sigdel MR, Kafle MP, Shah DS. Outcome of low dose cyclophosphamide for induction phase treatment of lupus 

nephritis, a single center study. BMC Nephrol 2016;17(1):145. 

11. Wang HN, Zhu XY, Zhu Y, et al. The GSTA1 polymorphism and cyclophosphamide therapy outcomes in lupus nephritis 

patients. Clin Immunol 2015;160(2):342-348. 

12. Ong LM, Hooi LS, Lim TO, et al. Randomized controlled trial of pulse intravenous cyclophosphamide versus 

mycophenolate mofetil in the induction therapy of proliferative lupus nephritis. Nephrology 2005;10(5):504-510. 

13. Jiang YP, Zhao XX, Chen RR, et al. Comparative efficacy and safety of mycophenolate mofetil and cyclophosphamide 

in the induction treatment of lupus nephritis: A systematic review and meta-analysis. Medicine (Baltimore) 

2020;99(38):e22328. 

14. Zhang X, Huang H, Gao D, et al. Comparison of the effectiveness and safety of mycophenolate mofetil and 

cyclophosphamide in lupus nephritis: Evidence from a real-world study. Rheumatol Ther 2023;10(5):1199-1213. 

15. Shu W, Guan S, Yang X, et al. Genetic markers in CYP2C19 and CYP2B6 for prediction of cyclophosphamide’s 4-

hydroxylation, efficacy and side effects in Chinese patients with systemic lupus erythematosus. Br J Clin Pharmacol 

2015;81(2):327-340. 

16. Quan XY, Chen HT, Liang SQ, et al. Revisited cyclophosphamide in the treatment of lupus nephritis. BioMed Res Int 

2022;2022:8345737. 

17. US Drug and Food Administration. Table of pharmacogenomic biomarkers in drug labeling. 2023. Available  

from: https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling. 

Accessed: 15 December 2023. 

18. Coles BF, Morel F, Rauch C, et al. Effect of polymorphism in the human glutathione S-transferase A1 promoter on 

hepatic GSTA1 and GSTA2 expression. Pharmacogenetics 2001;11(8):663-669. 

19. Choi B, Kim MG, Han N, et al. Population pharmacokinetics and pharmacodynamics of busulfan with GSTA1 

polymorphisms in patients undergoing allogeneic hematopoietic stem cell transplantation. Pharmacogenomics 

2015;16(14):1585-1594. 

20. Ansari M, Curtis PHD, Uppugunduri CRS, et al. GSTA1 diplotypes affect busulfan clearance and toxicity in children 

undergoing allogeneic hematopoietic stem cell transplantation: A multicenter study. Oncotarget 2017;8(53):90852-

90867. 

21. Mlakar V, Curtis PHD, Armengol M, et al. The analysis of GSTA1 promoter genetic and functional diversity of human 

populations. Sci Rep 2021;11(1):5038. 

22. Tsetsos F, Drineas P, Paschou P. Genetics and population analysis. Encycl Bioinforma Comput Biol 2018;3:363–378. 

23. Kidney Disease: Improving Global Outcomes (KDIGO). Clinical practice guideline for the management of lupus nephritis. 

2023. Available from: https://kdigo.org/guidelines/lupus-nephritis/. Accessed: 11 March 2023. 

24. Hahn BH, McMahon MA, Wilkinson A, et al. American College of Rheumatology guidelines for screening, treatment, 

and management of lupus nephritis. Arthritis Care Res (Hoboken) 2012;64(6):797-808. 

25. Hamijoyo L, Candrianita S, Rahmadi AR, et al. The clinical characteristics of systemic lupus erythematosus patients in 

Indonesia: A cohort registry from an Indonesia-based tertiary referral hospital. Lupus 2019;28(13):1604-1609. 

26. D'Agostino RB Jr. Propensity score methods for bias reduction in the comparison of a treatment to a non-randomized 

control group. Stat Med 1998;17(19):2265-2281. 

27. Reeve BB, Smith AW, Arora NK, et al. Reducing bias in cancer research: Application of propensity score matching. 

Health Care Financ Rev 2008;29(4):69-80. 

28. Engli KA, Handono K, Eko MH, et al. Proteinuria severity in lupus nephritis is associated with anti-dsDNA Level and 

immune complex deposit location in kidney. J Trop Life Sci 2018;8(3):217-226. 

29. Siedner MJ, Gelber AC, Rovin BH, et al. Diagnostic accuracy study of urine dipstick in relation to 24-hour measurement 

as a screening tool for proteinuria in lupus nephritis. J Rheumatol 2008;35(1):84-90. 

30. Churg J, Sobin LH. Renal disease: Classification and atlas of glomerular diseases. Tokyo: Igaku-Shoin; 1982. 

31. Weening JJ, D’Agati VD, Schwartz MM, et al. The classification of glomerulonephritis in systemic lupus erythematosus 

revisited. Kidney Int 2004;65(2):521-530. 

http://doi.org/10.52225/narra.v4i3.1144
https://kdigo.org/guidelines/lupus-nephritis/


Indrawijaya et al. Narra J 2024; 4 (3): e1144 - http://doi.org/10.52225/narra.v4i3.1144  

Page 18 of 19 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

32. Uribe AG, Vilá LM, McGwin G Jr, et al. The systemic lupus activity measure-revised, the Mexican Systemic Lupus 

Erythematosus Disease Activity Index (SLEDAI), and a Modified SLEDAI-2K are adequate instruments to measure 

disease activity in systemic lupus erythematosus. J Rheumatol 2004;31(10):1934-1940. 

33. US Department of Health and Human Services. Common Terminology Criteria for Adverse Events (CTCAE) v5.0. 2017. 

Available from: https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_50. Accessed: 20 

March 2023. 

34. Solé X, Guinó E, Valls J, et al. SNPStats: A web tool for the analysis of association studies. Bioinformatics 

2006;22(15):1928-1929. 

35. Rauluseviciute I, Blanc-mathieu R, Castro-mondr JA, et al. JASPAR 2024: 20th anniversary of the open-access database 

of transcription factor binding profiles. Nucleic Acids Res 2024;52(D1):D174-D182. 

36. Zhong S, Huang M, Yang X, et al. Relationship of glutathione S-transferase genotypes with side-effects of pulsed 

cyclophosphamide therapy in patients with systemic lupus erythematosus. Br J Clin Pharmacol 2006;62(4):457-472. 

37. Indonesian Rheumatology Association. Rekomendasi Perhimpunan Reumatologi Indonesia: Diagnosis dan 

pengelolaan lupus eritematosus sistemik. Jakarta: Indonesian Rheumatology Association; 2019. 

38. Sharma M, Das HJ, Doley PK, et al. Clinical and histopathological profile of lupus nephritis and response to treatment 

with cyclophosphamide: A single center study. Saudi J Kidney Dis Transplant 2019;30(2):501-507. 

39. Saeed MA, Khan A, Naeem F, et al. Mycophenolate mofetil vs. cyclophosphamide-based induction regimens for lupus 

nephritis: Outcomes at a tertiary care centre in Lahore, Pakistan. J Pak Med Assoc 2024;74(5):868-873. 

40. Navaneethan SD, Viswanathan G, Strippoli GFM. Treatment options for proliferative lupus nephritis: An update of 

clinical trial evidence. Drugs 2008;68(15):2095-2104. 

41. Joy MS, La M, Wang J, et al. Cyclophosphamide and 4-hydroxycyclophosphamide pharmacokinetics in patients with 

glomerulonephritis secondary to lupus and small vessel vasculitis. Br J Clin Pharmacol 2012;74(3):445-455. 

42. Winoto J, Song H, Hines C, et al. Cytochrome P450 polymorphisms and the response of lupus nephritis to 

cyclophosphamide therapy. Clin Nephrol 2011;75(5):451-457. 

43. Yee CS, Gordon C, Dostal C, et al. EULAR randomised controlled trial of pulse cyclophosphamide and 

methylprednisolone versus continuous cyclophosphamide and prednisolone followed by azathioprine and 

prednisolone in lupus nephritis. Ann Rheum Dis 2004;63(5):525-529. 

44. Danieli MG, Palmieri C, Salvi A, et al. Synchronised therapy and high-dose cyclophosphamide in proliferative lupus 

nephritis. J Clin Apheresis 2002;17(2):72-77. 

45. Afsar NA, Ufer M, Haenisch S, et al. Relationship of drug metabolizing enzyme genotype to plasma levels as well as 

myelotoxicity of cyclophosphamide in breast cancer patients. Eur J Clin Pharmacol 2012;68(4):389-395. 

46. Komiya Y, Tsukino H, Nakao H, et al. Human glutathione S-transferase A1, T1, M1, and P1 polymorphisms and 

susceptibility to prostate cancer in the Japanese population. J Cancer Res Clin Oncol 2005;131(4):238-242. 

47. Joo Y Bin, Kang YM, Kim HA, et al. Outcome and predictors of renal survival in patients with lupus nephritis: Comparison 

between cyclophosphamide and mycophenolate mofetil. Int J Rheum Dis 2018;21(5):1031-1039. 

48. Renaudineau Y, Brooks W, Belliere J. Lupus nephritis risk factors and biomarkers: An update. Int J Mol Sci 

2023;24(19):14526. 

49. Morell M, Pérez-Cózar F, Marañón C. Immune-related urine biomarkers for the diagnosis of lupus nephritis. Int J Mol 

Sci 2021;22(13):7143. 

50. Ardalan MR. Anemia in lupus nephritis; etiological profile. J Renal Inj Prev 2013;2(3):103-104. 

51. Jiang P, Bian M, Ma W, et al. Eryptosis as an underlying mechanism in systemic lupus erythematosus-related anemia. 

Cell Physiol Biochem 2016;40(6):1391-1400. 

52. Coles BF, Kadlubar FF. Human alpha class glutathione S-transferases: Genetic polymorphism, expression, and 

susceptibility to disease. Methods Enzymol 2005;401:9-42. 

53. Ekhart C, Doodeman VD, Rodenhuis S, et al. Influence of polymorphisms of drug metabolizing enzymes (CYP2B6, 

CYP2C9, CYP2C19, CYP3A4, CYP3A5, GSTA1, GSTP1, ALDH1A1 and ALDH3A1) on the pharmacokinetics of 

cyclophosphamide and 4-hydroxycyclophosphamide. Pharmacogenet Genomics 2008;18(6):515-523. 

54. Mikstacki A, Skrzypczak-Zielinska M, Zakerska-Banaszak O, et al. Impact of CYP2E1, GSTA1 and GSTP1 gene variants 

on serum alpha glutathione S-transferase level in patients undergoing anaesthesia. BMC Med Genet 2016;17(1):40. 

55. Ganesan S, Keating AF. Phosphoramide mustard exposure induces DNA adduct formation and the DNA damage repair 

response in rat ovarian granulosa cells. Toxicol Appl Pharmacol 2015;282(3):252-258. 

56. Tran A, Bournerias F, Le Beller C, et al. Serious haematological toxicity of cyclophosphamide in relation to CYP2B6, 

GSTA1 and GSTP1 polymorphisms. Br J Clin Pharmacol 2008;65(2):279-280. 

http://doi.org/10.52225/narra.v4i3.1144
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_50


Indrawijaya et al. Narra J 2024; 4 (3): e1144 - http://doi.org/10.52225/narra.v4i3.1144  

Page 19 of 19 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

57. Quesada S, Guichard A, Fiteni F. Cancer-related alopecia: From etiologies to global management. Cancers (Basel) 

2021;13(21):5556. 

58. Chen SS, Zhang Y, Lu QL, et al. Preventive effects of cedrol against alopecia in cyclophosphamide-treated mice. Environ 

Toxicol Pharmacol 2016;46:270-276. 

59. Trüeb RM. Chemotherapy-induced alopecia. Semin Cutan Med Surg 2009;28(1):11-14. 

60. Sun J, Zhang H, Ji Y, et al. Efficacy and safety of cyclophosphamide combined with mycophenolate mofetil for induction 

treatment of class IV lupus nephritis. Int J Clin Exp Med 2015;8(11):21572-21578. 

61. Haubitz M. Acute and long-term toxicity of cyclophosphamide. Transplantationsmedizin 2007;19(2):26-31. 

62. Ioannidis JPA, Katsifis GE, Tzioufas AG, et al. Predictors of sustained amenorrhea from pulsed intravenous 

cyclophosphamide in premenopausal women with systemic lupus erythematosus. J Rheumatol 2002;29(10):2129-2135. 

63. Li X, Liu S, Chen X, et al. GnRHa protects the ovarian reserve by reducing endoplasmic reticulum stress during 

cyclophosphamide-based chemotherapy. NPJ Breast Cancer 2021;7(1):132. 

64. Madden JA, Keating AF. Ovarian xenobiotic biotransformation enzymes are altered during phosphoramide mustard-

induced ovotoxicity. Toxicol Sci 2014;141(2):441-452. 

65. Gor PP, Su HI, Gray RJ, et al. Cyclophosphamide-metabolizing enzyme polymorphisms and survival outcomes after 

adjuvant chemotherapy for node-positive breast cancer: A retrospective cohort study. Breast Cancer Res 

2010;12(3):R26. 

66. Kenney LB, Laufer MR, Grant FD, et al. High risk of infertility and long term gonadal damage in males treated with high 

dose cyclophosphamide for sarcoma during childhood. Cancer 2001;91(3):613-621. 

67. Furst DE, Tseng CH, Clements PJ, et al. Adverse events during the scleroderma lung study. Am J Med 2011;124(5):459-

467. 

68. Woytala PJ, Morgiel E, Luczak A, et al. The safety of intravenous cyclophosphamide in the treatment of rheumatic 

diseases. Adv Clin Exp Med 2016;25(3):479-484. 

69. Doshi BR, Sajjan VV, Manjunathswamy BS. Managing a side effect: Cyclophosphamide-induced hemorrhagic cystitis. 

Indian J Drugs Dermatol 2019;5(1):66-71. 

70. Saito Y, Kumamoto T, Shiraiwa M, et al. Cyclophosphamide-induced hemorrhagic cystitis in young patients with solid 

tumors: A single institution study. Asia Pac J Clin Oncol 2018;14(5):e460-e464. 

71. Sheng Y, Chen YJ, Qian ZM, et al. Cyclophosphamide induces a significant increase in iron content in the liver and 

spleen of mice. Hum Exp Toxicol 2020;39(7):973-983. 

72. Tang SC, Wu MF, Wong RH, et al. Epigenetic mechanisms for silencing glutathione S-transferase m2 expression by 

hypermethylated specificity protein 1 binding in lung cancer. Cancer 2011;117(14):3209-3221. 

73. Buroker NE. Identifying changes in punitive transcriptional factor binding sites from regulatory single nucleotide 

polymorphisms that are significantly associated with disease or sickness. World J Hematol 2016;5(4):75-87. 

74. Shenoy US, Adiga D, Alhedyan F, et al. HOXA9 transcription factor is a double-edged sword: From development to 

cancer progression. Cancer Metastasis Rev 2024;43(2):709-728. 

75. Thorat MA, Marchio C, Morimiya A, et al. Forkhead box A1 expression in breast cancer is associated with luminal 

subtype and good prognosis. J Clin Pathol 2008;61(3):327-332. 

76. Shi X, Metges CC, Seyfert HM. Interaction of C/EBP-beta and NF-Y factors constrains activity levels of the nutritionally 

controlled promoter IA expressing the acetyl-CoA carboxylase-alpha gene in cattle. BMC Mol Biol 2012;13:21. 

77. Ning S, Pagano JS, Barber GN. IRF7: Activation, regulation, modification and function. Genes Immun 2011;12(6):399-

414. 

78. Morel F, Rauch C, Coles B, et al. The human glutathione transferase alpha locus: Genomic organization of the gene 

cluster and functional characterization of the genetic polymorphism in the hGSTA1 promoter. Pharmacogenetics 

2002;12(4):277-286. 

79. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2024 clinical practice guideline for the 

evaluation and management of chronic kidney disease. Kidney Int 2024;105(4S):S117-S314. 

 

http://doi.org/10.52225/narra.v4i3.1144

