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Abstract Background/purpose: Increasing studies investigate the association of polymor-

phisms in carcinogen-metabolizing enzymes with oral potentially malignant disorder (OPMD)

progression to oral squamous cell carcinoma (OSCC) risk. However, these results remain incon-

sistent and conflicting. This pooled analysis aimed to systematically evaluate the 5 enzymes

(CYP1A1, GSTM1, GSTM3, GSTT1 and GSTP1) polymorphisms in OPMD versus OSCC.

Materials and methods: A systematic literature search was conducted to identify all eligible

case—control studies on the association between SNPs in the 5 enzymes in OPMD versus OSCC.

Pooled odds ratios (ORs) and 95 % confidence intervals (CIs) were calculated to access associ-

ation strength.

Results: No significant association of CYP1A1 MspI polymorphism (OR, 1.38; 95%CI, 0.80—2.38)

in OPMD with OSCC risk was observed based on 5 eligible studies involving 624 cases of OPMD
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polymorphisms
and 1529 OSCC. As for GST genes, an increased risk of GSTM1 null genotype (OR, 1.72; 95%CI,

1.24—2.37) with OPMD, especially oral leukoplakia, progression to OSCC was found based on 11

eligible studies involving 1195 OPMD patients and 2219 OSCC controls. However, there was no

significant association of GSTT1, GSTM3 or GSTP1 polymorphisms in OPMD with OSCC risk.

Conclusion: This is the first pooled analysis on polymorphisms in carcinogen-metabolizing en-

zymes in OPMD versus OSCC. The results suggested that the GSTM1 null genotype was a signif-

icant genetic risk factor for OPMD progression to OSCC, highlighting its potential for improving

risk stratification and early detection, particularly for oral leukoplakia.

ª 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital

Commons. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Oral squamous cell carcinoma (OSCC) accounts for over 90 %

of oral cancer, which is one of the most common cancers

worldwide. OSCC is frequently preceded by oral potentially

malignant disorders (OPMD) such as oral leukoplakia (OLK)

and oral submucous fibrosis (OSF).1 The occurrence and

malignant progression of OPMD correlate with environ-

mental risk factors including tobacco, alcohol, and betel

quid consumption.2 The interaction between environ-

mental exposures and genetic factors is mediated by Phase

I and Phase II carcinogen metabolizing enzymes, which

regulate the bioactivation and detoxification of carcinogens

within the oral mucosa. Cytochrome P450 (CYP) enzymes,

notably CYP1A1, represent crucial Phase I enzymes that

catalyze the bioactivation of lipophilic carcinogens into

highly reactive intermediates.3 Glutathione S-transferases

(GSTs), particularly the four isoenzymes GSTM1, GSTM3,

GSTT1 and GSTP1, constitute important Phase II enzymes

that metabolize carcinogens for detoxification.4

Single-nucleotide polymorphisms (SNPs) in carcinogen

metabolizing enzymes may alter metabolic efficiency,

leading to increased DNA damage and subsequent gene

mutations.5 The polymorphism of CYP1A1 MspI can cause

change in the enzyme activity of CYP1A1. The null genotype

or variation of GST genes could cause the inactivation of

GSTM1, GSTM3, GSTT1 and GSTP1 enzymes.5 Recently, we

have systematically evaluated the associations of SNPs in

carcinogen-metabolizing CYP and GST genes with risk of

OPMD occurrence.6 Although SNPs in these enzymes in

OPMD versus OSCC had been investigated by some previous

studies,7—18 these conclusions were conflicting and incon-

sistent. Therefore, to gain more precise evidence for the

association, we further systematically evaluate the asso-

ciations of SNPs in carcinogen metabolizing enzymes with

OPMD progression to OSCC risk by pooling data from all

eligible case—control studies.

Materials and methods

Search strategy and data extraction

A comprehensive literature search was conducted on

PubMed, Medline, and Web of Science databases for all

relevant publications on SNPs within OPMD versus OSCC,

without any restriction on September 30, 2025. Herein,

alteration of SNPs in OPMD compared with in OSCC may

have the risk of malignant progression. According to the

search strategy described in Supplementary Table S1, we

used medical subject terms (SNP OR polymorphism OR ge-

notype*) AND (cytochrome P450 OR glutathione OR CYP1∗

OR GSTM∗ OR GSTT∗ OR GSTP∗) AND the synonyms and

subtypes of OPMD in all fields. The asterisk indicates a

wildcard used to search for all endings including fifth or

more root words. Additionally, the reference lists given in

relevant articles and reviews were also considered for

eligible studies. The inclusion criteria for eligible articles

were as follows: (i) human case—control studies; (ii) studies

on associations of polymorphisms in carcinogen metabo-

lizing genes with OPMD versus OSCC; (iii) sufficient geno-

typing data for the computation of odds ratio (OR) and 95 %

confidence interval (CI); and (iv) histologically confirmed

diagnosis of both OPMD and OSCC. On the contrary, the

exclusion criteria were as follows: (i) not a human

case—control study; (ii) overlapping or duplicate publica-

tions; (iii) no genotype data reported; and (iv) the number

of the studies on a single gene was <3.

Base on the flow diagram of the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA)

guideline (Supplementary Fig. S1), 12 eligible case—control

studies were retrieved for detailed evaluation from the

literature databases (Table S2).7—18 The following infor-

mation were extracted from each study: first author’ name,

publication year, country of origin, ethnicity, genotyping

methods, number of cases and controls, age, sex, tobacco

and alcohol use, betel quid chewing, source of controls,

genotype distributions of cases and controls

(Supplementary Table S2). Ethical approval and informed

consent were not applicable for a meta-analysis.

Statistical analysis

As per the statistical method described previously,22 the

strength of association of SNPs with OPMD susceptibility

was determined by OR with 95 % CI. The statistical signifi-

cance of the pooled OR was evaluated using the Z-test, and

the heterogeneity of the ORs was tested by χ2—based Q-

test and I2 statistics. ORs were pooled according to the

fixed-effects model (Mantel-Haenszel model) and random-

effects model (DerSimonian-Laird model). Additionally,

the potential publication bias was visually examined by the

Begg’s funnel plot and Egger’s test. All statistical analyses
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were performed with the software Review manager 5.4

(The Cochrane Collaboration, Oxford, UK) using two-sided P

value, and the value of <0.05 was considered as statisti-

cally significant.

Results

CYP genotypes in OPMD versus OSCC

Among SNPs in CYP genes, there were 5 eligible studies on

CYP1A1 polymorphism in OPMD versus OSCC (Table S2). A

total of 624 OPMD patients and 1529 OSCC ones were

identified from India, China, and Pakistan for CYP1A1 MspI

variant. Overall, no significant association between CYP1A1

MspI polymorphism and OPMD versus OSCC was found with

the random-effects model (pooled OR, 1.38; 95%CI,

0.80—2.38; Pheterogeneity � 0.0003; Fig. 1A). In the stratified

analysis, there was also lack of significant associations in

OLK subgroup and non-specified OPMD subgroup. Begg’s

funnel plot showed that there was evidence for publication

bias of CYP1A1 MspI polymorphisms in OPMD versus OSCC

(P < 0.05, Egger’s test; Fig. S2A).

GST genotypes in OPMD versus OSCC

Among SNPs in GST genes, there were 11 eligible studies on

GSTM1 polymorphism in OPMD versus OSCC (Table S2). A

total of 1195 OPMD patients and 2219 OSCC ones were

identified from India. Overall, a significant increased risk of

OPMD progression to OSCC with GSTM1 null genotype was

found with the random-effects model (pooled OR, 1.48;

95%CI, 1.08—2.03; Pheterogeneity < 0.00001; Fig. 1B). Strati-

fied analysis revealed a significantly increased risk in the

OLK subgroup (OR, 1.67; 95%CI, 1.03—2.71), but not in the

OSF subgroup (OR, 2.13; 95%CI, 0.75—6.01) and the non-

specified OPMD subgroup (OR, 1.12; 95%CI, 0.79—1.59).

Begg’s funnel plot showed that there was evidence for

publication bias of GSTM1 polymorphism in OPMD versus

OSCC (P < 0.05, Egger’s test; Fig. S2B).

There were 8 eligible studies evaluating GSTT1 poly-

morphism OPMD versus OSCC. A total of 905 OPMD patients

and 1909 OSCC cases were identified from India and

Pakistan (Fig. 1C). There were 3 eligible studies on GSTM3

polymorphism in OPMD versus OSCC. A total of 321 OPMD

patients and 581 OSCC cases were identified from India

(Fig. 1D). Besides, there were 3 eligible studies on GSTP1

polymorphism in OPMD versus OSCC. A total of 525 OPMD

patients and 1231 OSCC ones were identified from India

(Fig. 1E). No significant association of SNPs in GSTT1,

GSTM3 and GSTP1 with the risk of OPMD progression to

OSCC was found in overall and subgroup analysis. Begg’s

funnel plot showed that there was no evidence for publi-

cation bias of GSTT1, GSTM3 and GSTP1 polymorphisms in

OPMD versus OSCC (P > 0.05, Egger’s test; Fig. S2C—E).

Discussion

It is recognized that tobacco, alcohol, and betel quid con-

sumption as environmental risk factors and

environment—gene interaction contribute to the

occurrence and malignant progression of OPMD. This

interaction is exemplified by the metabolism of the pro-

carcinogens and carcinogens, which undergo biotransfor-

mation and detoxification mediated by Phase I (CYP1A1,

and CYP2E1) and Phase II (GSTM1, GSTM3, GSTT1 and

GSTP1) carcinogen metabolism enzymes.2—4 The evaluation

of polymorphisms in CYP1A1 MspI, GSTM1, and GSTT1 in

OSCC versus health controls19—22 and polymorphisms in

GSTM1, GSTT1, and GSTP1 in OPMD (OLK and OSF) versus

health controls23,24 have reported by the previous meta-

analyses, respectively. Moreover, we recently evaluated

polymorphisms in CYP1A1, CYP2E1, GSTM1, GSTM3, GSTT1

and GSTP1 in OPMD (OLK and OSF) versus health controls.6

However, there is a lack of the evaluation of polymorphisms

in these enzymes in OSCC versus OPMD. Hence, this study

for the first time attempts to identify all qualified studies to

draw a more precise estimation of the genetic associations

between SNPs in these enzymes and OPMD progression in a

single meta-analysis.

Among Phase I carcinogen metabolism enzymes, CYP1A1

MspI polymorphism is a common variant, characterized by a

T to C transition at the 3081 MspI restriction site. The

previous meta-analyses established that the CYP1A1 MspI

polymorphism was significantly associated with OSCC risk,

and may be a genetic risk factor for oral cancer, particu-

larly among the Asian population.19,20 However, we

recently observed that the CYP1A1 MspI polymorphism was

not significantly associated with OPMD occurrence.6 We

further observed that this polymorphism was not signifi-

cantly associated with OPMD progression to OSCC in this

analysis. Among Phase II enzymes, we recently observed

that the GSTM1 null genotype was significantly associated

with OPMD occurrence, especially OLK,6 in agreement with

the results of the previous meta-analysis.23 We further

observed that this genotype was also significantly associ-

ated with OPMD, particularly OLK, progression to OSCC in

this analysis. For the other GST genes, we observed no

significant associations of GSTT1, GSTM3 or GSTP1 poly-

morphisms with OPMD progression to OSCC. The previous

meta-analyses found that GSTM1 and GSTT1 null genotypes

significantly enhances the risk of oral cancer, compared

with health controls.21,22 Overall, GSTM1 null genotype as a

significant genetic risk factor for both OPMD occurrence

and malignant progression was substantially established.

Although the efforts in conducting a systematic evalua-

tion, some limitations need to be addressed in this analysis.

The number of the eligible studies was limited, and the

pooled sample size for most analyses was still small. The

effects of confounding factors, such as tobacco use, alcohol

consumption, betel nut chewing, and differences in tumor

site, could not be estimated due to unavailability of data in

most studies. Moreover, the evidence of heterogeneity was

observed in some genetic models possibly owing to meth-

odological variations in different studies. The majority of

the patients were enrolled from India, and the analysis of

these polymorphisms did not involve populations other than

Asians, which may have introduced potential biases.

Therefore, more well-designed studies with larger sample

sizes and multiple ethnic groups are required to confirm

this finding and to strengthen the genetic associations of

polymorphisms in carcinogen metabolizing enzymes with

OPMD progression to oral cancer risk.
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Figure 1 Forest plots of meta-analysis of genetic polymorphisms in carcinogen metabolizing enzymes and oral squamous cell carcinoma (OSCC) compared to oral potentially

malignant disorders (OPMD). (A) CYP2A1 MspI, (B) GSTM1, (C) GSTT1, (D) GSTM3, (E) GSTP1. CI, confidence interval. OLK, oral leukoplakia. OSF, oral submucous fibrosis.
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