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Pharmacogenomic insights into OCT1, OCT3
Variants Affecting Metformin Efficacy in Type 2
Diabetes: A Systematic Review and Meta-Analysis

ABSTRACT

Type 2 diabetes mellitus (T2DM) poses a significant global health burden, particularly in India.
Metformin is the first-line therapy for T2DM; however, substantial interindividual variability in gly-
cemic response remains a clinical challenge. Genetic polymorphisms in organic cation transporter
genes—OCT (Organic Cation Transporter)1 (SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3)—may
influence metformin transport and therapeutic efficacy. This study aimed to evaluate the associa-
tion between OCT1-OCT3 gene variants and glycemic response or pharmacokinetics of metformin
in patients with T2DM. A systematic search of PubMed, Scopus, Web of Science, and Google Scholar
was conducted from 2022 to May 2025. Seven eligible studies investigating the relationship between
OCT1-0CT3 polymorphisms and metformin response were included. Meta-analyses were performed
using RevMan 5.4 and STATA, applying fixed- or random-effects models based on heterogeneity ().
Effect sizes were reported as odds ratios (ORs) or mean differences (MDs, expressed as percentage
change in HbA1c) with 95% confidence intervals. Study quality was assessed using the Newcastle-
Ottawa Scale. Seven studies involving 1307 patients were included. OCT1 rs622342 (AA genotype)
and rs628031 (G allele) variants were significantly associated with reduced glycemic response to met-
formin (MD =-0.58%; OR=1.65). The OCT3 rs2292334 variant was also associated with poorer HbA1c
reduction, while no significant association was observed for OCT2 rs316019. Subgroup analyses indi-
cated stronger associations among Indian and South Asian populations. Egger’s test did not indicate
significant publication bias. This meta-analysis suggests that selected OCT1 and OCT3 variants may
influence metformin response in T2DM; however, findings should be interpreted cautiously because
of limited and heterogeneous evidence.

Registration: Registration has been completed in PROSPERO (ID.NO. 1079016),
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by persistent
hyperglycemia resulting from a combination of insulin resistance and progressive pancre-
atic pB-cell dysfunction. Unlike type 1 diabetes, where there is minimal to no insulin pro-
duction, individuals with T2DM produce insulin but are unable to utilize it effectively. This
impaired insulin action leads to elevated blood glucose levels and, if uncontrolled, may result
in long-term complications such as cardiovascular disease, nephropathy, neuropathy, and
retinopathy.’

Metformin remains the preferred first-line pharmacological agent for T2DM because of its
glucose-lowering efficacy, favorable safety profile, and long-term cardiovascular benefits,
as recommended by international guidelines.”® In cases where monotherapy is insufficient,
additional agents are selected based on patient-specific factors.

The pharmacokinetics and pharmacodynamics of metformin are significantly influenced by
organic cation transporters (OCTs), a subfamily of the solute carrier (SLC) 22 family. This group
comprises 3 key members: OCT1 (SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3), which
facilitate the transport of metformin and other organic cations across biological membranes.*

SLC22A1 (OCT1) is primarily expressed in hepatic tissue, where it governs metformin uptake
into hepatocytes—a critical determinant of its glucose-lowering action.>®

SLC22A2 (OCT2): Primarily localized to the basolateral membrane of renal proximal tubules,
OCT2 plays a key role in the renal clearance of metformin.”
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SLC22A3 (OCT3): OCT3 has a broader tissue distribution, including
liver, kidney, brain, and heart, and is involved in the uptake of both
drugs and endogenous substrates.®

Drug Transport and Pharmacokinetics: OCT1 facilitates hepatic
uptake, while OCT2 enables renal excretion of metformin.
Polymorphisms in these genes can cause variability in drug absorp-
tion, distribution, and elimination.

Toxicological Implications: Dysfunctional transporter activity may
alter drug accumulation and toxicity profiles.

Therapeutic Potential: Modulating OCT activity has implications
beyond diabetes. For instance, OCT3 inhibition may increase neu-
rotransmitter availability and holds potential in psychiatric disorders.>”

Genetic variations in OCT1, OCT2, and OCT3 influence several phar-
macokinetic processes:

Absorption: Transporters such as OCT1 and PMAT mediate gas-
trointestinal uptake. Variants can affect the rate and extent of
absorption.

Distribution: After absorption, OCT1 and OCT3 influence tissue-level
distribution, especially to the liver and kidneys. Polymorphisms may
alter metformin tissue uptake, impacting therapeutic action.

Metabolism: Drug access to metabolizing enzymes (CYPs, UGTs) may
be reduced by OCT1 polymorphisms that diminish hepatic uptake,
which can change metabolism. For instance, less metformin is acces-
sible for action and metabolism when there is less hepatic absorp-
tion of the medication.

Elimination: Renal clearance via OCT2 and MATE transporters is the
principal route of metformin elimination. Variants in these genes
can affect systemic exposure and potential adverse events.®

India-Specific Relevance and Genetic Diversity

A meta-analysis focusing on the Indian population is especially valu-
able due to India’s extensive genetic diversity, shaped by its com-
plex demographic history and the presence of over 4500 distinct
ethnic and linguistic groups. This diversity contributes to significant
variability in allele frequencies, which in turn can influence drug
response.®'0

MAIN POINTS

« The meta-analysis included seven moderate- to high-quality
studies and showed robust results.

+ Meta- analysis reveals that (rs622342 and rs628031) and OCT3
(rs2292334)genetic variants are associated with reduced glyce-
mic response to metformin while OCT2 rs316019 polymorphism
does not appear to significantly affect metformin response.in
type 2 Diabetes.

+ The OCT1rs622342 AA genotype was linked to a smaller HbA1c
reduction, while the rs628031 G allele increased the risk of poor
response.

- Genotype-response associations may vary across populations,
supporting the need for regional pharmacogenomic evaluation.

« OCT1 and OCT3 genotyping may help personalize metformin
therapy and improve treatment efficacy.
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Ethnic Variability in Metformin Response

Polymorphisms such as rs622342 in SLC22AT1 have been shown to
influence metformin efficacy in Indian cohorts. For example, indi-
viduals with the AA genotype reportedly exhibit a 5.6-fold improved
response compared to those with the CC genotype. However, incon-
sistent replication across regions highlights the need for comprehen-
sive data synthesis.’

Similarly, the rs12208357 (Arg61Cys) variant in SLC22A1 shows vary-
ing prevalence across subpopulations and may influence hepatic
uptake and therapeutic outcomes.

Although individual studies suggest associations between OCT
gene polymorphisms and metformin response, findings are often
limited by small sample sizes, regional focus, and inconsistent
methodologies. A systematic review and meta-analysis would
enable:

Identification of Consistent Genetic Markers: Clarifying which polymor-
phisms significantly affect metformin response across populations.

Assessment of Regional Variability: Mapping allele frequencies and
effect sizes across Indian ethnic groups.

Personalized Treatment Insights: Developing genotype-guided met-
formin therapy for T2DM populations.

A recent genomic landscape study of 167 SNPs across 61 genes in
Indian T2DM patients revealed significant associations with disease
risk, including in SLC22A7 and other pharmacogenetically relevant
loci.>'® This underscores the importance of population-specific phar-
macogenomic profiling.

Objectives

Primary Objective

To assess the association between OCT1, OCT2, and OCT3 gene
polymorphisms and glycemic response to metformin in patients
with T2DM.

Secondary Objectives

Evaluate the pharmacokinetic effects (e.g., metformin plasma con-
centration) of specific gene variants. Compare the effect sizes of SNPs
(e.g., rs622342, rs628031, rs2292334) across ethnicities and regions.
Perform subgroup analyses based on variant type, regional origin,
and treatment response. Assess heterogeneity using /? statistics and
conduct sensitivity analyses. Detect potential publication bias via
Egger’s test and funnel plots. Provide actionable clinical insights for
pharmacogenomic-driven therapy.

Primary Hypothesis

Polymorphisms in SLC22A1 (OCT1), SLC22A2 (OCT2), and SLC22A3
(OCT3) genes are significantly associated with interindividual vari-
ability in metformin response among T2DM patients.

Sub-Hypotheses
Specific SNPs (e.g., rs622342, rs628031, rs2292334) are linked to
reduced therapeutic response.

Carriers of reduced-function alleles exhibit lower plasma metformin
levels and/or elevated HbA1c compared to wild-type carriers.

Effect sizes and clinical relevance vary across ethnic and regional
subgroups.
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Methods

Poor glycemic response was defined as <0.5% reduction in HbA1c
or failure to achieve HbA1c <7% after at least 12 weeks of metfor-
min therapy, consistent with the definitions used in included studies.
The probability of poor response was calculated as the proportion
of patients with the defined outcome by genotype, expressed as
odds ratios (ORs) with 95% confidence intervals (Cl). Data extraction
was performed using a predefined template capturing study char-
acteristics, genotypes, outcomes, and confounders (Supplementary
Table 1).

Search Strategy
List databases: PubMed, Scopus, Web of Science, Cochrane, IndMED,
and Google Scholar.

Keywords: “OCT1 polymorphism,” “OCT2,” “OCT3,” “metformin,”
“pharmacokinetics,” “glycemic response,” “Type 2 Diabetes,” “India,”
“SLC22A1,” etc.

Inclusion and Exclusion Criteria

Inclusion:

Human observational studies conducted in T2DM patients. Studies
evaluating OCT1/2/3 polymorphisms and metformin response. Data
on glycemic control (e.g., HbA1c, FPG) or pharmacokinetic param-
eters (e.g., Area Under the Curve, Cmax).

Exclusion:
Reviews, case reports, and animal studies and studies without geno-
type-specific outcomes were excluded.

Quality Assessment
Study quality was assessed using the NOS, and detailed scores are
provided in Supplementary Table 2.

Newcastle-Ottawa Scale: The NOS is a tool used to assess the quality
of non-randomized studies, such as cohort and case-control studies,
in meta-analyses and systematic reviews.

Statistical Analysis

Meta-analysis Methods:

Data analysis was conducted using RevMan 5.4, STATA 17, and R
(metaphor and meta-packages) for advanced subgroup and meta-
regression analyses. Forest plots and funnel plots were generated
using RevMan and R (ggplot2 & meta).

Effect Size Measurement:

For continuous outcomes (e.g., HbA1c): Mean difference (MD, %) and
95% confidence interval (Cl, %) were used. P-values were derived
from inverse-variance weighted meta-analysis. For binary out-
comes (e.g., proportion of poor responders): Odds Ratios and 95% Cl
were calculated using the Mantel-Haenszel method. P-values were
obtained from pooled OR analysis. A two-tailed P < .05 was consid-
ered statistically significant.

Heterogeneity and Model Selection:

Heterogeneity was assessed using the /? statistic, with interpretation
follows 0%-40%: low heterogeneity, 30%-60%: moderate, 50%-90%:
substantial, 75%: considerable.
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A random-effects model (DerSimonian-Laird method) was applied
when 2 > 40%, and a fixed-effects model otherwise.

Assessment of Publication Bias:

Funnel plot asymmetry was visually assessed. Egger’s regression test
was performed to detect small-study effects. P < .10 was considered
indicative of potential publication bias.

Results

Study Selection (PRISMA Flow Summary)

A total of 612 records were identified through database searches
(PubMed, Scopus, Web of Science) and grey literature. After remov-
ing 121 duplicates, 491 titles and abstracts were screened. Of these,
42 full-text articles were assessed for eligibility, and 7 studies met the
inclusion criteria following the PRISMA (Preferred Reporting Items for
Systematic reviews and Meta-Analyses) 2020 guidelines.™

The reasons for exclusion included:

Studies not reporting gene variants (n=14).
Lack of metformin-specific outcomes (n=9).
Review articles, editorials, or conference abstracts (n=12).

Final included studies (n=7) were published between 2022 and
2025, representing populations from India, Bangladesh, Irag, Mexico,
Malaysia, and Spain. Detailed study characteristics are presented in
Table 1.'*'7 The cumulative sample size varied across genetic anal-
yses. The meta-analysis of OCT1 rs622342 included a total of 1112
participants across 6 studies, while the analysis of OCT1 rs628031
included 315 participants from 2 studies. The OCT3 rs2292334 analy-
sis comprised 448 participants from 2 studies, and the OCT2rs316019
analysis included 250 participants from a single study.

Meta-analysis Findings
Forest Plots by Gene Variant: OCT1-rs622342 (6 Studies)

Pooled Mean Difference in HbA1c (%)

AA vs. GG: —0.58% [95% Cl: —0.72% to —0.43%], P < .001, *=42%
(moderate heterogeneity). | Indicates that AA genotype is associ-
ated with poorer glycemic response.

The pooled analysis showed that individuals with the AA genotype
experienced a significantly smaller reduction in HbA1c compared to
those with the GG genotype, with a MD of —0.58% (95% Cl: —0.72%
to —0.43%; P < .001). This suggests that the AA genotype is associated
with a poorer glycemic response to treatment. The observed hetero-
geneity among the studies was moderate, as indicated by an I? value
of 42%, reflecting some variability in the results across different study
populations but not enough to undermine the overall finding.

OCT1-rs628031 (2 Studies):

Effect Size for Poor Responders: Odds Ratio

G allele associated with 1.65 times higher odds of poor response
[95% Cl: 1.12-2.45], P=.010

The analysis of effect size for poor responders indicated that indi-
viduals carrying the G allele had 1.65 times higher odds of a poor
glycemic response compared to non-carriers. This association was
statistically significant (95% Cl: 1.12-2.45; P=.010), suggesting that
the presence of the G allele increases the likelihood of inadequate
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Table 1. Study Characteristics

Sample
S.No. Author Country Size Gene Variants Key Outcomes
1 Moreno-Gonzdlez et al Mexico 120 OCT1(rs622342,rs628031) HbAlc (glycated hemoglobin)
(2025) change by genotype
2 Begum et al (2025) Bangladesh 200 OCT1(rs622342) % of poor responders by
genotype
3 Aladhab et al (2023) Iraq 206 OCT1(rs622342) HbATlc change; Gl side effects
4 Rizvi et al (2023) India 198 OCT1(rs622342), OCT3 HbAlc change by genotype
(rs2292334)
5 Ortega-Ayala et al (2024) Spain 138 OCT1(rs622342,rs72552763) HbATlc and plasma metformin
6 Al-Ashoor et al (2022) Malaysia (Indian 250 OCT1(rs622342), OCT2 HbAlc response
ethnicity) (rs316019), OCT3 (rs2292334)
7 Rokeya et al (2025) Bangladesh 195 OCT1(rs628031) Poor responder prevalence

response to treatment. The Cl does not cross 1, supporting the reli-
ability of this finding.

OCT2-rs316019 (1 Study):
No significant association was observed; excluded from pooled
effect due to single-study reporting.

OCT3-rs2292334 (2 Studies):
TT vs. CC genotype (HbATc): Mean difference: —0.48% [95% CI:
—0.66% to —0.29%)], P < .001, low heterogeneity (*=35%)

The comparison between the TT and CC genotypes showed that indi-
viduals with the TT genotype had a 0.48% smaller reduction in HbA1c
compared to those with the CC genotype (MD: —0.48%; 95% Cl: —0.66
to —0.29; P < .001). This indicates that the TT genotype is associated
with a less favorable glycemic response. The analysis showed low
heterogeneity (I>=35%), suggesting some variability between stud-
ies but overall consistency in the observed effect. Overall subgroup
analysis is shown in Table 2.

Newcastle-Ottawa Scale: To assess the quality of the 7 included stud-
ies using the NOS for observational studies (case-control or cohort
designs), the authors evaluate them across 3 domains:

« Selection: 0-4 points

» Comparability: 0-2 points

» Outcome/Exposure: 0-3 points
 Total Score: 0-9 points

Sensitivity Analysis

Removing lower-quality studies (NOS < 7) did not significantly alter
pooled estimates. Excluding the only non-HbA1c outcome (metfor-
min AUC) had minimal impact. Funnel plot analysis did not suggest
publication bias n; Egger’s test =.32. Overall, these findings indicate
that OCT1 and OCT3 polymorphisms significantly influence glycemic
response to metformin in T2DM shown in Table 3.

« The quality assessment of the 7 included studies was shown in
Supplementary Table 2.

Table 2. Subgroup Analysis

Subgroup Number of Studies

By region South Asia (4), Europe
(1), Middle East (1),
Latin America (1)

Key Findings
Effect strongerin South
Asian populations (MD:
-0.64%)

Bygene  OCT1(6),0CT2(1), OCT1variants show
OCT3(2) consistent and significant
effects on HbAlc
By HbAlc (6), plasma Most consistent findings
outcome metformin (1), Gl in glycemic control
type effects (1) (HbA1Cc)

MD, mean difference.

Discussion

This meta-analysis highlights that specific genetic variants in OCT1
(SLC22A1) and OCT3 (SLC22A3) may influence the therapeutic effi-
cacy of metformin in T2DM. While prior global meta-analyses have
assessed these variants, the study is distinct in its emphasis on Indian
and South Asian populations, which are underrepresented despite
carrying one of the highest global burdens of T2DM and displaying
unique allele frequencies.” Subgroup analyses confirmed stronger
associations in South Asians, supporting the value of regional phar-
macogenomic profiling.

Nonetheless, the dataset remains limited: only 7 studies with 1307
patients, and some variants (e.g., OCT3 rs2292334, OCT1 rs628031)
were evaluated in only 2 studies. Findings for OCT2 rs316019 relied
on a single study. These results, therefore, require cautious inter-
pretation. Moderate heterogeneity (1?=42% for rs622342) may be
explained by differences in study design (case-control vs. cohort),
variation in HbA1c outcome definitions (absolute vs. % change),
genotyping methods, and unmeasured confounders such as co-
medications, diet, and adherence. Although Egger’s test did not
reveal small-study effects, the exclusion of grey literature and poten-
tial unpublished negative studies could have biased effect estimates.

Table 3. Overall Summary

Gene Variant Effect Size (MD/OR) 95% ClI P-value (%) Model
OCT1rs622342 MD: -0.58% [-0.72,-0.43] <.001 42 Random
OCT1rs628031 OR:1.65 [112,2.45] .01 0 Fixed
OCT3rs2292334 MD: -0.48% [-0.66,-0.29] <.001 35 Fixed

MD, mean difference.
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Three of the included studies were of moderate quality (NOS
score=6). Sensitivity analyses excluding these studies did not mate-
rially alter pooled effect sizes, but their inclusion may reduce overall
confidence in the results. Future high-quality, multicentric studies
are needed.

Importantly, the findings should not be overinterpreted. While OCT1
and OCT3 variants show potential for guiding therapy, evidence is
insufficient to recommend routine genotyping in clinical practice.
Instead, testing might be considered in patients who fail to respond
adequately to metformin monotherapy. Cost-effectiveness analyses
and implementation studies in Indian healthcare settings will be
essential before clinical adoption.

Inter-study heterogeneity in pharmacogenomic associations may
be partly explained by differences in follow-up duration, metfor-
min dose, and baseline glycemic status across the included stud-
ies. Follow-up periods varied considerably, ranging from short-term
assessments to longer treatment durations, which may influence the
magnitude of HbA1c reduction observed and the ability to detect
genotype-dependent effects. Similarly, variations in metformin
dosing regimens could affect systemic and hepatic drug exposure,
thereby modifying the impact of OCT transporter polymorphisms
on therapeutic response. Baseline HbA1c levels also differed across
studies, and higher baseline glycemia is known to be associated with
greater absolute HbA1c reductions, potentially confounding geno-
type-response relationships. These methodological and clinical dif-
ferences likely contribute to the observed heterogeneity and limit
direct comparability between studies, underscoring the need for
future investigations with standardized dosing protocols, follow-up
durations, and outcome definitions.

While pharmacogenomic testing holds promise for personalized
therapy, current evidence is insufficient to recommend routine OCT
genotyping in clinical practice. These findings primarily contribute
to hypothesis generation rather than immediate clinical translation.

Limitations

Despite the robustness of findings, certain limitations should be
acknowledged: Small number of included studies, limiting statisti-
cal power. Limited representation for certain SNPs (only 1-2 stud-
ies). Moderate heterogeneity not fully explainable by available data.
Exclusion of grey literature and unpublished studies may bias find-
ings. Variability in study quality, genotyping methods, and outcome
definitions complicates comparisons. Multifactorial influences on
metformin response (diet, lifestyle, microbiota, renal function) were
not consistently accounted for. The search period was restricted to
studies using contemporary genotyping methods and standardized
glycemic outcome reporting. The definition of poor HbA1c response
was applied according to individual study criteria and harmonized
where possible.

Future Directions

To advance the clinical utility of pharmacogenomics in T2DM, espe-
cially within the Indian context, the following are recommended:

Conducting large, multicentric studies across diverse Indian states to
validate OCT1, OCT2, and OCT3 associations.

Undertaking genome-wide association studies to identify novel loci
beyond known transporter genes.

Endocrinol Res Pract. 2026;30(3):177-182

Embedding genetic data into EHR (electronic health records) systems
with built-in decision support algorithms.

Performing cost-effectiveness analyses to evaluate the feasibility of
routine genetic screening in public health settings.

Investigating gene-drug-environment interactions, including diet,
microbiome composition, and lifestyle factors, to better understand
variability in drug response.

Conclusion

This systematic review and meta-analysis suggests that selected
OCT1 and OCT3 genetic variants may be associated with vari-
ability in glycemic response to metformin in patients with T2DM.
However, these associations were derived from a limited number
of studies with methodological and clinical heterogeneity, includ-
ing differences in study design, outcome definitions, and follow-
up duration. Therefore, the findings should be interpreted with
caution and considered hypothesis-generating rather than confir-
matory. Larger, well-designed studies with standardized pharma-
cogenomic and glycemic outcome measures are required before
pharmacogenomic profiling can be reliably translated into routine
clinical practice.

This meta-analysis suggests that OCT1 polymorphisms may influ-
ence glycemic response to metformin. However, substantial het-
erogeneity, limited sample sizes, and predominantly observational
study designs reduce the certainty of evidence. Larger, well-designed
prospective studies in diverse populations are required before clini-
cal implementation of genotype-guided metformin therapy can be
recommended.
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Supplementary Table 1.

SI.No. Field Extracted Information
Study ID / Citation [Author(s), Year]
Year of Publication [Year]
Study Design [e.g., RCT, cohort, case-control, cross-sectional]
Population [Description: country, ethnicity, sample size, age range, health condition, etc.]
OCT Genotypes Studied [e.g., OCT1rs622342, OCT2rs316019, etc.]
Allele Frequencies [Frequency of allelesin population]
Hardy-Weinberg Equilibrium [Reported HWE p-value or status]
Genotype Effects [Effectsizes, e.g., mean difference in AHbAlc or AUC per genotype]
AHbA1c (Change in HbAlc) [e.g., % change by genotype, including effect size and confidence interval]
AUC (Area Under Curve) [e.g., AUC for glucose/insulin/metformin, stratified by genotype]
Other Outcomes [Any other clinical or pharmacokinetic outcomes reported by genotype]
Statistical Methods [e.g., ANOVA, regression, logistic model, correction for multiple testing]
Confounders Controlled [e.g., age, sex, BMI, renal function, other medications]
Notes/ Comments [Any study limitations, author comments, or special observations about genetic

associations or clinical relevance]

Supplementary Table 2.

Selection Comparability Outcome/

SI.No. Study (Author, Year) (0-4) (0-2) Exposure (0—-3) Total (0—9) Quality
Moreno-Gonzdlez et al., 2025 (Mexico) 4 1 3 8 High
Rokeya Begum et al., 2025 (Bangladesh) 3 2 6 Moderate
Aladhab et al., 2023 (Iraq) 3 1 3 7 High
Rizvietal., 2023 (India) 4 2 2 8 High
Ortega-Ayala etal., 2024 (Spain) 4 2 3 9 High
Ghasan Abood Al-Ashoor et al., 2022 3 1 2 6 Moderate
(Malaysia)
Sultana etal., 2023 (India/Bangladesh) 3 1 2 6 Moderate




