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Type 2 diabetes mellitus (T2DM) is a prevalent chronic met-
abolic disease affecting over 400 million individuals glob-

ally and represents a major public health concern [1]. Accord-
ing to 2024 data from the International Diabetes Federation, 

the number of people with diabetes in Türkiye is 9.6 million, 
with this figure expected to exceed 14 million by 2050 [2]. 
T2DM is characterized by persistent hyperglycemia resulting 
from a combination of defective insulin secretion by pancre-
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atic β-cells, progressive insulin resistance in peripheral tissues 
such as skeletal muscle, liver, and adipose tissue, and conse-
quent dysregulation of glucose homeostasis [3, 4]. Over time, 
these pathophysiological alterations contribute not only to 
sustained elevations in blood glucose levels but also to addi-
tional metabolic abnormalities, including impaired lipid me-
tabolism and chronic low-grade systemic inflammation [5]. As 
a result, T2DM is strongly associated with serious long-term 
complications such as cardiovascular disease, nephropathy, 
neuropathy, and retinopathy, thereby imposing a substantial 
healthcare burden worldwide [6]. Although no definitive cure 
currently exists, effective disease management and appro-
priate pharmacological treatment can achieve adequate gly-
cemic control, reduce the risk of complications, and improve 
long-term clinical outcomes [7].
Metformin (dimethyl biguanide), first introduced into clini-
cal practice in 1957 as a glucose-lowering agent, has since 
become the recommended first-line pharmacological ther-
apy for T2DM, typically in combination with lifestyle modi-
fications. This agent exerts its effects by preventing insulin 
resistance through various cellular pathways, primarily in the 
intestines, liver, and muscles, while lowering blood glucose 
levels without increasing the risk of hypoglycemia [8]. As a 
hydrophilic organic cation, metformin requires specific mem-
brane transporters to enter cells and be excreted from the 
body [9]. Members of the organic cation transporter (OCT) 
family play an important role in this process and are encoded 
by genes belonging to the solute carrier family 22 (SLC22) 
[10]. OCT1 (SLC22A1) is mainly expressed in the liver and fa-
cilitates the uptake of metformin into hepatocytes, which is 
crucial for its glucose-lowering action [11, 12]. In contrast, 
OCT2 (SLC22A2), which is predominantly localized to the ba-
solateral membrane of renal tubular epithelial cells, serves 
as a key mediator of metformin transport from the systemic 
circulation into renal cells [13]. By facilitating the uptake of 
metformin across the basolateral membrane, OCT2 plays a 
critical role in the renal handling and intracellular accumula-
tion of the drug, thereby influencing its subsequent tubular 
secretion and overall pharmacokinetic profile [14].
In recent years, pharmacogenetic studies have increas-
ingly focused on genetic variants within the SLC22A1 and 
SLC22A2 genes because of their critical roles in metformin 
transport and disposition [15, 16]. Despite metformin’s 
widespread clinical use and favorable safety profile, consid-
erable interindividual variability exists in the glycemic re-
sponse to treatment [17, 18]. Emerging evidence suggests 
that genetic variants affecting metformin transporters may 
partly explain these differences in therapeutic outcomes. 
Identification of such genetic determinants could contrib-
ute to the development of personalized treatment strate-
gies and improved glycemic management in patients with 
T2DM. Therefore, the present study aimed to investigate 
the association between SLC22A1 and SLC22A2 genetic 
variants and therapeutic response to metformin in Turkish 
patients with T2DM.

Materials and Methods

Ethics approval and consent to participate
The project was approved by İstanbul University-Cerrahpaşa, 
Clinical Research Ethics Committee (10.07.2024-1035272) and 
complied with the Declaration of Helsinki. All participants 
provided written informed consent before participation in the 
study. Peripheral blood samples were collected from all par-
ticipants recruited at the Sinan Sipahi Family Health Centre of 
the Ministry of Health of the Republic of Türkiye (Istanbul, Tür-
kiye) between July 2024 and February 2025.

Study population and participants
This study included 60 individuals diagnosed with T2DM who 
were undergoing treatment with metformin. The participants 
in the study consisted of patients under follow-up at the Sinan 
Sipahi Family Health Centre of the Ministry of Health of the 
Republic of Türkiye. Inclusion criteria were defined as a con-
firmed diagnosis of T2DM, treatment with metformin alone 
(1000 mg) or in combination with vildagliptin/metformin 
(50/1000 mg) for at least 6 months, and an age range of 18–70 
years. Of the 60 patients included in the study, 32 were receiv-
ing metformin monotherapy, whereas 28 were receiving a 
fixed-dose combination of metformin and vildagliptin. Base-
line exclusion criteria consisted of Type 1 diabetes, any form 
of cancer, pregnancy or breastfeeding, severe kidney or liver 
failure, and the use of additional medications that could sig-
nificantly affect glycemic control.

Clinical and biochemical measurements
Venous blood samples were obtained from all participants 
following an overnight fasting period. Fasting plasma glucose 
(FPG) and glycated hemoglobin (HbA1c) concentrations were 
measured using routine laboratory procedures. Demographic 
and clinical data, including age, sex, body mass index (BMI), 
and relevant biochemical variables, were retrieved from pa-
tient medical records (Table 1). The effectiveness of metformin 
therapy was assessed by evaluating changes in HbA1c levels 
following treatment. Participants were stratified into two cat-
egories based on their HbA1c levels: those with adequate 
glycemic control (HbA1c<7.0%) and those with inadequate 
glycemic control (HbA1c≥7.0%).

DNA purification and library preparation
Peripheral blood samples were obtained in tubes containing 
EDTA as an anticoagulant. Samples were transported to the 
laboratory immediately after collection and stored at 4°C un-
til DNA extraction. Genomic DNA was extracted from whole 
blood using the commercially available Abcam Genomic DNA 
Isolation Kit (ab65358; Cambridge, MA, USA) according to the 
manufacturer’s instructions. The purity and concentration of 
the isolated DNA samples were subsequently determined 
using a NanoDrop spectrophotometer (Thermo Scientific, 
Waltham, MA, USA). The isolated DNA samples were stored at 
−20°C until further genetic analyses were performed.
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Long-range PCR was performed using a C1000 thermal cycler 
(Bio-Rad, USA) to amplify the exons and exon-intron junctions 
of the SLC22A1 and SLC22A2 genes.
Sequencing libraries were prepared using the TruSeq Cus-
tom Amplicon v1.5 Exome Library Prep Kit (Illumina, Cat. No. 
20018705, San Diego, USA), and genotyping was conducted 
on the NovaSeq 6000 System (Illumina, San Diego, USA).

Genotyping and raw data analysis
A sequencing depth of greater than 20× was obtained for 
95% of the targeted regions, following our previously pub-
lished methodology [19, 20]. Before sequencing on the No-
vaSeq 6000 platform (Illumina, Inc., San Diego, CA, USA), the 
system was configured to produce FastQ files as the primary 
output for each sample pool, followed by the generation of 
CRAM files as the final aligned data format. Sequencing reads 
derived from the FastQ files were mapped to the human ref-
erence genome (GRCh38/hg38) using the Burrows–Wheeler 
Aligner (BWA) and subsequently converted into CRAM format. 
Variant calling was performed using the HaplotypeCaller tool 
from the Genome Analysis Toolkit (GATK), following GATK Best 
Practices [21], resulting in an unannotated Variant Call Format 
(VCF) file. Variants were retained for downstream analyses 
only if they passed all GATK quality filters (PASS status) and 
were supported by a minimum sequencing depth of 30×. All 
analyses used the GRCh38/hg38 genome assembly (http://
genomereference.org) as the reference (Genome Reference 
Consortium, n.d.). Exome sequencing data processing and an-
notated variant interrogation were conducted using Ilyome© 
software (Ilyome©, Türkiye).

Statistical analysis
An a priori sample size calculation was performed using 
G*Power version 3.1. Assuming an alpha level of 0.05, a sta-
tistical power of 80%, and expected minor allele frequencies 
(MAFs) reported for the investigated genes, the required 
sample size was estimated before participant recruitment. 
Statistical evaluations were conducted using GraphPad 

Prism software (version 10.6.1; GraphPad Software, San Di-
ego, CA, USA). Data distribution patterns were examined 
with the Shapiro–Wilk test to determine whether the vari-
ables conformed to a normal distribution. Comparisons of 
continuous variables between groups were performed using 
the independent samples t-test or the Mann–Whitney U test, 
as appropriate according to data distribution. Categorical 
variables were analyzed using Fisher’s exact test. Allele and 
genotype distributions were calculated, and Hardy–Wein-
berg equilibrium (HWE) was assessed. Deviations from HWE 
were examined using an online tool developed by Michael 
H. Court (2005–2008). SNPs showing nominally significant 
associations in the initial analyses were further evaluated 
across genotypic, dominant, recessive, and allelic genetic 
models. Benjamini–Hochberg (BH) false discovery rate (FDR) 
correction was then applied to these multiple comparisons, 
and adjusted p values were reported as BH q values. A BH q 
value <0.05 was considered statistically significant. A multi-
variable logistic regression analysis was performed to eval-
uate the independent associations of clinical variables with 
glycemic control status. Odds ratios (ORs) and 95% confi-
dence intervals (CIs) were calculated. Continuous variables 
are expressed as mean±standard deviation (SD), while cat-
egorical variables are presented as number and percentage. 
p<0.05 was considered statistically significant.

Results

Baseline demographic and clinical characteristics
The inadequate and adequate glycemic control groups were 
comparable in terms of BMI (p=0.683), age (p=0.170), and sex 
distribution (p=0.597), with similar proportions of males and 
females in both groups.
As expected, glucose levels were significantly higher in the 
inadequate HbA1c group than in the adequate HbA1c group 
(p<0.0001). Similarly, mean HbA1c levels were markedly el-
evated in the inadequate glycemic control group compared 
with the adequate glycemic control group (p<0.0001).

Table 1. Demographic and clinical characteristics of patients with T2DM stratified by glycemic control

Independent variables Total population (n=60) Adequate glycemic control 
HbA1c < 7.0% (n=32)

Inadequate glycemic control 
HbA1c ≥ 7.0% (n=28)

p

Age (years) 60.97±7.71 62.25±7.33 59.50±8.00 0.170
Sex (F/M) 37/23 21/11 16/12 0.598
HbA1c (%) 7.30±1.43 6.31±0.41 8.43±1.33 <0.001
BMI (kg/m2) 30.91±4.95 30.62±4.43 31.24±5.55 0.683
Glucose (mg/dL) 141.82±50.45 111.00±16.50 177.04±53.26 <0.001
Total cholesterol (mg/dL) 186.40±40.84 190.63±38.64 181.57±43.41 0.396
HDL-C (mg/dL) 44.47±10.90 44.91±10.40 43.96±11.61 0.741  
LDL-C (mg/dL) 108.88±33.03 114.53±33.07 102.43±32.37 0.158
TG (mg/dL) 169.20±75.99 163.16±84.66 176.11±65.53 0.211 
Creatinine (mg/dL) 0.85±0.20 0.87±0.20 0.83±0.19 0.515
 Variables were presented as mean±standard deviation for data. HbA1c: Glycated hemoglobin;F: Female; M: Male; BMI: Body mass index; HDL-C: High-density lipoprotein cholester-
ol; LDL-C: Low-density lipoprotein cholesterol; TG: Triglycerides. 
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Lipid parameters, including total cholesterol (p=0.396), HDL 
cholesterol (p=0.741), LDL cholesterol (p=0.159), and tri-
glycerides (p=0.211), were comparable between the groups. 
Creatinine levels were also similar across groups (p=0.515). 
These findings are summarized in Table 1.
To further evaluate the independent effects of clinical and 
biochemical variables on glycemic control status, a multivari-
able logistic regression analysis was performed including age, 
sex, BMI, total cholesterol, HDL cholesterol, LDL cholesterol, 
triglycerides, and creatinine as covariates. None of the inves-
tigated variables were significantly associated with glycemic 
control status. The estimated odds ratios were as follows: age, 
0.96 (95% CI: 0.89–1.04); sex, 1.51 (95% CI: 0.50–4.70); BMI, 1.04 
(95% CI: 0.93–1.17); total cholesterol, 1.07 (95% CI: 0.95–2.08); 
HDL cholesterol, 0.94 (95% CI: 0.48–1.07); LDL cholesterol, 0.92 
(95% CI: 0.47–1.04); triglycerides, 0.99 (95% CI: 0.87–1.01); and 
creatinine, 0.44 (95% CI: 0.02–8.73). These findings indicate 
that demographic characteristics and routine biochemical pa-
rameters were not independent predictors of glycemic con-
trol status in the study population (Table 2).

Genotypes
A total of 20 variants were identified in the SLC22A1 (RefSeq: 
NM_003057.3; Ensembl: ENST00000366963.9) and SLC22A2 
(ENST00000366953.8; RefSeq: NM_003058.4) genes among 
patients with T2DM (Table 3). The majority of the detected 
variants were located in SLC22A1, while a smaller proportion 
was observed in SLC22A2.
Most variants were classified as benign (n=15, 75%), primari-
ly supported by high population frequencies (MAF>0.05) and 
fulfillment of the benign (BA1) criterion. Several variants, in-
cluding c.1222A>G (p.Met408Val) and c.156T>C (p.Ser52=), 
exhibited relatively high allele frequencies, indicating that 
these are common polymorphisms in the general population. 
Three variants were classified as variants of uncertain signif-
icance (VUS). These included two rare variants in SLC22A1 
(c.1634A>G; p.Lys545Arg and c.412-73T>C) and one synony-
mous variant in SLC22A2 (c.1506G>T; p.Val502=), all with low 
population frequencies (MAF<0.01) and meeting the PM2 cri-
terion. Their potential clinical relevance remains unclear due 

to insufficient evidence. One variant (c.262T>C; p.Cys88Arg) 
was classified as likely benign, supported by its low frequency 
but lack of pathogenic evidence (Table 3).
An intronic deletion (c.1276+9_1276+16del, CTGGTAAGT>C) 
in SLC22A1 was also identified. Although located within the 
splice region, its high population frequency (MAF=0.76) led to 
its classification as BA1, suggesting no clinical significance de-
spite its potential proximity to splice regulatory elements. This 
variant was not found in dbSNP, but it has been reported in 
the ClinVar database. The IGV view illustrating the sequencing 
reads of the SLC22A1 gene variants, including rs683369 and 
the c.1276+9_1276+16del variation, is presented in Figure 1.
The variations included missense (n=6), intronic (n=9), syn-
onymous (n=4), and one in-frame deletion. Intronic variants 
constituted the largest group; however, most were located 
outside canonical splice sites and were classified as BA1.
In this study, four SLC22A1 variants (rs1867351:T>C, 
rs628031:A>G, rs683369:G>C, and CTGGTAAGT>C variants) 
met the predefined MAF criteria and were therefore included 
in the genetic association analyses. All analyzed variants were 
in HWE. In contrast, no SLC22A2 variant met the predefined 
MAF threshold required for statistical evaluation. The associa-
tion between the rs683369:G>C variant and glycemic control 
groups was evaluated under different genetic models. The 
rs683369:G>C polymorphism showed significant associations 
with glycemic control under the genotypic, recessive, and al-
lelic models. The CC genotype was observed exclusively in the 
inadequate glycemic control group under both the genotyp-
ic (OR=∞, 95% CI: 1.157–∞, p=0.041) and recessive models 
(OR=5.73, 95% CI: 1.40–32.19, p=0.042). In addition, the C allele 
was significantly associated with inadequate glycemic control 
in the allelic model (OR=12.06, 95% CI: 1.81–134.2, p=0.006). 
No significant association was identified under the dominant 
model (OR=6.74, 95% CI: 0.78–81.54, p=0.088) (Fig. 2). Addi-
tionally, the c.1276+9_1276+16del variant showed a significant 
association at the allelic level (OR=7.56, 95% CI: 1.15–87.98, 
p=0.049), supporting its potential role in glycemic control (Fig. 
3). Genetic model analyses revealed no significant associations 
for the rs1867351:T>C and rs628031:A>G variations. Follow-
ing BH-FDR correction, only the allelic association of SLC22A1 

Table 2. Multivariable logistic regression analysis of clinical and biochemical factors associated with glycemic control in patients 
with T2DM

Independent variables β OR p 95% CI for OR

Age (years) -0.037 0.964 0.320 0.892–1.036
Sex (F/M) 0.411 1.509 0.468 0.496–4.701
BMI (kg/m2) 0.039 1.040 0.491 0.929–1.169
Total cholesterol (mg/dL) 0.065 1.067 0.377 0.950–2.075
HDL-C (mg/dL) -0.067 0.936 0.419 0.480–1.067
LDL-C (mg/dL) -0.078 0.925 0.256 0.474–1.040
TG (mg/dL) -0.010 0.990 0.540 0.867–1.014
Creatinine (mg/dL) -0.825 0.438 0.584 0.020–8.725
Variables were presented as mean±standard deviation for data. OR: Odds ratio; CI: confidence interval; F: Female; M: Male; BMI: Body mass index; HbA1c: Glycated hemoglobin; 
HDL-C: High-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TG: triglycerides. 
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rs683369:G>C remained significant (p=0.0058, q=0.029), 
whereas all other associations did not retain statistical signifi-
cance after adjustment. The genotype distributions underlying 
these analyses are summarized in Appendix 1.

Discussion
DM, directly associated with more than 1 million deaths annu-
ally, was declared an epidemic by the World Health Organiza-
tion in the early 21st century [1, 22]. The International Diabetes 
Federation predicts that by 2045, nearly one in eight adults 
will have DM, with over 90% of cases consisting of T2DM [23,  
24]. Approximately 75–80% of patients with T2DM have at 
least one comorbid disease related to chronic hyperglycemia 
[23, 25]. Therefore, achieving glycemic control is the primary 
goal of treatment in these patients, and metformin is consid-
ered a first-line therapy for this purpose [7, 26]. Metformin, 
the most widely used oral antidiabetic agent, fails to achieve 
adequate glycemic regulation in a substantial proportion of 
patients [27]. Our findings suggest that genetic variations in 
the SLC22A1 gene, which encodes the OCT1 protein, may con-

tribute to interindividual differences in metformin response 
and glycemic control. In particular, the rs683369:G>C and 
c.1276+9_1276+16del intronic deletion polymorphisms in 
the SLC22A1 gene may influence treatment efficacy.

The rs683369:G>C polymorphism in the SLC22A1 gene showed 
a significant association with glycemic control in the genotyp-
ic (p=0.041), recessive (p=0.042), and allelic (p=0.006) models. 
Individuals with the CC genotype were more frequently ob-
served in the poor glycemic control group, and the C allele was 
associated with reduced treatment response. These findings 
suggest a possible association between rs683369 and met-
formin response. Similarly, Jablonski et al. [28] reported that 
carriers of the G allele had better protection against diabetes 
compared with placebo in a large randomized controlled study 
involving prediabetic individuals. The association between 
the rs683369 variant and metformin response has also been 
investigated beyond diabetes and prediabetes populations, 
particularly in cohorts with polycystic ovary syndrome (PCOS), 
a disorder characterized by insulin resistance as a shared met-
abolic pathway. In a study conducted in Taiwan, PCOS patients 

Figure 1. The IGV illustrating the reads of the SLC22A1 gene rs683369 (a) and c.1276+9_1276+16del, CTGGTAAGT>C (b) variations.
IGV: Integrative genomics viewer.

a

b
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carrying the G allele demonstrated a marked improvement in 
insulin sensitivity following metformin treatment, as assessed 
by oral glucose tolerance test (OGTT) results [29]. Similarly, 
Zeng et al. [30] reported that G allele carriers receiving piogli-
tazone–metformin combination therapy showed significantly 
greater reductions in testosterone levels by more effectively 
suppressing hyperinsulinemia-driven theca cell stimulation. 
The observation that the same allele is associated with com-
parable metabolic improvements across different diseases, 
populations, and environmental backgrounds highlights the 
potential clinical relevance of rs683369. Collectively, these 
findings suggest that rs683369 may influence metformin re-
sponse through its effect on OCT1 transporter activity encod-
ed by SLC22A1, potentially representing a conserved pharma-
cogenetic mechanism across different ethnic populations.

Additionally, a study of 56 Bangladeshi patients with 
T2DM reported that the common nonsynonymous variant 
rs683369:G>C was highly prevalent in both patients with 
T2DM and healthy populations, but in silico analyses showed 
no evidence of pathogenicity or splice alteration [31]. Similar-
ly, studies conducted in Chinese (n=43), Mexican (n=69), and 
Jordanian (n=212) populations reported no significant associ-
ation between rs683369 and metformin response [16, 32, 33]. 

Figure 2. Association of the rs683369:G>C polymorphism in the SLC22A1 gene with glycemic control status in metformin-treated T2DM 
patients. (a) Genotypic model (GG vs. CC) showing a significant association between the CC genotype and inadequate glycemic control 
(*p=0.041). (b) Recessive model (GG+GC vs. CC) demonstrating a significant association, with the CC genotype observed exclusively in the 
inadequate glycemic control group (*p=0.042). (c) Dominant model (GG vs. GC+CC) showing no statistically significant association (p=0.088). 
(d) Allelic model demonstrating a significantly higher frequency of the C allele in the inadequate glycemic control group compared with the 
adequate glycemic control group (**p=0.006). 
Statistical analyses were performed using Fisher’s exact test. p<0.05 was considered statistically significant.

a

c

b

d

Figure 3. Association of the c.1276+9_1276+16del (CTGGTAAGT>C) 
variant in the SLC22A1 gene with glycemic control status in metformin 
treated T2DM patients. Allelic model analysis demonstrated a 
significantly higher frequency of the deletion (DEL) allele in the 
inadequate glycemic control group compared with the adequate 
glycemic control group (p=0.049). 
Statistical analyses were performed using Fisher’s exact test. p<0.05 was considered 
statistically significant.
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In a cohort study of PCOS patients treated with metformin, 
the association between the rs683369 G allele and weight loss 
was observed in the discovery cohort but was not replicated 
in subsequent cohorts [34]. Overall, such discrepancies across 
studies may be explained by differences in study design, sam-
ple size, and population-specific genetic backgrounds, sug-
gesting that the observed effects of rs683369 may not be fully 
consistent across different cohorts. Although nominal signif-
icance was observed for several models in the unadjusted 
analyses, only the allelic association of SLC22A1 rs683369:G>C 
remained significant after BH correction (q=0.029), supporting 
the potential relevance of this variant in metformin response.
Our study also identified an intronic deletion in the SLC22A1 
gene (c.1276+9_1276+16del, CTGGTAAGT>C). Despite its 
BA1 classification based on high population allele frequen-
cy (MAF=0.76) and prior laboratory assessment, the variant 
showed a nominal association with glycemic control in the 
allelic analysis (p=0.049), although this association did not 
remain statistically significant after BH correction for multiple 
testing (q>0.05). As shown in the data, the wild-type allele 
was more frequent among individuals with adequate glyce-
mic control, whereas the deletion/variant allele was relatively 
more common among those with inadequate glycemic con-
trol. Although the SLC22A1 (CTGGTAAGT>C) variant is located 
within a splice region and may be positioned near splice reg-
ulatory elements, its functional impact on mRNA splicing or 
gene expression remains uncertain. Therefore, the observed 
association should be considered exploratory and interpreted 
with caution. Nevertheless, this finding may warrant further 
investigation in larger cohorts and functional studies to clarify 
the potential impact of this intronic deletion on SLC22A1 func-
tion and metformin treatment outcomes.
In conclusion, this study demonstrates that the glycemic 
response to metformin in patients with T2DM may be influ-
enced by genetic variability in the SLC22A1 gene. In partic-
ular, the rs683369:G>C polymorphism in SLC22A1 showed 
significant associations with glycemic control, suggesting a 
potential role in modulating metformin efficacy. Additionally, 
an intronic deletion (c.1276+9_1276+16del) in SLC22A1 was 
identified and found to be associated with differences in gly-
cemic control despite its high allele frequency and previous 
benign classification. It should be noted that ACMG/AMP clas-
sification criteria are intended to evaluate the pathogenicity 
of genetic variants in relation to disease causation and are 
not specifically designed to assess pharmacogenetic effects. 
Therefore, the ACMG classification of a variant should not be 
interpreted as evidence for or against its potential influence 
on drug response. In the present study, ACMG classifications 
are provided to describe the clinical significance of the identi-
fied variants, whereas the observed associations relate specifi-
cally to the glycemic response to metformin therapy. This find-
ing suggests that even common variants may contribute to 
interindividual variability in drug response, possibly through 
effects on OCT1 function or splicing regulation. Nevertheless, 
the clinical relevance of this variant remains uncertain and 

requires further validation through functional studies and 
confirmation in larger, independent patient cohorts. Overall, 
the findings support the involvement of SLC22A1 genetic vari-
ation in metformin response and highlight the importance of 
pharmacogenetic factors in achieving optimal glycemic con-
trol in T2DM. Further well-designed multicenter and function-
al studies are needed to clarify the biological mechanisms and 
confirm the clinical utility of these genetic markers.

Limitations
The findings of this study provide important insights; howev-
er, several limitations should be acknowledged. First, although 
an a priori sample size calculation was performed during the 
study design phase, the final number of recruited participants 
was lower than the initially estimated sample size because re-
cruitment was restricted to eligible patients who met the in-
clusion criteria during the study period. Therefore, the study 
may have had a limited ability to detect genetic variants with 
small effect sizes, particularly those with lower minor allele 
frequencies than anticipated. Second, the relatively modest 
sample size, single-center design, and inclusion of only Turk-
ish patients may limit the generalizability of the findings to 
other populations and ethnic groups. Furthermore, although 
multiple testing was addressed using BH-FDR correction, the 
exploratory nature of this NGS-based study warrants cautious 
interpretation of the observed associations.

Conclusion
To more comprehensively evaluate the role of both common 
and rare variants in metformin response, future studies should 
include larger, multicenter, and ethnically diverse cohorts. 
Functional investigations are also warranted to clarify the bi-
ological effects of the identified variants and to validate their 
potential clinical relevance.
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Appendix 1. Genotype distributions of variants according to glycemic control status

Variant Genotype Adequate Glycemic control (n=32) Inadequate Glycemic control (n=28)

rs1867351:T>C TT 31 (96.9%) 24 (85.7%)
TC 1 (3.1%) 4 (14.3%)
CC

0 (0.0) 0 (0.0%)
rs628031:A>G AA 30 (93.8%) 26 (92.9%)

AG 0 (0.0%) 1 (3.9%)
GG

2 (6.2%) 1 (3.9%)
rs683369:G>C GG 31 (96.9%) 23 (82.1%)

GC 1 (3.1%) 1 (3.6%)
CC

0 (0.0) 4 (14.3%)
c.1276+9_1276+16del  (CTGGTAAGT>C) WILD+WILD 31 (96.9%) 24 (85.7%)

DEL+WILD 1 (3.1%) 2 (7.1%)
DEL+DEL 0 (0.0) 2 (7.1%)


