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Abstract: Mexico has been under official epidemiological alert due to diabetes since 2016. This study
presents new information on the frequency and variants of metformin transporters OCT1, OCT2,
OCT3, ABCB1, and CYP2C9 variants as well. It also reports the association with HbA1c control on
103 DMT2 patients. They were genotyped through real-time PCR (TaqMan assays) and grouped
according to treatment: metformin and metformin + glibenclamide. Metformin plasmatic levels were
determined through mass spectrometry. The analysis of HbA1c showed statistical significance across
genotypes in polymorphisms rs72552763 (p = 0.022), rs622342 (p = 0.009), rs1128503 (p = 0.021), and
rs2032582 (p = 0.009) within the monotherapy group. Bivariate analysis found no association between
any polymorphism and HbA1c control. Two logistic regression models accounted for two diplotypes
in OCT1 and ABCB1, including statistically significant covariates. The first model yielded significance
in age (p = 0.026), treatment period [p = 0.001], BMI ≥ 25 kg/m2 (p = 0.043), and combined therapy
(p < 0.001). There was no association with GAT/GAT of rs72552763 or A/A rs622342 in OCT1. The
second model yielded significance in age (p = 0.017), treatment period (p = 0.001), BMI ≥ 25 kg/m2

(p = 0.042), and combined therapy (p < 0.001), finding no association with C/C of rs1128503 or G/G
of rs2032582 in ABCB1. Our multinomial logistic regression results may benefit future predictive
analyses in diabetic populations.

Keywords: pharmacogenetics; diabetes type 2; metformin; sulphonylureas; transporters; therapeu-
tic inefficacy

1. Introduction

Diabetes mellitus type 2 (DMT2) is a highly prevalent multifactorial and chronic dis-
ease characterized by hyperglycemia, insulin resistance, and a decrease in β-cell levels and
insulin secretion [1]. It may also give rise to micro-and macro-vascular and neuropathic
complications, including nephropathy, coronary artery disease, stroke, peripheral vascular
disease, retinopathy, and neuropathy [2]. Globally, DMT2 is one of the most notable prema-
ture mortality risk factors, and it currently represents one of the most frequent causes of
mortality globally [3]. Mexico holds the sixth largest global DMT2 population, amounting
to 8.7 million people. It is estimated that by 2035, this will rise to fifth place with a total of
15.7 million (20–79 years of age) [4]. According to the International Diabetes Federation
(IDF), the adjusted prevalence was 13.1% between the 20–79-year-old group in 2017 [5].
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On 14 November 2016, the Mexican Secretary of Health declared diabetes and obesity a
national epidemiological emergency, a status that prevails today [6]. The Mexican Official
Norm NOM-015-SSA2-1994 for diabetes prevention, treatment, and control indicates met-
formin as the first-choice drug, followed by a combination of metformin-sulphonylurea
(SU) [7]. The passage of metformin across cell membranes is heavily dependent on its
well-known transporters. The most common variant of SLC22A2 (OCT2) is involved in
cDNA change from G to T in position 808 (G808T), which provokes a change from alanine
to serine in codon 270 (Ala270Ser) rs316019. This SLC22A2 variant has been significantly as-
sociated with metformin renal clearance among healthy Chinese patients (18.7% vs. 48.2%,
p = 0.029) [8]. Chen et al. [9] studied metformin’s effect on glucose levels using mice, where
variant rs2076828 in SLC22A3 (OCT3) was associated with a reduced metformin response,
because transporters carrying the G allele presented a more pronounced glucose decrease
(p < 0.05).

Seitz et al. [10] studied 53 populations worldwide and reported that most individuals
from Asia and Oceania present fully functional organic cation transporter 1 (OCT1), whereas
up to 80% of Latin American ethnicities carry mutations involving OCT1 function loss
(major and minor). They also characterized in vitro OCT1 variants on which 10 of its
transported substrates were used, including metformin. Mato et al. [11] reported the
assessment of rs72552763 (1258_1260del ATG) from the gene-encoding OCT1, SLC22A1,
across five studies and its frequency variation between 18 and 28%. This report included
the association of rs622342 (1386 A > C) with metformin response among three populations
(South Indian, Danish, and Caucasian), with a variation of between 5 and 37%. There was no
association with HbA1c levels in the Danish population, nor in the Caucasian groups [11]. A
study on Caucasian individuals [12] identified a positive association between rs622342 and
HbA1c levels (p = 0.005) where an average reduction of 0.28% was observed. In contrast,
the major A allele of rs622342 from SLC22A1 displayed a larger probability of responding
to metformin treatment in a South Indian population [13].

ABCB1, also known as multi-drug resistance protein 1 (MDRP1), is one of 49 putative
members in the superfamily of human adenosine triphosphate (ATP)-binding cassette
(ABC) transporters, which encode transporter and channel proteins that function as efflux
pumps. Hemauer [14] determined the role of some transporters in the bioavailability of
oral hypoglycemiants using placental brush border membrane inside- out vesicles (IOVs)
and metformin marked with 14C- (specific activity, 50 mCi/mmol). Apparent Kt and Vmax
values in metformin transport regulated by P-glycoprotein 1 (P-gp1) (100 ± 85 nM and
34 ± 10 pmol/mg protein X minute) highlighted metformin as a high-affinity substrate of
placental P-gp used in both monotherapy and combined treatment of gestational diabetes.

Hyung Gyun Kim et al. [15] reported that metformin significantly inhibits the expres-
sion of MDR1 by blocking its transcription as it also significantly increases the intracellular
accumulation of the fluorescent substrate P-gp-rhodamine-123. Metformin treatment re-
duces the activity of nuclear factor-kB (NF-kB) and the degradation level of Ikappa B
kinase (IkB). Methods employing small interference RNA confirm that a reduction in
AMP-activated protein kinase (AMPK) levels mitigates the inhibition of MDR1 activation
associated with metformin exposure. AMPK plays an important role in regulating the
metformin-induced expression of MDR1.

We recently described the frequencies and clinical implications of CYP2C9 polymor-
phisms in DMT2 Mexican-Mestizo patients from Mexico City and we also compared them
with reported frequencies from different worldwide analogue populations [16]. Menjívar
et al. [17] also reported the polymorphism frequencies of this gene in Mexico City. The
majority of Mexican patients with diabetes mellitus type 2 (DMT2) (67.9–85.0%) are pre-
scribed sulphonylureas (SUs), which are metabolized by cytochrome P450 2C9 (abbreviated
as CYP2C9). SUs are a type of oral anti-diabetic compound that inhibit ATP-sensitive potas-
sium channels, thus inducing glucose-independent insulin release by the β-pancreatic cells.
The wide variability reported in SU responses has been attributed to the polymorphisms of
CYP2C9. The frequency of CYP2C9*1/*2 is 50% lower among patients with DMT2 compared
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with healthy individuals [16]. Considering the widely heterogeneous ethnic background of
Mexican populations (which comprise > 65 groups) [18], it is important to further persist in
studying the pharmacogenetics of its patients, widening our studies towards OCT1, OCT2,
OCT3, and other transporters like ABCB1 that may be involved, as well as polymorphisms
of glibenclamide metabolizing enzymes (CYP2C9) in view of its widespread prescription
in Mexico.

The aim of the present study is to determine the possible association of polymorphisms
OCT1, OCT2, OCT3, ABCB1, and CYP2C9 with HbA1c glycemic control within a sample
of DMT2 Mexican-Mestizo patients undergoing metformin or metformin + glibenclamide
treatment, as well as identifying those factors associated with glycemic control failure.

2. Results
General Traits of Patient Groups According to Treatment

Biochemical and anthropometric parameters were compared across 103 patients
grouped according to treatment type (metformin/metformin + glibenclamide). Statis-
tical significance was found regarding weight, treatment type, and BMI. Fasting glucose
levels were 115.5 (102–157) (mg/100 mL) in the monotherapy group and 192.5 (139–238.5)
(mg/100 mL) in the combined therapy group (p < 0.001). HbA1c levels were 6.4 (5.9–7.3) vs.
9.05 (7.5–10.9) (p < 0.001), respectively, for monotherapy and combined therapy. Control
proportion defined by %HbA1c was 72.9% in the monotherapy group and 11.4% in com-
bined therapy (p < 0.001). This result may be ascribed to the disease’s shorter evolution
period, as was reported in the patient follow-up, which indicates that residual insulin secre-
tory capacity, having decreased by 50% at the time of diagnosis, had further decreases of
15% six years later [19]. Metformin dosage in the monotherapy group was 1700 (850–1700)
mg/day and 2125 (1700–2550) mg/day in combined therapy (p = 0.001). Metformin dosage
expressed in terms of mg/kg/day was 19.25 (11.9–25.8) vs. 29.2 (21.5–34.2) (p < 0.001),
respectively, when comparing monotherapy against combined therapy (Table 1).

Table 1. Anthropometric traits and clinical biochemistry of DMT2 patients.

Variable Metformin
n = 59 (57.3%)

Metformin + Glibenclamide
n = 44 (42.7%) p =

Age (years) 55.8 ± 10.83 53.11 ± 11.28 0.225 t

Weight (Kg) 78.83 ± 16.73 71.72 ± 13.39 0.022 *,t

Sex “n” (%)
Female 42 (71.2%) 31 (70.5%) 0.936 Xi

Male 17 (28.8 %) 13 (29.5%)

Treatment period
(years) 3 (1.25–7.5) 7.5 (3–14.5) <0.001 *,U

BMI 31.92 ± 6.29 29.23 ± 4.81 0.020 *,t

Normal weight
Overweight
Obesity type

I
II
III

4 (6.8%)
20 (33.9%)

18 (30.5%)
12 (20.3%)
5 (8.5%)

7 (15.9%)
19 (43.2%)

8 (18.2%)
8 (18.2%)
2 (4.5%)

0.074 U

Metformin plasmatic
concentration ng/mL

290.75
(107.69–815.02)

570.91
(170.58–1043.33) 0.203 U

Glucose mg/dL 115.5 (102–157) 192.5 (139–238.5) <0.001 *,U

HbA1c % 6.4 (5.9–7.3) 9.05 (7.55–10.9) <0.001 *,U

control 43 (72.9%) 5 (11.4%)
<0.001 *,Xi

non-control 16 (27.1%) 39 (88.6%)
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Table 1. Cont.

Variable Metformin
n = 59 (57.3%)

Metformin + Glibenclamide
n = 44 (42.7%) p =

Total cholesterol mg/dL 175.05 ± 39.46 182.1 ± 33.78 0.360 t

control 41 (70.7%) 27 (67.5%)
0.736 Xi

non-control 17 (29.3%) 13 (32.5%)

LDL cholesterol mg/dL 91.41 ± 32.43 103.69 ± 29.89 0.105 t

HDL cholesterol mg/dL 41 (34.55–45.75) 41.5 (36.8–47.2) 0.806 U

Triglycerides mg/dL 194 (131–223.5) 157 (131–252) 0.925 U

control 16 (29.1%) 17 (44.7%)
0.121 Xi

non-control 39 (70.9%) 21 (55.3%)

Glomerular filtration rate
(MDRD-4) 93.4 (87.81–115.16) 103.4 (89.23–131.7) 0.329 U

Metformin dose mg/day 1700 (850–1700) 2125 (1700–2550) 0.001 *,U

Daily metformin dose
mg/kg/day 19.25 (11.92–25.84) 29.2 (21.55–34.21) <0.001 *,U

Variables with normal distribution are presented as mean ± standard deviation; variables with non-normal
distribution are presented as median; interquartile range 25–75%; t Student’s “t” test; U Mann Whitney’s U test;
Xi Pearson’s Chi-square test; * statistical significance (p < 0.05).

We obtained allelic and genotypic frequencies of rs72552763 and rs622342 in OCT1
(SLC22A1); rs316019 in OCT2 (SLC22A2); rs2076828 in OCT3 (SLC22A3); and rs1128503,
rs1045642, and rs2032582 in ABCB1, and alleles *1, *2 rs1799853, *3, and CYP2C9*6 were
unsuccessfully tracked within the 204 available samples of Mexican patients with DMT2.
Allele *6 is a deletion of a pair of bases in position 818, which produces a premature stop
codon and codifies an inactive truncate protein. Its frequency is low among the majority of
populations [20] carrying with rs1057910 and rs1934969 (IVS8-109A > T) in CYP2C9. Every
analyzed polymorphism was in Hardy–Weinberg equilibrium (Table 2). We also found no
significant differences when comparing frequencies of rs1128503, rs1045642, and rs2032582
in ABCB1 from our sample with data from a healthy Mexican-Mestizo sample reported
by Ortega [21]. When we compared the observed frequencies from our sample with data
from the 1000 Genome Project (Clarke) [22], we only found significant differences with
respect to African and Asian populations in variants rs2032582 and rs1045642, whereas
variant rs1128503 showed frequency differences with respect to most reported populations
(unpublished).

Table 2. Genotypic and allelic frequencies among DMT2 patients (n = 103).

Gen SNP Genotype Frequencies Allelic Frequencies

SLC22A1
(OCT1)

rs72552763
GAT/GAT del/GAT del/del GAT del * p =
0.427 (44) 0.447 (46) 0.126 (13) 0.650 0.349 0.984

rs622342
AA AC CC A C

0.398 (41) 0.388 (40) 0.214 (22) 0.592 0.407 0.138

SLC22A2
(OCT2) rs316019

C/C C/A A/A C A
0.913 (94) 0.078 (8) 0.01 (1) 0.951 0.048 0.265

SLC22A3
(OCT3) rs2076828

C/C C/G G/G C G
0.757 (78) 0.204 (21) 0.039 (4) 0.859 0.140 0.280
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Table 2. Cont.

Gen SNP Genotype Frequencies Allelic Frequencies

ABCB1

rs1128503
CC CT TT C T

0.262(27) 0.437 (45) 0.301 (31) 0.48 0.519 0.447

rs1045642
CC CT TT C T

0.35 (36) 0.447 (46) 0.204 (21) 0.556 0.443 0.674

rs2032582
GG GT TT TA GA G T A

0.330 (34) 0.417 (43) 0.165 (17) 0.019 (2) 0.058 (6) 0.573 0.387 0.039 0.879

CYP2C9

rs1799853 (*2) *1/*1 *1/*2 *1/*3 *2/*3 *1 *2 *3

rs1057910 (*3) 0.825 (85) 0.097 (10) 0.068 (7) 0.01 (1) 0.907 0.053 0.038 0.848

rs1934969
(IVS8-109A > T)

A/T A/T T/T A T

0.661 (69) 0.328 (27) 0.041 (7) 0.81 0.19 0.197

* p for Hardy–Weinberg equilibrium; Chi square test.

As shown in Table 3, genotypic frequencies of the studied polymorphisms were no
different when comparing controlled (HbA1c < 7%) and uncontrolled patients (HbA1c ≥ 7%).

Table 3. Therapeutic efficacy by studying SNP and DMT2 patients’ genotype.

Gene SNP Genotype Control (n = 48)
HbA1c < 7 (%)

Non-Control (n = 55)
HbA1c > 7 (%) * p =

SLC22A1
(OCT1)

rs72552763
GAT/GAT 23 (47.9%) 21 (38.2%)

0.392del/GAT 18 (37.5%) 28 (50.9%)
del/del 7 (14.6%) 6 (10.9%)

rs622342
A/A 22 (45.8%) 19 (34.5%)

0.324A/C 15 (31.3%) 25 (45.5%)
C/C 11 (22.9%) 11 (20%)

SLC22A2
(OCT2) rs316019

C/C 43 (89.6%) 51 (92.7%)
0.425A/C 5 (10.4%) 3 (5.5%)

A/A 0 (0%) 1 (1.8%)

SLC22A3
(OCT3) rs2076828

C/C 40 (83.3%) 38 (69.1%)
0.232C/G 7 (14.6%) 14 (25.5%)

G/G 1 (2.1%) 3 (5.5%)

ABCB1

rs1128503
C/C 13 (27.1%) 14 (25.5%)

0.710C/T 19 (39.6%) 26 (47.3%)
T/T 16 (33.3%) 15 (27.3%)

rs2032582

G/G 17 (35.4%) 17 (31.5%)

0.662
G/T 21 (43.8%) 22 (40.7%)
T/T 8 (16.7%) 9 (16.7%)
T/A 0 (0%) 2 (3.7%)
G/A 2 (4.2%) 4 (7.4%)

rs1045642
C/C 15 (31.3%) 21 (38.2%)

0.520C/T 21 (43.8%) 25 (45.5%)
T/T 12 (25%) 9 (16.4%)

CYP2C9

rs1799853
rs1057910

*1/*1 39 (81.3%) 46 (83.6%)

0.261
*1/*2 7 (14.6%) 3 (5.5%)
*1/*3 2 (4.2%) 5 (9.1%)
*2/*3 0 1 (1.8%)

rs1934969
A/A 30 (62.5%) 39 (70.9%)

0.643A/T 14 (29.2%) 13 (23.6%)
T/T 4 (8.3%) 3 (5.5%)

* p for Chi square test.
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We analyzed metformin plasmatic concentrations according to control (defined by
%HbA1c) and genotype (Table 4). We observed no significance regarding rs72552763 and
rs622342 in OCT1, rs316019 in OCT2, or rs2076828 in OCT3 (Figure 1)

Table 4. Metformin plasmatic concentrations among DMT2 patients grouped by SNP and genotype.

Gene SNP Genotype
Control

(ng/mL) Median
(IQR 25–75%) (n)

Non-Control
(ng/mL) Median
(IQR 25–75%) (n)

* p =

SLC22A1
(OCT1)

rs72552763

GAT/GAT 376.9 (133.4–763) (17) 481.7 (185.9–971) (17) 0.812
del/GAT 137.1 (66.47 687.4) (14) 790.6 (228.8–1030.2) (27) 0.115
del/del 139.1 (107.6–264.3) (6) 785.6 (70.2–1642.7) (5) 0.792

* p = 0.358 0.820

rs622342

A/A 339.7 (129.8–700.9) (16) 526.3 (169–1000.9) (16) 0.616
A/C 102.6 (57.2–737.7) (12) 725 (254.5–969) (23) 0.141
C/C 157.8 (132.1–687.4) (9) 795.4 (70.2–1642.7) (10) 0.604
* p = 0.381 0.821

SLCA22A2
(OCT2) rs316019

C/C 151.9 (105.2–687.4) (34) 648.2 (183.3–1030.9) (46) 0.098
A/C 302.5 (283.4–589.5) (3) 804 (507.4–1025.8) (3) 0.827
A/A (0) (0) -
* p = 0.373 0.646

SLC22A3
(OCT3) rs2076828

C/C 144.3 (105.2–763) (30) 685.7 (126.9–1030.2) (35) 0.286
C/G 320.6 (157.8–618.8) (6) 611 (386.1–880.8) (11) 0.122
G/G 1321.6 (1) 1030.9 (723.9–1336.8) (3) -
* p = 0.734 0.634

ABCB1

rs1128503

C/C 763 (264.3–1321.6) (9) 526.3 (146–1004.7) (14) 0.450
C/T 139.8 (90.3–649.7) (16) 844.7 (481.7–1095.1) (22) 0.011 *
T/T 150.1 (113.9–402.6) (12) 219.8 (70.2–530.7) (13) 0.624
* p = 0.233 0.066

rs2032582

G/G 496.5 (107.6–815) (13) 788.1 (146–1055.6) (16) 0.539
G/T 181.1 (118.2–768.5) (17) 491.4 (185.9–884.2) (18) 0.041 *
T/T 526.3 (142.5–752.7) (6) 210.8 (72.9–869.7) (9) 0.955
T/A (0) 2286 (1348.7–3223.2) (2) -
G/A 105.2 (1) 428.9 (199.6–1158.2) (3) -
* p = 0.584 0.733

rs1045642

C/C 700.9 (133.4–1321.6) (10) 785.6 (233.3–1017.8) (19) 0.891
C/T 116.3 (85.7–157.8) (17) ¥ 530.7 (185.9–1095.1) (21) 0.002 *
T/T 414.4 (264.3–876.5) (10) 290.5 (72.9–901.4) (9) 0.568
* p = 0.014 κ 0.692

CYP2C9

rs1799853 (*2)
rs1057910 (*3)

*1/*1 200.68 (111.5–815) (29) 725 (210.8–1030.9) (41) 0.222
*1/*2 278.9 (92.9–481.5) (7) 107.8 (89–126.9) (3) 0.425
*2/*2 (0) (0) -
*1/*3 157.85 (1) 712.3 (376.7–2078.2) (4) -
*2/*3 (0) 1705.38 (1) -
*3/*3 (0) (0) -
* p = 0.753 0.077

rs1934969

A/A 151.9 (106.4–649.7) (24) 530.7 (210.8–1088.9) (33) 0.051
A/T 451.6 (80.5–1321.3) (10) 785.6 (290.5–971) (13) 0.620
T/T 133.4 (122.5–474.2) (3) 22.817 (15.9–539.2) (3) 0.513
* p = 0.770 0.374

* Mann–Whitney U-test < 0.05. κ p < 0.05 for Kruskal–Wallis test. ¥ p < 0.05 for post-hoc test between genotypes.



Pharmaceuticals 2022, 15, 774 7 of 22Pharmaceuticals 2022, 15, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 1. Metformin plasmatic concentration boxplots (ng/mL), including medians, interquartile 
ranges, and outliers (filled circles). (A) rs72552763 (OCT1). (B) rs622342 (OCT1). (C) rs316019 
(OCT2). (D) rs2076828 (OCT3). Data are sorted according to genotype and treatment type (metfor-
min to the left, metformin + glibenclamide to the right). No statistical difference was found. 

Higher metformin concentrations were observed among non-controlled patients car-
rying rs1128503 in C/T (p = 0.011), rs2032582 in G/T (p = 0.041), and rs1045642 in C/T (p = 
0.002). Among controlled patients, we found the lowest metformin concentration by 
rs1045642 in C/T (p = 0.014) (Table 4) (Figure 2). 

Figure 1. Metformin plasmatic concentration boxplots (ng/mL), including medians, interquartile
ranges, and outliers (filled circles). (A) rs72552763 (OCT1). (B) rs622342 (OCT1). (C) rs316019 (OCT2).
(D) rs2076828 (OCT3). Data are sorted according to genotype and treatment type (metformin to the
left, metformin + glibenclamide to the right). No statistical difference was found.

Higher metformin concentrations were observed among non-controlled patients car-
rying rs1128503 in C/T (p = 0.011), rs2032582 in G/T (p = 0.041), and rs1045642 in C/T
(p = 0.002). Among controlled patients, we found the lowest metformin concentration by
rs1045642 in C/T (p = 0.014) (Table 4) (Figure 2).
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group (metformin) statistical difference (* p = 0.007). 

The comparison of rs 1799853, rs1057910, and rs1934969 in CYP2C9, showed no sta-
tistical significance in plasmatic concentrations across either intra-group or extra-group 
treatments (Figure 3). 

Figure 2. Metformin plasmatic concentration boxplots (ng/mL), including medians, interquartile
ranges, and outliers (filled circles). (A) rs1128503 (ABCB1). (B) rs2032582 (ABCB1). (C) rs1045642
(ABCB1). Metformin to the left, metformin + glibenclamide to the right according to genotype. Only
C/T of rs1128503 reported both extra-group (metformin + glibenclamide) (** p = 0.002) and intra-group
(metformin) statistical difference (* p = 0.007).

The comparison of rs 1799853, rs1057910, and rs1934969 in CYP2C9, showed no
statistical significance in plasmatic concentrations across either intra-group or extra-group
treatments (Figure 3).

On the other hand, logistic regressions accounting for adjusted dose in terms of
kg/weight/day and metformin plasmatic concentration across the three polymorphisms in
ABCB1 found a correlation only with C/T of rs1045642 (p = 0.017) (Figure 4).
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Table 5 shows that patients undergoing combined treatment presented significantly
higher %HbA1c (p < 0.05), except for OCT1 (rs622342) in C/C, OCT2 (rs316019) in A/C,
OCT3 (rs2076828) in G/G, ABCB1 (rs2032582) in G/T, and G/A, CYP2C9 *1/*2, CP2C9
*1/*3, and CP2C9 IVS-8 in T/T. In the monotherapy group, OCT1 (rs72552763) in GAT/GAT
reported a significantly lower %HbA1c (p = 0.022) with respect to other genotypes. Signifi-
cantly higher HbA1c levels were found by OCT1 (rs622342) in C/C (p = 0.009), as well as
ABCB1 polymorphisms rs1128503 in C/T (p = 0.021) and rs2032582 in G/T (p = 0.009).

Table 5. Glycated hemoglobin (HbA1c) among DMT2 patients grouped by treatment and genotype.

Gene SNP Genotype
Metformin

(%HbA1c) Median
(IQR 25–75%) (n)

Metformin + Glibenclamide
(%HbA1c) Median
(IQR 25–75%) (n)

* p =

SLC22A1
(OCT1)

rs72552763

GAT/GAT 6 (5.7–6.8) (28) ¥ 9.4 (8.5–11.2) (16) <0.001 *
del/GAT 6.5 (6.2–9.2) (22) 8.3 (7.3–10.4) (24) 0.023 *
del/del 6.5 (6.4–6.8) (9) 10.1 (8.4–11.3) (4) 0.045 *

p = 0.022 κ 0.221

rs622342

A/A 6 (5.8–6.5) (25) 9.4 (8.5–11.2) (16) <0.001 *
A/C 6.4 (6.1–7.7) (19) 8.7 (7.5–10.9) (21) 0.001 *
C/C 6.8 (6.4–9.3) (15) ¥ 8.3 (7.1–9.8) (7) 0.397
p = 0.009 κ 0.332

SLCA22A2
(OCT2) rs316019

C/C 6.4 (5.9–7.2) (52) 9 (7.6–10.9) (42) <0.001 *
A/C 6.2 (5.8–8.1) (6) 8.4 (7.3–9.5) (2) 0.180
A/A 8.1 (1) (0) -
p = 0.818 0.573

SLC22A3
(OCT3) rs2076828

C/C 6.3 (5.9–6.9) (46) 8.9 (7.5–10.5) (32) <0.001 *
C/G 6.4 (5.9–8.2) (11) 9.9 (7.7–12.2) (10) 0.022 *
G/G 8.6 (6.6–10.7) (2) 8.6 (7.3–9.9) (2) 1.000
p = 0.336 0.452

ABCB1

rs1128503

C/C 6.1 (5.7–6.3) (15) 10.1 (9–11.8) (12) <0.001 *
C/T 6.6 (6.2–8.4) (28) ¥ 8.5 (7.5 -10.5) (17) 0.007 *
T/T 6.2 (5.9–6.7) (16) 8.5 (7.3–10.1) (15) 0.007 *
* p = 0.021 κ 0.056

rs2032582

G/G 6.1 (5.7–6.3) (19) 9.9 (8.2–11.1) (15) <0.001 *
G/T 6.8 (6.4–8.1) (27) ¥ 8.6 (7–9.4) (16) 0.058
T/T 6.2 (6–6.3) (9) 8.8 (7.4–10.1) (8) 0.002 *
T/A 14.9 (1) 8.3 (1) -
G/A 6.5 (6.2–7.4) (3) 11 (10.9–13.3) (3) 0.050
* p = 0.009 κ 0.156

rs1045642

C/C 6.1 (5.9–6.6) (17) 9.9 (7.9–10.9) (19) <0.001 *
C/T 6.5 (6.1–8.1) (29) 8.7 (7.3–9.4) (17) 0.024 *
T/T 6.2 (6.1–6.4) (13) 8.8 (8–10.1) (8) 0.001 *
* p = 0.160 0.511

CYP2C9

rs1799853 (*2)
rs1057910 (*3)

*1/*1 6.4 (5.9–7.3) (50) 9.2 (7.5–10.7) (35) <0.001 *
*1/*2 6.2 (5.5–6.5) (6) 8.8 (6.7–10.7) (4) 0.165
*2/*2 (0) (0) -
*1/*3 8.3 (7.2–8.4) (3) 8.3 (7–10.6) (4) 1.000
*2/*3 (0) 11 (1) -
* p = 0.352 0.811

rs1934969

A/A 6.4 (6.1–7.6) (35) 8.7 (7.5–11) (34) <0.001 *
A/T 6.5 (5.9–7.3) (19) 9.4 (8–10.2) (8) 0.003 *
T/T 6.2 (6–6.2) (5) 10.4 (10.3–10.5) (2) 0.051
* p = 0.808 0.611

* p < 0.05 for Mann–Whitney U-test. κ p < 0.05 for Kruskal–Wallis test. ¥ p < 0.05 for post-hoc test between
genotypes.
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Each polymorphism was examined by way of three multiple logistic regression models
that revealed statistical significances when HbA1c levels were evaluated across genotypes:
rs72552763 and rs622342 in OCT1, and rs1128503 and rs2032582 in ABCB1. There was no
significant association in codominance models regarding the evaluated polymorphisms
(Table 6). Moreover, there was no association with no-control according to the simple
model adjusted by age, treatment period, treatment type, and BMI apropos of any studied
polymorphism, as evidenced by the forest plots (Figure S1.8.1 in Supplementary Material).

Table 6. Logistic regression on genotypic models in OCT1 and ABCB1 across uncontrolled patients.
(n = 103).

Gene (SNP) Control No Control OR (IC95%) p-Value

OCT1 (rs72552763)

GAT/GAT 23 21 1.0 (ref)

del/GAT 18 28 1.704 (0.738–3.935) 0.212

del/del 7 6 0.939 (0.272–3.246) 0.920

Dominant genotype model

Del/del + del/GAT vs. GAT/GAT 25/23 34/21 1.490 (0.679–3.266) 0.320
a Del/del + del/GAT vs. GAT/GAT 25/23 34/21 1.207 (0.395–3.691) 0.741

OCT1 (rs622342)

AA 22 19 1.0 (ref.)

AC 15 25 1.930 (0.795–4.685) 0.146

CC 11 11 1.158 (0.411–3.266) 0.782

Dominant genotype model

CC + AC vs. AA 26/22 36/19 1.603 (0.724–3.549) 0.244
a CC + AC vs. AA 26/22 36/19 1.914 (0.603–6.080) 0.271

ABCB1 (rs1128503)

Genotype

CC 13 14 1.0 (ref.)

CT 19 26 1.271 (0.487–3.316) 0.624

TT 16 15 0.871 (0.310–2.445) 0.792

Dominant genotype model

TT + CT vs. CC 35/13 41/14 1.088 (0.451–2.621) 0.851
a TT + CT vs. CC 35/13 41/14 1.817 (0.494–6.691) 0.369

ABCB1 (rs2032582)

GG 17 17 1.0 (ref.)

GT 21 22 1.048 (0.426–2.576) 0.919

TT 8 9 1.125 (0.351–3.609) 0.843

TA 0 2 -

GA 2 4 2 (0.322–12.414) 0.457

Dominant genotype model

GA + TA + TT+ GT vs. GG 31/17 37/17 1.194 (0.523–2.722) 0.674
a GA + TA + TT+ GT vs. GG 31/17 37/17 1.933 (0.582–6.425) 0.282

a Adjusted by age, treatment period, drug therapy, and BMI.
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Two multiple logistic regression models surveyed diplotypes in OCT1 and ABCB1, dis-
playing statistically significant covariates. Through the first model, we found significance
in age (OR = 0.936 (0.883–0.992); p = 0.026), treatment period (OR = 1.261 (1.094–1.452);
p = 0.001), BMI ≥ 25 kg/m2 (OR = 7.049 (1.059–46.895); p = 0.043), and combined therapy
(OR = 18.05 (5.015–64.969); p < 0.001). There was no association with diplotype GAT/GAT of
rs72552763 or A/A rs622342, both in OCT1. The second model revealed significance in age
(OR = 0.930 (0.877–0.987); p = 0.017), treatment period (OR = 1.271 (1.105–1.462); p = 0.001),
BMI ≥ 25 kg/m2 (OR = 9.128 (1.083–76.966); p = 0.042), and combined therapy (OR = 17.933
(4.858–66.205); p < 0.001). In this model, there was no association with diplotype C/C of
rs1128503 or G/G of rs2032582, both in ABCB1 (Table 7).

Table 7. Multiple logistic regression on HbA1c no-control using a dominant genotype model for
SLC22A1 and ABCB1 (n = 103).

OCT 1

Variable B Standard Error p-Value OR (IC95%)

Age (years) −0.066 0.030 0.026 * 0.936 (0.883–0.992)

BMI ≥ 25 Kg/m2 1.953 0.967 0.043 * 7.049 (1.059–46.895)

rs72552763
GAT

rs622342
A −0.642 0.593 0.279 0.526 (0.165–1.683)

Treatment (metformin +
glibenclamide) 2.893 0.653 <0.001 * 18.05 (5.015–64.969)

Treatment period (years) 0.232 0.072 0.001 * 1.261 (1.094–1.452)

ABCB1

Age (years) −0.072 0.030 0.017 * 0.930 (0.877–0.987)

BMI ≥ 25 Kg/m2 2.211 1.088 0.042 * 9.128 (1.083–76.966)

rs1128503
C

rs2032582
G −1.026 0.738 0.164 0.358 (0.084–1.522)

Treatment (metformin +
glibenclamide) 2.887 0.666 <0.001 * 17.933 (4.858–66.205)

Treatment period
(years) 0.240 0.072 0.001 * 1.271 (1.105–1.462)

B: Regression coefficient; OR: odds ratio; IC95%: 95% confidence interval. * Statistical significance (p < 0.05).

When comparing dose/mg/kg (Table 8) across C/T of rs1128503 in ABCB1, we found
statistical differences in combined therapy patients as opposed to monotherapy (p = 0.001),
as well as in G/G of rs2032582 (p = 0.011) and C/C and T/T of rs1045642 (p = 0.001 and
0.019, respectively). However, metformin plasmatic concentrations across these genotypes
presented significant differences only by C/T of rs1128503 in ABCB1, where they were
higher in the combined therapy group (p = 0.002) (Figure 5).
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Table 8. Daily metformin dose mg/kg/day according to treatment and genotype.

Gene SNP Genotype
Metformin

(mg/kg/day) Median
(IQR 25–75%) (n)

Metformin + Glibenclamide
(mg/kg/day) Median

(IQR 25–75%) (n)
p =

ABCB1

rs1128503

C/C 18.78 (12.28–25.41) (14) 26.98 (18.19–34.53) (12) 0.057
C/T 19.12 (11.92–26.08) (27) 29.27 (23.16–35.31) (17) 0.001 *
T/T 20 (11.78–24.42) (15) 29.7 (16.66–31.95) (14) 0.127
p = 0.969 0.971

rs2032582

G/G 16.48 (11.93–23.28) (17) 26.98 (21.35–32.04) (15) 0.011 *
G/T 19.78 (12.99–27.33) (26) 24.35 (15.34–32.83) (16) 0.170
T/T 20 (16.48–21.19) (9) 31.95 (29.77–29.15) (7) 0.064
T/A 27.82 (1) 29.51 (1) -
G/A 10.24 (10.02–10.85) (3) 32.11 (28.44–34.03) (3) 0.050
p = 0.118 0.356

rs1045642

C/C 12.29 (11–22.65) (16) 27.86 (23.21–33.71) (19) 0.001 *
C/T 19.56 (12.93–27.39) (27) 25.55 (16.66–30.35) (17) 0.152
T/T 20 (14.5–21.19) (13) 37.5 (29.77–39.71) (7) 0.019 *
p = 0.298 0.156

* p < 0.05 for Mann–Whitney U-test
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3. Discussion

We have reported anthropometric data and biomarkers of a Mexican-Mestizo DMT2
patient sample, which was predominantly female (70.8%) with an average age of 54.45 years,
and the treatment period percentage, as reported in Table 1, was 60% lower in the monother-
apy group with respect to combined therapy patients. Such results were previously reported
in Kahan’s seminal studies in a randomized multicenter, double-blind controlled clinical
trial called “A Diabetes Outcome Progression Trial” (ADOPT), designed to evaluate the
durability of glycemic control in patients undergoing monotherapy with different hypo-
glycemiants [23], as well as in AL-Eitan’s work [24]. According to its HbA1c markers,
the studied sample we hereby discuss presented low control rates (53.39%) and no renal
damage according to its glomerular filtration rate (MDRD-4). There were statistical dif-
ferences between the prescribed treatments regarding dosage mg/day (1700 (850–1700)
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in monotherapy vs. 2125 (1700–2550) in combined therapy, p = 0.001) and dose/weight
adjustment in terms of mg/kg/day (19.25 (11.92–25.84) vs. 29.2 (21.55–34.21) (p < 0.001)).
Therefore, we analyzed whether this was reflected in metformin plasmatic concentrations.
Every studied polymorphism within the population of this sample was found in Hardy–
Weinberg equilibrium. This particular study produced data on the three polymorphisms
in ABCB1 and its genotypes among a population of Mexican DMT2 whose frequencies
were previously unknown; the analysis found no statistical difference across genotypic
frequencies between these populations and healthy Mexican-Mestizo volunteers [21].

When sorting drug plasmatic concentrations according to treatment type and geno-
type, we found a statistically significant difference only by C/T of rs1128503 in ABCB1
among the combined therapy group. Metformin is transported into hepatocytes principally
by the product of SLC22A1 (OCT1), as well as SLC22A2 (OCT2) and SLC22A3 (OCT3).
It is also a substrate of all three polymorphic products of ABCB1 (P-gp 1); rs1128503,
rs2032582, and rs1045642 [14]. All of these genotypes are likely to impact metformin’s
pharmacokinetics. Ruicheng [25] found no association between the genotypes of rs1128503
in ABCB1 and diabetes risk in the Chinese Han population, adducing its intronic nature
and introns’ characteristic function loss during evolution. Llaudó [26] described the effect
of Pgp activity decrease in PMBC through Rho123 efflux among patients with transplanted
kidneys receiving immunosuppressants, who were carriers of allele T/T of rs1045642,
and therefore called them “low pumpers,” as opposed to C/C and C/T of rs1045642, the
“high pumpers”. As for rs72552763 in OCT1, Menjivar [17] reported an association with
no-control in a Mexican population, specifically, with GAT/GAT, who amounted to 66%
of uncontrolled patients (p = 0.011). In our study, no-control frequency was 38.2% by
GAT/GAT of rs72552763, which was even higher by del/GAT at 50.9%, although these results
accounted for no statistical difference (p = 0.392). We attribute these dissimilarities to our
country’s ethnic diversity. In the Rotterdam study, which included Caucasian patients
above 55 years of age undergoing occasional metformin intake, Becker [12] reported the
decreasing effect on HbA1c levels by rs2289669, which codifies efflux transporter MATE1;
these patients also carried CC of rs622342, and they presented a significant association with
HbA1c changes (−0.68; 95% CI: −1.06 to −0.30; p = 0.005). Abdel-Hameed [27] reported
that variant rs622342 of SLC22A1(OCT1) is associated with the therapeutic response to
the metformin + glibenclamide combined treatment, where allele AA responded 2.7 times
more to metformin with respect to allele C, as shown in a recessive model (recessive model,
odds ratio 2.718, p = 0.025, 95% CI 1.112–6.385). In that particular study, disease duration
reported was an average of 2.6 years among non-responders and 2.3 years in the responder
group. More recently, in a Mexican sample, Resendiz-Abarca [28] identified genotypes
CC-rs622342, AA-rs62803, and GG-rs594709, associated with increased HbA1c levels after
a 12-month metformin treatment. In her study on a Mexican-Mestizo population, Menji-
var [17] found no association between no-control and any genotypes of rs622342 in OCT1
(p = 0.066). Our study coincides with these data since we did not observe an association
between no-control and rs622342 either (p = 0.324). We found no significant differences
through the analysis of either control or no-control frequencies regarding any polymor-
phism of those genes expressing OCT1 (rs72552763 and rs622342), OCT2 (rs316019), OCT3
(rs2076828), ABCB1 (rs1128503; rs2032582; rs1045642), or CYP2C9 (rs1799853; rs1057910;
rs1934969). After sorting each polymorphism according to HbA1c levels and treatment
type, we found several statistical differences across every genotype of rs72552763, rs622342
(except for C/C), C/C of rs316019, C/C and C/G of rs2076828; every genotype of rs1128503
in ABCB1, and G/G and T/T of rs2032582; every genotype of rs1045642; the genotype *1/*1
of CYP2C9; and A/A and A/T of rs1934969. This proves that combined therapy does not
reduce HbA1c levels, but rather quite the opposite—it preserves higher levels with respect
to monotherapy. This may also be ascribable to treatment period differences. Kahan [23]
reported the occurrence of metformin monotherapy failure within 5 years in 21% of cases;
in our sample, combined therapy patients already reported 7.5 years with the disease. In
logistic regression models performed on HbA1c no-control, where the dominant genotypic
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model was adjusted by age, treatment period, treatment type, and BMI, we found no
association with no-control in genotypes of OCT1 (rs72552763), OCT1 (rs622342), ABCB1
(rs1128503), and ABCB1 (rs2032582), as shown by an adjusted simple/multiple logistic
regression model adjusted in accordance with the aforementioned covariates.

The literature is contrasting regarding possible associations between polymorphisms
and HbA1c levels. Ethnicity, treatment type, and treatment period affect results heteroge-
neously, whereas clinical trial design is complicated compared to observational studies such
as ours. At this point, it would seem reckless to advance a conclusive statement about our
results. Further analysis of metformin plasmatic concentrations is necessary, and if possible,
associations with the chosen polymorphisms are to be determined. By researching the prob-
able association between these and the HbA1c control, our study marks the first evaluation
of metformin plasmatic concentrations among DMT2 Mexican-Mestizo carriers of these
particular polymorphisms, whether they were undergoing metformin monotherapy or
the metformin + glibenclamide combination (Table 4). P-gp’s probable role in this disease
was not considered either, although metformin is a known substrate of this efflux pump.
We are not aware of any other similar study. For this analysis of ABCB1 polymorphisms,
we grouped patients by HbA1c percentage, whether they were controlled or not. In C/T
of rs1128503, patients with HbA1c < 7% presented metformin plasmatic concentrations
(ng/mL) lower than HbA1c ≥ 7% (139.8 (90.3–649.7) vs. 844.7 (481.7–1095.1); p = 0.011). This
genotype received a higher metformin + glibenclamide dose (mg/kg/day) than metformin
monotherapy (p = 0.011), which may explain the observed effect. Likewise, patients carry-
ing G/T of rs2032582 with HbA1c < 7% reported lower metformin plasmatic concentrations
(ng/mL) than HbA1c ≥ 7% 181.1 (118.2–768.5) vs. 491.4 (185.9–884.2) (p = 0.041). However,
this genotype did not receive a higher metformin + glibenclamide dose than monotherapy
(p = 0.170); hence, we consider that this therapeutic effect cannot be ascribed to a wider
metformin bioavailability. In C/T of rs1045642, patients with HbA1c < 7% reported lower
metformin plasmatic concentrations (ng/mL) than HbA1c ≥ 7% [116.8 (85.7–157.8)] vs.
(530.7 (185.9–1095.1); p = 0.002). In this last polymorphism of rs1045642, we also observed
statistical differences within groups across those genotypes in monotherapy treatment
(p = 0.014). This last group undergoing combined therapy did not receive higher dosages
mg/kg/day than monotherapy (p = 0.152), just like G/T of rs2032582. The therapeutic
effect cannot be ascribed to a larger metformin bioavailability, but it could be related to
P-gp 1 high pumpers, as described by Llaudó [26]. Recently, AL-Eitan [24] genotyped
21 polymorphisms of OCT1, OCT2, and OCT3 among DMT2 patients from Northern Jor-
dan: seven polymorphisms of OCT1, 10 of OCT2, and four of OCT3. AL-Eitan reported
no statistical difference regarding glycemic control OCT (according to the ADA’s criteria).
Their conclusions reported that rs12194182 in SLC22A3 (OCT3) was associated with better
HbA1c levels. Genotypes of the studied SNPs in SLC22A1, SLC22A2, and SLC22A3 were
significantly associated with BMI, age at the time of diagnosis, and glycemic control as
established through multinomial logistic regression (p < 0.05). Treatment period was not
considered. Finally, there was no relation between SNPs and glycemic control after age
adjustment (p > 0.05).

We performed a logistic regression analysis using a dominant genotypic model includ-
ing rs72552763 and rs622342 in OCT1, as well as rs1128503 and rs2032582 in ABCB1. Since
we found no significant difference, we conducted a second multiple logistic regression
analysis to confirm whether rs72552763 GAT/GAT and rs622342 A/A in OCT1, as well as
rs1128503 C/C and rs2032582 G/G in ABCB1, showed a significant glycemic control p-value;
we found none, unlike about other covariates such as age, BMI, combined treatment, and
treatment period. All of the latter reported statistical significance in both models, where the
highest no-control ORs were OR = 18.05 by OCT1 and OR = 17.93 by ABCB1 in combined
therapy. This became patent in the forest plot we present (Supplementary Material Figure
S1.8.1). To summarize, none of the polymorphisms we studied reported glycemic control
association with any of their genotypes, as opposed to some covariates that were indeed
associated with no-control. In our sample, low therapeutic efficacy cannot be attributed to
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metformin but rather to its covariates. The evidence of such covariates’ significant role in
uncontrolled HbA1c levels (the golden standard biomarker) may benefit Mexican DMT2
patients in the form of a personalized prescription, favoring a more adequate therapeutic in-
tervention and lifestyle changes in order to prevent micro and macrovascular complications
hauled by the disease.

4. Materials and Methods
4.1. Study Design and Sample Description (DMT2 Patients)

This observational study recruited participants previously diagnosed with DMT2
according to the World Health Organization and American Diabetes Association standards
(ADA) [29]. All of them were legal adults (18 years or older) with at least three generations
of Mexican ancestry (assessed through a questionnaire) and no kinship between them.
Sample collection and clinical record reviewing was accomplished within a cohort of
103 patients with DMT2 undergoing medical treatment and monitored at a third-level
public healthcare center in Ixtapaluca, Mexico, between May 2018 and December 2019.
All participants provided written informed consent. The research protocol was ethically
approved by a Research and Ethics Commission of the National Autonomous University
of Mexico (Faculty of Medicine) 001/SR/2016, and the study was performed in accordance
with the Declaration of Helsinki and the 64th WMA General Assembly, Fortaleza, Brazil,
October 2013, on ethical principles for medical research involving human subjects. A
database of the collected clinical and biochemical data, including each patient’s file, was
compiled. Files were thoroughly reviewed in accordance with the study’s inclusion and
exclusion criteria. Patients were subsequently grouped in accordance with the designated
hypoglycemic agent used for treatment: metformin monotherapy and glibenclamide +
metformin.

Inclusion criteria required at least 3 months of pharmacological treatment in order
to report stationary plasmatic levels. HbA1c values were used to estimate plasmatic
glucose levels during the whole trimester prior to their determination. The present study
focused on a third-level center where patients’ files spanning anywhere from a semester
to multiple years could be revised. Determining previous measurements would not have
been achievable and the present study was only interested in verifying control over the last
trimester.

4.2. Clinical Evaluation

Out of the 204 initially evaluated profiles, 52 were eliminated due to not meeting
inclusion criteria. Of these remaining 152 allocated for observation, 26 had no HbA1c
record and 23 had no plasmatic metformin record; thus, only 103 were fit for biomarker
analysis (Scheme 1).

Patients were recruited according to the following inclusion criteria: (i) The patient
was undergoing either metformin treatment, or a combination of metformin + gliben-
clamide; (ii) the patient had undergone a treatment schedule comprising a stable dose
of these drugs for at least 3 months; (iii) the precedents and treatment characteristics of
each individual were accessible via their medical record at the corresponding healthcare
center, particularly data concerning drug dosage (including hypoglycemic agents) during
the aforementioned 3-month period; (iv) the medical file comprised anthropometric param-
eters [30] and clinical laboratory reports performed at the Hospital Regional on a number
of key biochemical variables (including HbA1c through HPLC, in a Variant II Turbo 2.0,
Bio-Rad, Hercules CA, USA; fasting glucose levels, total cholesterol, LDL, HDL, triglyc-
erides, creatinine by photometry in an AU480 Chemistry Analyzer, Beckman Coulter, Brea
CA, USA). Individuals who reported chronic alcoholism, previous pancreatic pathology,
renal failure, hypoglycemic treatment with insulin or insulin analogs, insufficient medical
records, DMT1, or voluntary withdrawal were excluded. A database was created to retrieve
and analyze the information on the 103 patients included in the study. File revision was
performed through random probabilistic sampling.
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4.3. Genotyping Procedure

A peripheral 10 mL blood sample was collected from all participants in EDTA tubes,
and genomic DNA was extracted from 200 µL of each patient’s venous peripheral blood
using UltraClean® BloodSpin® DNA isolation reagents (Mo Bio Laboratories; Qiagen,
Inc., Valencia, CA, USA), evaluated for integrity and concentration through 1% agarose
electrophoresis and spectrophotometry using NanoDrop™ 2000/2000c (Thermo Scien-
tific, Wilmington DE, USA), respectively. For CYP2C9, SLC22A1, SLC22A2, SLC22A3, and
ABCB1 allele determinations, different allelic variants were analyzed by RT-PCR tech-
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nology using fluorescence-based TaqMan® assays on a Fast 7300 Real-Time PCR System,
both from Applied Biosystems (Thermo Fisher Scientific, Foster City, CA, USA). Reac-
tions were performed in a final reaction volume of 10 µL, with 30 ng genomic DNA
template, 1X TaqMan® Universal PCR Master mix system from Applied Biosystems, 1X
each probe assessed (CYP2C9*1: C_160889442_10, CYP2C9*2: rs1799853, C_25625805_10;
CYP2C9*3: rs1057910, C_27104892_10; CYP2C9*6: rs9332131, C_32287221_20; SLC22A1:
rs12208357, C__30634096_10; SLC22A1: rs2282143, C__15877554_40; SLC22A1: rs594709,
C___1898206_20; SLC22A1: rs622342, C____928527_30; SLC22A1: rs628031, C___8709275_60;
SLC22A1: rs683369, C____928536_30; SLC22A1: rs72552763, C__34211613_10; SLC22A2:
rs316019, C___3111809_20; SLC22A3: rs2076828, C___2763995_1_; SLC22A3: rs8187725,
C__30633894_10; ABCB1: rs1045642, C___7586657_20; ABCB1: rs1128503, C___7586662_10;
ABCB1: rs2032582, C_11711720D_40; ABCB1: rs2032582, C_11711720C_30; ABCB1: rs2032588,
C__11711718_10), and water. Thermocycling conditions and allelic discrimination to iden-
tify the genotypes using allelic discrimination software (Applied Biosystems, Bedford,
MA, USA) were previously described [16]. The intronic polymorphism CYP2C9 IVS8 109A
> T (rs1934969) was analyzed using the PCR amplifying enzymatic restriction fragment
long polymorphism (PCR/RFLP) method. PCR was performed on a Mastercycler® 384
(Eppendorf, Hamburg, Germany) to identify its presence by following the procedure de-
tailed in Cuautle et al. (2019) [16]. Fragments of 468 and 154 bp cut by HinfI restriction
enzyme (New England BioLabs Inc., Ipswitch, MA, USA; cat no. RO155S) were observed
for CYP2C9 IVS8 109T, whereas a band of 622bp corresponding to uncut fragments was
matched to the CYP2C9 IVS8 109A > T allele. SNP allelic and genotypic frequencies of
OCT1, OCT2, OCT3, ABCB1, and CYP2C9 were carried out through direct counting.

4.4. Plasmatic Metformin Determination

Out of the initial 204 candidates, 101 were excluded from the analyses for the follow-
ing reasons: 2 plasmatic samples were insufficient, 14 were reported as unquantified, and
29 were reported as undetermined (total 45), whereas 56 more were lost during follow-up
(41 changed treatment and 15 had no HbA1c record) (Scheme 1). Out of the remaining
103 included patients, plasmatic concentrations could only be determined in 86, since 9
had been registered as undetermined and 8 more were not quantified (either hemolyzed
or measured through lipemic serum). Determinations were carried out in the Clinical
Pharmacology Unit of UNAM’s Faculty of Medicine. The methodology was validated
in accordance with the Mexican Official Normativity NOM-177-SSA 1-2013 [31], which
establishes tests and procedures to demonstrate a drug’s interchangeability; the manda-
tory requirements authorized third parties must observe; which research or healthcare
institutions may perform biocompatibility tests; and the internal procedure of analytical
methodology validation. The study also adhered to additional international requirements,
whose acceptance parameters were established in the Standard Operating Procedure SOP-
UA-05-09 “Validation of analytical methodology on special and bioavailability and/or
bioequivalence studies”. To analyze biological samples, we employed the method de-
scribed in the analytical methodology index card FMA-018/B, which had been previously
validated according to Mexican Official Normativity NOM-177-SSA1-2013. The analytical
method was selective over the quantification of both plasmatic metformin and gliben-
clamide, without the interference of either endogenous or exogenous compounds. The
employed methodology proved to be selective, linear, precise, and exact over the assessed
concentration range.

For sample analysis, we employed UHPLC-MS/MS in MRM mode using an Agi-
lent Technologies G6490A mass spectrometer. In the preparation of calibration curves
and controls for sample analysis we employed the following reference substances: met-
formin hydrochloride (U.S.P. batch R069H0, purity 99.7%), glibenclamide (U.S.P. batch
R022S0, purity 99.4%), and loratadine (U.S.P. R052U0, purity 99.8%). To quantify plasmatic
metformin/glibenclamide, we employed the mass/charge ratio of metformin 130.1/71.0,
glibenclamide 494.0/369.0, and the internal standard loratadine 383.1/337.1. A Luna PFP
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analytical column (2.0X100 mm, 3.0 µm) from Phenomenex was used for analyte separation
and determination. The isocratic elution of samples was carried out by using acidified
ammonium formate 10 mM (A): acetonitrile 100% (B), as mobile phase. Analytes were pre-
viously extracted through protein extraction/precipitation: A 100 µL aliquot was extracted
from a plasma sample and subsequently deposited into a microtube. We added a 10 µL
aliquot from the loratadine internal standard solution (30 µg/mL). To carry out protein
precipitation, we added a 400 µL aliquot of HPLC-grade acetonitrile. The tube was shaken
on a multiple vortex at maximum speed for 1 min. The tube was centrifuged at 13,000 rpm
and 4 ◦C for 5 min. We recovered 250 µL of the supernatant and transferred it to a 96-well
plate. The injection volume on the chromatographic system was 2.0 µL. The method was
linear in the range of 20–10,000 ng/mL. Intra-day and inter-day variation coefficients were
less than 15%. In the case of metformin, recovery ranged from 89.676 to 90.731%. The
relationship between chromatographic response and concentration on every calibration
curve was adjusted through linear least squares regression for metformin. To quantify the
plasmatic samples, the regression was performed through Mass Hunter B.08 Quantitative
Analysis software.

Patients were summoned by their respective treating physician having observed a
fasting period of at least 8 h. All of the blood samples were taken within an interval of
8 h after the evening’s metformin dose. A 10 mL peripheral venous blood sample was
extracted using EDTA vacutainer tubes. The sample was centrifuged at 400× g for 5 min at
4 ◦C. Once the plasma was obtained, aliquots were carried out using Eppendorf tubes and
the samples were frozen at −80 ◦C until drug determination assays were simultaneously
performed across all of them.

4.5. Statistical Analyses

Data distribution was assessed through Kolmogorov–Smirnov and Shapiro–Wilk
tests. Normal distribution variables are displayed as median and standard deviation,
whereas free distribution variables are displayed as median and interquartile ranges.
Patients were grouped according to (i) HbA1c control, no-control; (ii) treatment type; and
(iii) polymorphisms of SLC22A1(OCT1), SLC22A2(OCT2), SLC22A3(OCT3), ABCB1, and
CYP2C9, where %HbA1c and metformin plasmatic concentration were evaluated. Normal
distribution quantitative variables were compared through Student’s t-test, whereas free
distribution variables were compared using Mann–Whitney’s U-test. When comparing free
distribution quantitative variables across 3 groups, the Kruskal–Wallis test was employed.
Qualitative variables were compared using Pearson’s Chi square test or Fisher’s exact
test if necessary. Ordinal variables were compared through the Mann–Whitney U-test.
A p value < 0.05 was considered statistically significant. Analyses were performed using
SPSS version 23.0 for Windows (IBM Corp., Armonk, NY, USA).

4.6. Genotypic and Allelic Frequency Analysis

Allelic frequencies were counted, and respective expected values were calculated for
each genotype. A p value > 0.05 defined the frequencies in Hardy–Weinberg equilibrium as
calculated through Pearson’s Chi square test.

4.7. Logistic Regression

We focused on statistically significant HbA1c SNPs, whose genotypes were rs72552763
and rs622342 in OCT1, and rs1128503 and 2032582 in ABCB1 (Table 6). A codominance
model was elaborated for each SNP, assuming every genotype implied a different risk
for the dependent variable, which was no-control defined as HbA1c ≥ 7%. Additionally,
each SNP had its own simple and multiple logistic regression model observing genotypic
dominance. The multiple model was adjusted according to age, treatment period, treatment
type, and BMI, which showed OR (IC95%) in every case. Statistical significance was
p-value < 0.05.
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A second multiple logistic regression model was conducted considering rs72552763
and rs622342 in OCT1, and rs1128503 and 2032582 in ABCB1 as diplotypes. Reference
values for qualitative variables were BMI under 25 kg/m2, metformin therapy, and both
heterozygous and recessive genotype in every model of the analyzed polymorphisms. The
dependent variable was no-control defined as HbA1c ≥ 7%. References were selected
this way to explore no-control risk for a patient with a BMI over 25 kg/m2 undergoing
combined therapy and carrying genotypes rs72552763 GAT/GAT with rs622342 A/A in a
first model and rs1128503 C/C with rs2032582 G/G in a second model.

5. Conclusions

This study’s results seem adequate to become part of a predictive algorithm for
glycemic control, considering variables like age, BMI, treatment, and disease period. This
would be quite helpful in clinical interventions specifically aimed towards populations
mathematically predisposed to non-control risk. Such an instrument could diminish
comorbidities and complications associated with diabetes. Study limitations: This is
essentially an observational study based on a small sample. We were able to quantify
metformin plasmatic concentrations only once. Patient records were often missing data,
and it was quite difficult to properly follow up with them.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ph15070774/s1, File S1: Pharmacogenetics of Metformin Trans-
porters Suggests No Association with Therapeutic Inefficacy Among Mexican Diabetes Type 2 Patients.
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