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A B S T R A C T

Background: Studies have shown that solute carrier transporters play an important role in the transport and 
distribution of metformin, and that genetic variation(s) in solute carrier genes have play a role in the variation of 
metformin efficacy and disposition observed in populations. This study aimed to determine the cellular uptake 
efficiency of metformin in SLC22A2 coding haplotypes of an indigenous South African population.
Methods and results: To determine metformin and cimetidine cellular uptake in transfected HEK-293 cells, ultra 
high-performance liquid chromatography was used to quantitate substrate concentration(s). Haplotypes 3 and 4 
showed decreased metformin uptake, and haplotypes 2 and 5 displayed increased metformin uptake in com
parison to haplotype 1 (i.e. wildtype haplotype). Haplotypes 2–5 showed decreased uptake of cimetidine in 
comparison to haplotype 1, implying a reduced sensitivity to the inhibition of cimetidine. In all haplotypes, no 
significant transport was observed for metformin and cimetidine. Passive permeability of metformin was fav
oured in haplotypes 3 and 5, whilst the remaining haplotypes demonstrate higher passive permeability ratios in 
favour of cimetidine.
Conclusion: Haplotype 4, which is characterised by the non-synonymous single nucleotide polymorphisms 
rs316019 and rs8177517, demonstrates potential impaired metformin transport.

1. Introduction

Metformin, the first-line drug for the treatment and management of 
type 2 diabetes mellitus (T2DM), has proven helpful in the treatment 
and management of other illnesses and diseases besides T2DM 
(Abrahams-October et al., 2022; Brast et al., 2012; Chaudhari et al., 
2020). In addition to this, it has also been favourably implicated in 
ageing and ageing-related diseases (He and Wondisford, 2015). Irre
spective of its beneficial inferences, some patients develop adverse side 
effects where the most common adverse effect experience is related to 
stomach distress (Chen et al., 2006; Chen et al., 2009). The most severe 
and least likely side effect is metformin-associated lactic acidosis 

(MALA). Additionally, long-term use of metformin can cause vitamin 
B12 deficiency in T2DM patients, which, even though highly unlikely, 
can lead to the development of anaemia (Christensen et al., 2013; 
Crawford and Nickerson, 2005). Despite its widespread use, metformin’s 
mode of action remains ill-defined.

Organic cations (OCT) such as metformin depend on membrane 
transporters for cellular uptake and secretion. Human OCT2 (hOCT2) 
(the protein encoded by the solute carrier family 22 member 2 
(SLC22A2) gene) mediates the first step of metformin secretion from 
blood (de Jager et al., 2010; Drzewoski and Hanefeld, 2021). The 
secretion of metformin into urine is hereafter mainly mediated by the 
human multidrug and toxin extrusion 1–2 K (hMATE1-2 K) proteins 
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(Dujic et al., 2017; He et al., 2009). Metformin has been identified as a 
superior substrate for hOCT2, which does not bind to plasma proteins 
and is excreted unchanged in urine (Hendrickx et al., 2013; Hu et al., 
2016; Inzucchi et al., 2014). In addition, cimetidine another substrate of 
hOCT2, acts as an inhibitor of OCT and MATE transporters and may thus 
alter metformin’s anti-hyperglycaemic action. In vitro studies of 
SLC22A2 genetic polymorphisms have been controversial. The most 
common polymorphism of SLC22A2, i.e. rs316019 (p.Ala270Ser), has 
been associated with both reduced renal clearance and no change in the 
transport activity of metformin. Studies determining the mediated up
take of various drugs known to be substrates of SLC22A2 have been 
deemed inconclusive since different studies report opposite associations 
between SLC22A2 polymorphisms and clinical outcomes (Islam et al., 
2018; Jacobs et al., 2015; Joneri, 2021; Kimura et al., 2002; Kimura 
et al., 2005; Kimura et al., 2021; Koepsell, 2004; Koepsell et al., 2007; Li 
et al., 2020).

Even though studies were inconclusive, they elucidated valuable 
information concerning the effect(s) of genetic polymorphisms on drug 
efficacy and disposition in membrane transporters. These studies, 
however, primarily focused on European, Asian, and American pop
ulations as classified according to the 1000 Genomes Project Phase 3 
(Islam et al., 2018; Jacobs et al., 2015; Joneri, 2021; Kimura et al., 2002; 
Kimura et al., 2005; Kimura et al., 2021; Koepsell, 2004; Koepsell et al., 
2007; Li et al., 2020; Auton et al., 2015). This standardization is critical 
for understanding genetic variation among these populations. To ach
ieve the goal of personalised medicine and individualisation of therapy, 
it is important to investigate genetic polymorphisms and their effects in 
as many populations as possible. In addition to this, not only should 
single nucleotide polymorphisms (SNPs) be considered for investigation 
but also the combinations (i.e. haplotypes) wherein they occur should be 
explored.

Complex diseases such as T2DM may have demonstrated these 
contradictory associations because the SNP approach was adopted and 
may also have arisen due to possible interactions between genetic, 
behavioural and environmental factors (Li et al., 2020; Murea et al., 
2012). An understanding of haplotype structure is likely to increase the 
value of genetic association studies in populations (Pei et al., 2017). 
Haplotype structure may produce a more accurate genotype-phenotype 
correlation when determining drug response and drug-drug interactions. 
Previously, the exonic 5′-SNP haplotype of the monocarboxylic acid 
transporter gene SLC16A11 was strongly associated with T2DM in 
Mexican, Latin American and Japanese populations (Kimura et al., 2021; 
[28]; Traurig et al., 2016). Haplotypes of the peroxisome proliferator- 
activated receptor gamma, coactivator 1 alpha (PGC-1α) gene, which 
plays a key role in glucose homeostasis inside the liver and muscle was 
moderately associated with T2DM in a Han Chinese population (Zhu 
et al., 2009). In addition, haplotypes of the PGC-1α gene were explored 
in three unrelated endogamous groups of North-West India (Sharma 
et al., 2018). The study highlighted the necessity of observing the effect 
(s) of haplotype(s) in T2DM whilst also considering ethnic-specific 
haplotype distributions (Sharma et al., 2018).

Haplotype-based gene-gene interactions have also been associated 
with impaired fasting glucose and T2DM in a Chinese cohort from Henan 
province (Pei et al., 2017). In this study, we aim to determine the uptake 
efficacy of metformin and cimetidine in five ns SLC22A2 haplotypes 
identified in the Xhosa population (Jacobs et al., 2015). The Xhosa 
population is one of the major ethnic groups in South Africa and studies 
have demonstrated them to a higher prevalence of non-communicable 
diseases (NCDs). As with all other South African population groups, 
this population is further burdened with a high incidence of communi
cable diseases such as HIV/AIDS and TB as well as a high incidence of 
other NCDs such as cancer, cardiovascular disease and chronic respira
tory disease (Jacobs et al., 2015). The more urbanized lifestyle adopted 
by many also plays a pivotal role in the decreased metabolic health of all 
South Africans. In this study, we aim to determine the uptake efficacy of 
metformin and cimetidine in five non-synonymous (ns) SLC22A2 

haplotypes identified in the Xhosa population (Jacobs et al., 2015).
The five transporter protein-coding haplotypes (CHs) (denoted as CH 

1–5) were previously characterised as membrane transporter protein 
haplotypes for hOCT2 within the study cohort (Jacobs et al., 2015). The 
results generated in this study are also used to expand upon previous in 
silico investigation wherein two Xhosa haplotypes were identified to 
have the potential of impaired metformin transport (Abrahams-October 
et al., 2022).

2. Materials and methods

2.1. Generation of SLC22A2 haplotype open reading frame (ORF) 
constructs

Three nsSNPs, i.e. rs316019 resulting in amino acid substitution p. 
Ala270Ser, rs8177516 with amino acid substitution p.Arg400Cys and 
rs8177517 with amino acid substitution p.Lys432Gln, were previously 
identified to characterise five SLC22A2 CHs of the Xhosa population of 
South Africa (17). These five SLC22A2 CHs were used to monitor the 
mediated uptake of metformin and cimetidine in the study cohort. In 
each identified haplotype, SLC22A2 ORFs representing each CH were 
purchased from GenScript® (GenScript, Netherlands). Refer to Table 1
for the characterized haplotype structure that was observed within the 
cohort. The functional relevance of each CH in metformin and cimeti
dine transport was explored in the human embryonic kidney-293 (HEK- 
293) cell line using GenScript’s GenEZ ORF pcDNA3.1(+)-C-DYK 
construct with accession number: NM_003058.3 (GenScript, 
Netherlands).

2.2. Generation of SLC22A2 haplotype ORF negative control construct

An empty vector control was generated by digesting SLC22A2 ORFs 
vector DNA with XhoI and EcoRI-HF. 1 µg plasmid DNA was digested 
with 20U XhoI restriction enzyme and 20U EcoRI-HF restriction enzyme; 
1X Neb rCutSmart buffer (New England Biolabs, USA) in a final volume 
of 20 µl. The digest mix was incubated at 37 ◦C for 1 h. The digested 
plasmid and insert DNA were separated on a 0.8 % agarose gel at a 
constant voltage of 50 V for 2.5 h in 1XTBE buffer. Insert DNA was 
purified using the Gene-JET gel purification kit as per the manufac
turer’s instructions (Thermo-Fisher Scientific, USA). Digested vector 
DNA was ligated using the Neb Quick Ligation™ Kit as per the manu
facturer’s instructions (New England Biolabs, USA). Transformation and 
plasmid DNA isolation were performed as previously described 
(Pronobis et al., 2016). Insert sequence was confirmed by sequencing 
(Inqaba Biotechnology, South Africa). Plasmid DNA was stored at 
− 20 ◦C.

2.3. Haplotype construct(s) transfection

HEK-293 cells were used as the host for CH construct transient 
transfection. The HEK-293 cell line was cultured in Dulbecco’s modified 
Eagle medium supplemented with 10 % fetal bovine serum and 1 % 
penicillin–streptomycin. Cells were maintained in a humidified atmo
sphere of 5 % CO2 and 95 % air at 37 ◦C. When cells reached 70–80 % 

Table 1 
Haplotype structure of SLC22A2 variants in a South African Xhosa population.

Haplotype name SNP combinations SNP consequence

Haplotype 1: WT* N/A Ala: Arg: Lys
Haplotype 2 rs316019 Ser: Arg: Lys
Haplotype 3 rs316019:rs8177516 Ser: Cys: Lys
Haplotype 4 rs316019:rs8177517 Ser: Arg: Gln
Haplotype 5 rs8177516 Ala: Cys: Lys

*WT – Wild Type, N/A – Not applicable, Amino acid abbreviations: Ala – 
Alanine, Arg – Arginine, Lys – Lysine, Ser – Serine, Cys – Cysteine, Gln – 
Glutamine.
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confluence, cells were seeded on a 0.4 µm transwell insert at a density of 
9 x 104 cells/ml in a 500 µl volume on the apical side, followed by the 
addition of 500 µl of complete media on the basolateral side of the 
membrane. After 24-hour incubation at standard conditions, cells were 
transfected with 1 µg of pcDNA3.1(+)-C-DYK CH-specific construct DNA 
using TurboFect™ Transfection Reagent (Thermo-Fisher Scientific, 
USA) following instructions as outlined by the manufacturer. As a 
negative control, the negative control construct was used.

2.4. Uptake assay

The amount of compound transported by cells in each CH was per
formed as previously described by Hendrickx et al. (2013) with minor 
modification(s) (Hendrickx et al., 2013). During the experiment(s), cells 
were kept at 37 ◦C as much as possible. At 24 h before the experiments, 
cell media was replaced with complete DMEM containing 10 mM so
dium butyrate. Thereafter, cell monolayers and chambers were carefully 
washed with 500 µl per well assay buffer pH 6.0 (Hanks’ Balanced Salt 
Solution [HBSS] supplemented with 10 mM N-2-Hydroxyethylpiper
azine-N-2-Ethane Sulfonic Acid [HEPES]) prewarmed to 37 ◦C. All cells 
were incubated at 37 ◦C with assay buffer pH 6.0 for 15 min.

After the removal of the assay buffer, 750 µl test compound diluted in 
assay buffer pH 6.0 was added to the basolateral chamber. In the apical 
chamber, 500 µl assay buffer pH 6.0 without test compound was added. 
Experiments were performed in the presence of 5, 50 and 500 µM 
metformin and 6, 60 and 600 µM cimetidine and incubated with cells at 
30, 60 and 120 min. Assay conditions for each substrate were optimised, 
and hereafter, 500 µM metformin and 600 µM cimetidine were selected 
for further investigation. For the mixed compound assay, metformin and 
cimetidine (mixed at a 1:1 ratio yielding 125 µM and 150 µM of each 
compound, respectively), were incubated with the cells as described 
previously. Samples were collected from each chamber and stored at 
− 20 ◦C until further analysis.

The incubation was stopped by removing the insert and adding 500 
µl ice-cold assay buffer pH 6.0 to the monolayer of cells. The cells were 
washed twice with ice-cold assay buffer. After removal of the assay 
buffer from the cells, 500 µl of lysing solution (methanol:1% acetic acid) 
was added. The cells were left with the lysing solution for 5 min at room 
temperature. The cell lysates were transferred to Eppendorf tubes and 
centrifuged at 1500g for 10 min. All samples were stored at − 20 ◦C until 
further analysis.

2.5. Ultra High-Performance liquid chromatography (UHPLC) analysis

The mediated uptake of metformin and cimetidine for each of the 
observed SLC22A2 Xhosa CHs and an empty vector control construct 
was analysed using UHPLC (PDA Plus detector) (Perkin Elmer, USA). 
The amount of compound transported by the cells in each haplotype was 
quantified by UHPLC by use of a standard curve. The standard curves 
were prepared with metformin or cimetidine ranging from 2.5 – 100 µM. 
The analytical column used was Luna®, 3 µm CN 100 Å, 150 X 4.6 mm 
(Phenomenex). An isocratic gradient (25 % mobile phase A and 75 % 
mobile phase B) was used for the separation. Mobile phase A: 25 % 20 
mM Formate/Formic Acid (pH ~ 5.0) and 75 % mobile phase B: 
Acetonitrile (HPLC grade). Flow rate was set at 1 ml/minute with a 100 
µl loop size.

2.6. Calculation of mediated uptake

The total uptake of each SLC22A2 CH and the empty vector was 
calculated by dividing the amount of drug quantified in the apical 
chamber by the average amount of cell protein present in the cell lysate 
of the relevant well. The protein concentration of cell lysates was 
determined through the Pierce™ BCA protein assay (Thermo-Fisher 
Scientific, USA) according to the manufacturer’s instructions. The active 
uptake is the total uptake in each CH transfected cells minus the total 

uptake in the empty vector-transfected cells. The passive permeability of 
substrates is determined by dividing the total uptake of CH transfected 
cells by the passive uptake (i.e. total uptake of the empty vector- 
transfected cells).

2.7. Statistical analysis

Data were recorded and statistical analysis was conducted using 
GraphPad Prism version 9.2.0 (California, USA). Samples were analysed 
using the Mann-Whitney test and analysed further using Spearman’s 
rank-order correlation. Values represent the mean ± standard error (SE) 
of three replicates per CH, and p-values less than 0.05 were considered 
significant.

3. Results

3.1. Standard curve

For the standard curve, metformin (500 µM) and cimetidine (600 
µM) standard stock solutions were prepared in water and stored at 
− 20 ◦C. Stock solutions were diluted with water to obtain concentra
tions of 2.5–––100 µM of each substrate to generate standard curves 
(Fig. 1 (a) and (b)). Metformin concentrations produced a coefficient of 
correlation (r2) value of 0.993, and the equation of the final calibration 
curve was y = 21202x-36019 (Fig. 1 (a)). Cimetidine concentrations 
produced an r2 = 0.999, and the equation of the final calibration curve 
was y = 59538x-9643.4 (Fig. 1 (b)). Fig. 2 is an example of the chro
matograms produced after UHPLC analysis. Chromatograms display 
distinct retention times for each substrate (Fig. 2 (a & b)) as well as 
efficient separation of substrates within the mixed sample (Fig. 2 (c)).

3.2. Drug uptake and transport

The mediated uptake of metformin (500 µM) and cimetidine (600 
µM) as substrates of SLC22A2 was determined in HEK-293 cells tran
siently expressing five SLC22A2 Xhosa CHs and was compared to control 
cells transfected with empty vector pcDNA 3.1. Metformin uptake in 
transiently transfected CH HEK-293 cells was time-dependent and up
take reached a steady state after approximately 80 min (Fig. 3 (a)). The 
active uptake of metformin in CHs 2 (268.2 nM.mg− 1.min− 1), 3 (140.7 
nM.mg− 1.min− 1) and 5 (246.7 nM.mg− 1.min− 1) were 2.1, 1.1 and 1.9 
(respectively) times higher in comparison to CH-1 (i.e. the wild-type 
(WT)) (128.2 nM.mg− 1.min− 1) cells (Fig. 3 (b)). Whilst CHs 4 (41.4 
nM.mg− 1.min− 1) demonstrated 3.1 times lower active uptake in com
parison to CH-1 cells (Fig. 3 (b)).

Cimetidine uptake in transiently transfected HEK-293 cells in all five 
SLC22A2 Xhosa CHs, except the empty control vector did not reach a 
steady state at 2 h (Fig. 4 (a)). All CHs (2–5) (90.7; 51.7, 97.0 and 93.8 
nM.mg− 1.min− 1) demonstrated lower active uptake of cimetidine, i.e. 
2.7; 4.8, 2.56 and 2.6 times respectively, in comparison to CH-1 cells 
(248 nM.mg− 1.min− 1) (Fig. 4 (b)). In comparison to CH-1, the active 
transport of both metformin and cimetidine in each CH demonstrated no 
significant variation in the transport of each substrate (Fig. 4 (a) and 
(b)).

In the mixed sample study, we aimed to investigate if preferential 
substrate transport would occur in each CH (Fig. 5 (a)). The percentage 
active uptake for metformin and cimetidine within each CH was corre
lated using Spearman’s rank correlation (Fig. 5 (b)). A positive but non- 
significant correlation (rs = 0.63; p = 0.35) was observed. The ratio of 
the total uptake of substrate(s) in each CH and passive uptake in the 
empty vector (Table 2) reflects the drug(s) passive permeability to the 
transporter membrane. Higher ratios are indicative of a good substrate 
for the transporter protein, implying an increased disposition of the drug 
for transport across the cellular membrane. CHs 3 and 5 displayed 
higher permeability for metformin, whereas the remaining CHs dis
played higher permeability of cimetidine (Table 2).
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4. Discussion

Metformin is a high-affinity substrate for all OCT isoforms and is used 
as a substrate prototype to investigate OCT transport activity (Zazuli 
et al., 2020). However, OCT2 capacity to transport metformin is at least 
ten times greater than OCT1 (Kimura et al., 2005). Metformin is excreted 
unchanged into the urine and was thus deemed a suitable candidate for 
studying OCT drug disposition and as a model substrate in clinical drug- 
drug interaction studies (Scheen, 1996; Giacomini et al., 2010). In 
addition, cimetidine, which was identified as an inhibitor of hOCT2, is 
also mainly transported by hOCT2 and is excreted almost completely 
unchanged in urine (Hendrickx et al., 2013; Wang et al., 2008; Varma 
et al., 2009). Inter-individual variability in the expression and function 
of transporters, such as hOCT2, generally translates into inter-individual 
variability in drug pharmacokinetics and drug response. Previous 
research conducted by Abrahams-October et al. (2022) characterised the 
promoter haplotypes of the SLC22A2 gene within the Xhosa population 
(Abrahams-October et al., 2022). The investigation identified three 
promoter haplotypes to be significantly associated with decreased gene 
expression levels which could result in an altered pharmacokinetic 
profile of cationic drugs within the cohort (Abrahams-October et al., 
2022).

Minor allele frequency (MAF) data demonstrates the SNP variants 
identified to characterise the SLC22A2 coding haplotypes in the Xhosa 
population to occur at significantly lower frequencies within American, 
European and Asian populations in comparison to African populations 
as we have previously elucidated (Abrahams-October et al., 2022; 
Martin et al., 2023). The nsSNP rs316019, (which was identified to be 
the most common SNP of SLC22A2 in all populations of the world), 
displays MAFs ranging between 0.092–0.185 across all populations with 
African populations displaying the highest values (Abrahams-October 
et al., 2022; Martin et al., 2023). The remaining two nsSNPs, i.e. 
rs8177516 and rs8177517, displays MAFs ranging between 0.00–0.013 
and 0.00–0.039 respectively across all populations (Abrahams-October 
et al., 2022; Martin et al., 2023). In addition, rs8177516 displays the 
variant A-allele to be specific to African populations, whilst the variant 
T-allele is specific to European populations (Martin et al., 2023). Genetic 
variability is one of several factors contributing to differences in met
formin response across diverse populations, and these studies reflect 
that. These observations corroborates that the variability observed in 
response to metformin treatment may exhibit different response profiles 

in African populations when compared to other world populations.
The total cellular uptake of compounds is a sum of the passive 

diffusion and the transporter-mediated uptake (Hendrickx et al., 2013). 
Their relative contribution is dependent on the physiochemical prop
erties of the compound as well as its molecular volume (Hendrickx et al., 
2013). In this study, metformin uptake reached a steady state after ~ 80 
min, whilst cimetidine uptake was still ongoing at the end of the 
experiment (Fig. 3 (a) and 4(a)). All CHs displayed similar uptake pro
files for metformin (Fig. 3 (a)). It was observed that the CH-1 (i.e. WT) 
transports cimetidine more efficiently in comparison to the other CHs in 
the study population (Fig. 4 (a)). This could have implications on the 
pharmacological effects of cimetidine within CHs 2–5. Thus, the desired 
effect(s) of cimetidine in CHs 2–5 could be diminished or absent. This 
observation, however, could change if the assay time is extended.

Active transport is selective, requires energy expenditure and may 
involve transport against a concentration gradient (Van Ness and Kelly, 
2018). Generally, hOCT2 substrates are hydrophilic organic cations of 
low molecular weight; however, the anionic prostaglandins (prosta
glandin E-2 and prostaglandin F-2α) have also been identified as sub
strates of hOCT2 (Kimura et al., 2002). Cisplatin, on the other hand, has 
been identified as both a substrate and inhibitor of hOCT2 transport (38, 
44). In this study, CHs 3 and 4 showed reduced active uptake of met
formin in comparison to CH-1, whilst CHs 2 and 5 demonstrated an 
increased rate of active uptake of metformin in comparison to CH-1 
(Fig. 3(b)). All CHs demonstrated a reduced rate of active uptake for 
cimetidine in comparison to CH-1 (Fig. 4(b)). No significant variation in 
the active transport of metformin and cimetidine was observed in the 
CHs when compared to the CH-1. However, metformin active uptake of 
CH-4 requires further investigation since a visible difference is observed 
(Fig. 3(a)).

Molecular dynamic simulation studies, molecular docking and 
interaction analysis conducted by Abrahams-October et al. (2022) 
demonstrated CH-1 to produce the weakest free binding energy 
(Abrahams-October et al., 2022). In addition, the investigation also 
showed all ligands to bind inside the transport channel in all CHs 
increasing the probability of metformin transport inhibition during co- 
administration of drugs. Smaller molecules such as metformin demon
strated reduced binding affinity and number of interactions in all CHs. 
Molecular dynamic simulation analysis indicated CHs 1, 3 and 4 to be 
less stable than CHs 2 and 5. Findings further suggested CHs 4 and 5 to 
having stronger preference for larger molecules and this could result in 

Fig. 1. Standard curve of metformin and cimetidine. (a) Metformin standard curve with concentrations ranging between 2.5 µM – 100 µM metformin (n = 3). (b) 
Cimetidine standard curve with concentrations ranging between 2.5 µM – 100 µM cimetidine (n = 3).

Z. Abrahams-October et al.                                                                                                                                                                                                                   Gene 937 (2025) 149157 

4 



reduced metformin clearance via the SLC22A2 transporter during drug 
co-administration (Abrahams-October et al., 2022).

The impairment of metformin transport within CH-4 as demon
strated in this investigation further validates the theory proposed by the 
in silico study (Abrahams-October et al., 2022). However, this was not 
observed for CH-5. Yin et al. (2016) and Müller et al. (2018) suggest that 
cimetidine is a more potent inhibitor of MATE-1-mediated metformin 
uptake than OCT2-mediated metformin uptake (Müller et al., 2018; Yin 
et al., 2016). In our study, the mixed sample analysis displayed CH-1 

transport of both substrates to be similar (Fig. 5(a)), whilst the 
remaining CHs are observably transporting metformin more efficiently 
in comparison to cimetidine (Fig. 5(a)). Zolk et al. (2017) indicated that 
the p.A270S SNP (in this study referred to as CH-2), does not affect 
expression and membrane localisation but causes compound-specific 
alterations of transport function in comparison to CH-1 (Zolk et al., 
2009). In addition, they also observed that CH-2 is less sensitive to in
hibition by cimetidine than CH-1. This correlates to the results we ob
tained in this study, but our study further indicates that the remaining 

Fig. 2. Chromatographic profiles of metformin and cimetidine. (a) Chromatographic profile of 100 µM metformin. (b) Chromatographic profile of 100 µM 
cimetidine. (c) Chromatogram from the apical chamber of CH-1 (WT) sample after a 60-minute incubation with mixed substrate (125 µM metformin:150 
µM cimetidine).
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CHs (i.e. 3–5) observed in the Xhosa population react similarly to CH-2. 
Correlation analysis between the active uptake of metformin and 
cimetidine showed a positive correlation with non-significance (Fig. 5
(b)). To gain a better understanding of the inhibitory effect(s) that 
cimetidine has on the transport of metformin we should expand the in 
vitro analysis to include other genes, which are involved in the transport 
of metformin such as hMATE-2 K.

All CHs displayed low passive permeability for both metformin and 
cimetidine (Table 2). Regardless of this, variability was observed in the 
passive permeability of each substrate within each CH. CHs 1, 2 and 4 
demonstrate an increased transport disposition for cimetidine in com
parison to metformin, whilst CHs 3 and 5 showed an increased transport 
disposition for metformin. Since T2DM is a multifactorial disease 
influenced by environmental, genetic and social factors, studies to date 
have displayed contradictory data (Islam et al., 2018; Jacobs et al., 
2015; Joneri, 2021; Kimura et al., 2002; Kimura et al., 2005; Kimura 
et al., 2021; Koepsell, 2004; Koepsell et al., 2007). This reinforces the 

need to use the personalised precision medicine approach when dealing 
with multifactorial diseases such as T2DM where variation in pheno
typic response can be observed not only at the population level but also 
within individuals.

This study displayed that the CH-1 has a similar rate of transport 
uptake for both metformin and cimetidine. CHs 2–5 are less sensitive to 
cimetidine inhibition than CH-1. Amongst the five investigated Xhosa 
CHs, CH-4 shows potential impaired transport of metformin in com
parison to the remaining CHs. Future investigations should include: (i) 
in-depth analysis of CH-4; (ii) additional substrates which have been 
identified to influence metformin transport must be included for inves
tigation; (iii) other genes involved in the transport of said substrates 
should be included in the assay to gain a better understanding of 
transporter-mediated drug-drug interactions and (iv) since T2DM is a 
multifactorial disease, clinical data from T2DM patients with the iden
tified SLC22A2 Xhosa CHs should be inspected to determine if a clinical 
response to medication can be attributed to the identified SLC22A2 CHs. 

Fig. 3. Uptake of metformin in five SLC22A2 haplotypes. (a) Time dependent uptake of 500 µM metformin in HEK-293 cells transfected with CH and empty 
vector DNA. Cells were incubated with metformin for 30, 60 and 120 min (n = 1). The concentration of compound transported by each CH was analysed by UHPLC 
analysis. (b) Active uptake of 500 µM metformin in HEK-293 cells transfected with CH and empty vector DNA (n = 3). The amount of compound transported by each 
CH was analysed by UHPLC analysis. Samples were analysed using the Mann-Whitney test. p-values in all haplotypes were > 0.05. No significant variation in the 
transport of metformin was observed.
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This study highlights the importance of observing the uptake of both 
substrate(s) and inhibitor(s) of a gene product. It also contributes to the 
development and improvement of pharmacogenomics profiling systems 
for the treatment and management of T2DM in indigenous African 
populations.

5. Conclusion

In this study, the mediated uptake of metformin and cimetidine was 
determined in five SLC22A2 Xhosa CHs. Active uptake of metformin was 

increased in CHs 3 and 4, and decreased in CHs 2 and 5 in comparison to 
CH-1. Active uptake of cimetidine was reduced in all CHs in comparison 
to CH-1, hereby implying that CHs 2–5 may demonstrate reduced 
sensitivity to the inhibition of cimetidine. No significance in variation of 
substrate transport was observed; however, CH-4 requires further 
investigation. A shortcoming of this study is that only one substrate and 
one inhibitor of the gene of interest were investigated. In addition, it did 
not take into consideration the influence other gene(s) may have on the 
transport of metformin and cimetidine. It is therefore recommended that 
future investigations should include additional substrates as well as 

Fig. 4. Uptake of cimetidine in five SLC22A2 CHs. (a) Total uptake of 600 µM cimetidine in HEK-293 cells transfected with CH and empty vector DNA (n = 1). 
Cells were incubated with metformin for 30, 60 and 120 min. The concentration of compound transported by each CH was analysed by UHPLC analysis. (b) Active 
uptake of 600 µM cimetidine in HEK-293 cells transfected with CH and empty vector DNA (n = 3). The amount of compound transported by each CH was analysed by 
UHPLC analysis. Samples were analysed using the Mann-Whitney test. p-values in all CHs were > 0.05. No significant variation in the transport of cimetidine 
was observe.
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inhibitors of the SLC22A2 gene in the study. In addition, other genes 
involved in the transport of metformin should be included in the 
experimental design to gain a better understanding of transporter- 
mediated drug-drug interactions as well as drug-gene interactions. 

Lastly, the phenotypic response of individuals diagnosed with T2DM in 
the studied CHs should be explored to determine if a patient glycaemic 
response can be attributed to the observed SLC22A2 CHs or if other 
genes may also influence the phenotypic outcome. The study was 
limited by the sensitivity of the detection method. Future studies should 
investigate transferring the detection method to a more sensitive 
detection system, such as a liquid chromatography-mass spectrometry 
method. The data generated in this study is the first to generate uptake 
transport of metformin and cimetidine in an understudied African 
population. So doing, it contributes to the improvement of pharmaco
genomics systems for populations sharing the same CH structure as the 
studied Xhosa population.

Fig. 5. Uptake (%) and correlation analysis of metformin and cimetidine. (a) Average percentage active uptake of metformin and cimetidine in a mixed 
substrate sample containing 125 µM and 150 µM respectively (n = 3). (b): Correlation analysis between metformin and cimetidine active uptake in five SLC22A2 
Xhosa CHs. Mixed sample analysis was performed in each of the observed CHs. Average active uptake of a mixed substrate sample with metformin at 125 µM and 
cimetidine at 150 µM. Spearman’s rank-order correlation test (rs = 0.60, p = 0.28).

Table 2 
Passive permeability of metformin and cimetidine in five Xhosa SLC22A2 CHs.

Haplotype ID Metformin ratio (total/passive) Cimetidine ratio (total/passive)

CH-1 (WT) 2.7 11.4
CH-2 3.6 5.9
CH-3 3.7 3.5
CH-4 1.2 3.7
CH-5 5.4 3.2
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