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Abstract

The aim of this study was to investigate the effect of testosterone and oestrogen on regulating organic cation transporters (Octs) and multidrug
and toxin extrusions (Mates) expression in the kidney of mice and urinary excretion of metformin. 8 week-old male db/db mice were treated with
estradiol (5 mg/kg), testosterone (50 mg/kg) or olive oil with same volume. Metformin (150 mg/kg) was injected in daily for successive 7 days.
Plasma, urine and tissue concentrations of metformin were determined by liquid chromatography-tandem mass spectrometry (LCMS) assay.
Western blotting and Real-time PCR analysis were successively used to evaluate the renal protein and mRNA expression of Octs and MATEs. After
treatment, the protein expression of Mate1 and Oct2 in testosterone group was significantly increased than those in control group (both
P < 0.05). The protein expression of Mate1 and Oct2 in estradiol group was significantly reduced by 29.4% and 43.3%, respectively, compared
to those in control group (all P < 0.05). These data showed a good agreement with the change in mRNA level (all P < 0.05). The plasma met-
formin concentration (ng/ml) in mice treated with estradiol was significantly higher than control and testosterone group (677.56 � 72.49 versus
293.92 � 83.27 and 261.46 � 79.45; P < 0.01). Moreover, testosterone increased the metformin urine excretion of mice while estradiol
decreasing (both P < 0.01). Spearman correlation analysis showed that gonadal hormone was closely associated with Mate1 and Oct2 expression
and metformin urine excretion in db/db mice (all P < 0.05). Testosterone and oestrogen exerted reverse effect on metformin urinary excretion via
regulating Octs and Mates expression in the kidney of mice.
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Introduction

Diabetes mellitus affects over 25.8 million people (8.3% of the total
population) in the United States. A total of 1.9 million new cases aged
20 years or older are diagnosed every year [1]. In Chinese people
aged >20 years, the prevalence of diabetes was 9.7%, which means
92.4 million adults are suffering from diabetes [2]. Metformin is the
most frequently used oral drug for treatment of hyperglycaemia in
patients with type 2 diabetes both in the United States and in China [3,
4]. Recently, metformin has gained more attention for its pleiotropic
effects, including anti-neoplastic and anti-ageing effects [5, 6].

However, studies suggested that metformin therapy is characterized
by considerable inter-individual variability in clinical efficacy [7, 8].
Over 30% patients receiving metformin monotherapy were classified
as nonresponders in a U.K. follow-up study during 3 years [8].

Our previous studies suggested the inter-individual variability in
metformin clinical efficacy resulted from the influence of organic
cation transporters (Octs) and multidrug and toxin extrusion proteins
(Mates) on metformin pharmacokinetics and pharmacodynamics [9,
10]. Genetic mutation of OCT2 (808G?T) slowed down the
elimination of metformin from kidney and improved the long-term
glucose-lowering effect in Chinese type 2 diabetic patients [10].
Patients carrying SLC47A1 rs2289669 homozygous A/A had remark-
ably better glucose-lowering effect after 1-year oral metformin and
pharmacokinetic results of metformin confirmed that carriers of
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MATE1 homozygous A/A had notably higher time-dose effects and
slower renal elimination of metformin than others [9]. Besides, the A
allele frequency in MATE1 (SLC47A1 rs2289669) was approximately
equal to 50%, much higher than that of OCT2 (808G?T), which
meant the effect of polymorphisms in MATEs on metformin disposi-
tion and response might be more important than that in OCTs [9, 10].
Moreover, our previous study showed there was a gender difference
in plasma lactate concentrations in subjects with type 2 diabetes. And
gonadal hormones played an important role on regulating plasma lac-
tate levels in diabetes patients treated with metformin. Estradiol up-
regulated but testosterone tent to down-regulate lactate levels [11]. It
was revealed that the mRNA levels and protein expression of rOCT2
in the kidney of males were much higher than that of the females. By
using Mate1 knockout mice, Toyama et al. elucidated the loss of
MATE1 was associated with metformin-induced lactic acidosis [12].
Several animal studies had also revealed that gonadal hormones reg-
ulated the expression of transporter proteins (Oct2 and Mate1) in rats
[13, 14]. On the basis of above evidence, we have been suggested
that the gonadal hormones could regulate Octs and Mates protein
expression in the kidney, alter the elimination of metformin by affect-
ing the process of transport and excretion, and eventually change the
long-term glucose-lowering effect of metformin. To test this hypothe-
sis, we conducted this study in db/db mice.

Materials and methods

Materials

Metformin (97% purity) was obtained from Sino-American Shanghai

Squibb Company (Shanghai, China). Estradiol powder was purchased

from National Institutes for Food and Drug Control (Beijing, China).
Testosterone propionate injection was purchased from Shanghai General

Pharmaceutical co., ltd (Shanghai, China). All other reagents and sol-

vents were of analytical grade and were commercially available.

Drug administration

Metformin was formulated in PBS (pH 4.5). In these formulations, met-

formin was soluble to approximately 5 mg/ml. Estradiol was formulated
in 0.5% dimethyl sulfoxide (DMSO) and diluted in PBS at a concentra-

tion of 50 mg/ml.

Animals

All experiments were conducted in accordance with the National Institutes
of Health regulations of animal care covered in Principles of Laboratory

Animal Care (National Institutes of Health, Bethesda, MD, USA) publica-

tion 85-23 and were approved by the Institutional Animal Care and Use

Committee. Eight-week-old (at the start of the study) male db/db mice
(C57BL//KsJ-leprdb/leprdb) were purchased from Model Animal Research

Centre of Nanjing University (Nanjing, China). Mice were given free access

to standard diet and water and kept on a 12:12 hrs light/dark cycle.

Study designs

The first series of experiments aimed to investigate the effect of testos-
terone and oestrogen on Octs and Mates protein expression. Mice were

divided into three groups (C, T, E groups; n = 10) and respectively

injected in olive oil, testosterone (50 mg/kg) and estradiol (5 mg/kg)

once a day for successive 7 days. On day 8, mice were killed. Plasma
and kidney tissue was collected to determinate the gonadal hormone

concentration and expression level of Octs and Mates.

The second series of experiment aimed to test the effect of gonadal

hormone combined with metformin on Octs and Mates expression and
urinary excretion of metformin. As described above, mice were divided

into three groups (MC, MT, ME groups; n = 10) and treated with met-

formin (150 mg/kg) by daily intraperitoneal injection for successive
7 days. After the final drug administration, urine samples were collected

during the following time intervals: 0–2, 2–4, 4–6, 6–8, 8–12 and 12–
24 hrs post metformin. Mice were killed on day 8. Plasma and kidney

tissue was collected to determinate the metformin concentration and
expression level of Octs and Mates.

Sample preparation and LCMS analysis

Metformin concentrations in plasma and urine were assayed by a highly

specific and sensitive liquid chromatography-tandem mass spectrometry
method [15]. The quantification limit was 10 ng/ml for plasma and urine.

Both intra- and interday coefficients of analysis variation were <10%.

Fasting blood glucose in mice

Mouse tail veins were transversely sectioned by scissors, and the tail

blood was used to determine fasting blood glucose level using a glu-
cometer (Roche, Basel, Switzerland).

ELISA determination of testosterone and
estradiol levels in mouse serum

Before mice were killed, blood was collected from retro-orbital sinus,

centrifuged at 1200 9 g for 10 min. at 4°C, and serum was stored at
�80°C until assay. ELISA kits were used for detecting serum concentra-

tions of testosterone and estradiol (Mlbio, Shanghai, China) according

to the manufacturers’ instructions.

Western blot analysis

Proteins were separated by 10% SDS-PAGE and transferred to polyvinyli-

dene difluoride membranes. The membranes were blotted with 5% skimmed
milk and subsequently probed overnight at 4°C with primary antibodies

specific for Oct1 (Slc22a1, ab66132), Oct2 (Slc22a2, ab179808), Mate1

(Slc47a1, ab105049), Mate2 (Slc47a2, ab174344) and Gapdh (ab8245;

Abcam, Cambridge, UK) and then incubated with horseradish peroxidase
conjugated goat anti-rabbit or antimouse secondary antibody. After washing

with TBST buffer, the membranes were developed using enhanced chemilu-

minescent reagent and subjected to autoluminography for 1–5 min.
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RNA extraction and quantitative reverse
transcriptase PCR

The kidney organs were frozen in liquid nitrogen immediately after dis-
section and stored at 70°C until analysis. Total RNA was extracted

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Complementary

DNA was subsequently synthesized using a reverse transcription

reagent kit (Toyobo, Shanghai, China). The expression level was then
evaluated by LightCycler� 96 system (Roche Inc.) using FastStartTM

PCR Master for Oct (Slc22a1), Oct (Slc22a2), Mate1 (Slc47a1) and

Mate (Slc47a2). The Gapdh was used as an internal control.

Statistical analysis

For statistical analysis, SPSS v. 16.0 (SPSS Inc., Chicago, IL, USA) was
used. Figures were created by GraphPad Prism 5.0 (GraphPad Software,

LA, USA). Data were expressed as mean � S.D. for continuous vari-

ables. Differences among the groups were analysed using the Kruskal–
Wallis test or ANOVA as appropriate for measurement data. Spearman
correlation analysis was used to evaluate association between different

parameters. All P-values were two-tailed, and P < 0.05 was considered

to be statistically significant.

Results

The effect of gonadal hormone on Octs and
Mates expression

Table 1 showed the clinical characteristics of db/db mice before and
after gonadal hormone injection in the first series of experiments.
There were no significant difference in bw and fasting blood glucose
between control and hormone-treated mice. The 7-day gonadal hor-
mone injection successfully altered the testosterone and estradiol
concentration of mice in both hormone-treated groups. As expected,
serum testosterone concentration was significantly increased in the
T-treated group compared to the control group. In contrast to the
control group, the E-treated group exhibited high serum estradiol
level (all P < 0.05). Figure 1 showed Mate1, Mate2, Oct and Oct2
protein expression level in kidney tissues in T-treated group, E-treated
group and control group. There were differences in Mate1 and Oct2
proteins expression levels among three groups (both P < 0.01).
Unexpectedly, kidney tissue Mate1 protein expression was signifi-
cantly increased by 100% in the T-treated group relative to the control
group, while reduced by 25% in the E-treated group (both P < 0.05).

Table 1 Clinical characteristics of db/db mice before and after 7-day gonadal hormone injection in the first series

Baseline Control T-treated E-treated P

Body weight (g) 50.6 � 0.4 51.7 � 0.5 51.3 � 0.7 51.5 � 0.5 NS

Fasting blood glucose (mmol/l) 18.2 � 1.1 18.2 � 1.4 17.9 � 1.0 18.9 � 1.3 NS

Testosterone concentration (ng/ml) 1.2 � 0.02 1.6 � 0.10 92 � 23*,† 0.58 � 0.08*,† 0.000

Oestrogen concentration (ng/ml) 0.02 � 0.01 0.07 � 0.39 0.38 � 0.12*,† 5.00 � 0.94*,† 0.000

*P < 0.05 versus control group. †P < 0.05 versus baseline.

Fig. 1 Series 1-7 days gonadal hormone treatment changed Mate1, Mate2, Oct1 and Oct2 proteins expression in kidney tissue among control,

testosterone-treated and oestrogen-treated groups by Western blot. (A) Representative Western blot; (B) the cumulative results of Western blot anal-

ysis of Mate1, Mate2, Oct1 and Oct2 expression. Data are expressed as the mean � S.D. values and the experiments were repeated independently
at least three times with similar results. *P < 0.05; **P < 0.01 versus control group. #P < 0.05; ##P < 0.01 versus T-treated group.
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Similar results also presented in Oct2 protein expression. In contrast
to control group, Oct2 protein expression was significantly increased
by 100% in the T-treated mice and reduced by 50% in E-treated mice
(both P < 0.05). Moreover, the relative quantification of Mate1 and
Oct2 mRNA were significantly increased in T-treated mice and
reduced in E-treated mice compared to control group (all P < 0.01,
Fig. 2).

The effect of gonadal hormone combined with
metformin on proteins expression and metformin
pharmacokinetics

After combined with metformin, gonadal hormone treatment also
changed the protein expression level of Mate1, Mate2, Oct1 and Oct2
in mice kidney. In contrast of control group, Mate1 and Oct2 protein
expression was significantly elevated by over 100% in the T-treated
group and reduced by nearly 50% in the E-treated group (both
P < 0.01, Fig. 3), which was showing a good agreement with the
change in mRNA level (all P < 0.05, Fig. 4).

Table 2 showed the metformin concentration in mice plasma and
kidney. There were significant differences in plasma and kidney met-
formin concentration among three mice groups (both P < 0.05).
Compared to the MC group, mice in MT group had significant lower
metformin concentration in plasma and higher metformin concentra-
tion in kidney, which were just adverse to mice in ME group (all
P < 0.05). The metformin cumulative urinary excretion at 2, 4, 6, 8,
12 and 24 hrs was significantly different among three mice groups
(all P < 0.05, Fig. 5). The total urinary excretion of metformin in MT
group was nearly the twice of that in ME group. In contrast of MC

group, testosterone strengthened and estradiol retarded the
metformin urinary excretion (all P < 0.05).

Correlation analysis between gonadal hormone
and protein expression with metformin
pharmacokinetics

Spearman’s correlation analysis showed that gonadal hormone level
was closely associated with Mate1 protein expression (r = �0.801),
Mate2 protein expression (r = �0.650), Oct2 protein expression
(r = �0.275), Mate1 mRNA (r = �0.408), Mate2 mRNA
(r = �0.603), Oct2 mRNA (r = �0.189) and renal metformin con-
centration (r = �0.389; Table 3, all P < 0.05).

Discussion

Metformin is the most frequently prescribed glucose-lowering medi-
cine worldwide. In this study, we examined the effect of exogenous
gonadal hormone on Mates and Octs proteins expression in kidney
and metformin pharmacokinetics in db/db mice. To our knowledge,
this was the first study which assessed the effect of testosterone and
oestrogen on regulating Mate1, Mate2, Oct1 and Oct2 proteins
expression in the kidney and urinary excretion of metformin in dia-
betic mice.

The process of metformin absorption, transport and excretion
was associated with many kinds of membrane transporters, manly
including Octs and Mates. Encoded by the SLC22A1 and SLC22A2
genes, respectively, Oct1 and Oct2 were members of the solute

Fig. 2 Series 1-7 days gonadal hormone

treatment changed Mate1, Mate2, Oct1

and Oct2 mRNA level among control,

testosterone-treated and oestrogen-treated
groups by quantitative reverse transcrip-

tase PCR. *P < 0.05; **P < 0.01 versus

control group. #P < 0.05; ##P < 0.01 ver-
sus T-treated group.
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carrier (SLC) 22 family and expressed separately in the basolateral
membrane of hepatocytes and the renal epithelium [16, 17]. The
uptake of metformin in the hepatocytes by Oct1 and the transporta-
tion of metformin to tubular secretion by Oct2 were essential steps
for the glucose-lowering effect [18, 19]. Mate1, manly localized at the
apical membranes of the renal tubules and bile canaliculi, was consid-
ered to be a polyspecific antiporter that directly transported organic
cations (OCs) into the urine and bile. Another transporter, MATE2-K,
encoded bySLC47A2, was located in the brush border of the renal
epithelium and might also be engaged in metformin excretion [20].

The effect of polymorphisms in OCTs and MATEs on metformin dis-
position and response were discussed in both diabetes and healthy
volunteers [21, 22]. Our previous studies suggested that the polymor-
phisms in SLC22A2 (808G?T) and SLC47A1 (rs2289669G?A)
could both enhance the long-term glucose-lowering effect of met-
formin via influencing its pharmacokinetics in Chinese type 2 diabetes
patients [9, 10]. With pyrimethamine, the inhibition of the MATE
transporter, metformin’s area under the concentration–time curve
from 0 to 12 hrs was 2.58-fold greater than control group in healthy
Korean male subjects [23]. Furthermore, Tsuda et al. compared

Fig. 4 Series 2-After metformin and gona-

dal hormone combination treatment. Rela-

tive quantification of Mate1, Mate2, Oct1
and Oct2 mRNA among control, MT and

ME groups by quantitative reverse tran-

scriptase PCR. *P < 0.05; **P < 0.01

versus control group. #P < 0.05;
##P < 0.01 versus MT group.

Fig. 3 Series 2-After metformin and gonadal hormone combination treatment, the comparison of Mate1, Mate2, Oct1 and Oct2 proteins expression

in kidney tissue among control, MT and ME groups by Western blot. (A) Representative Western blot; (B) the cumulative results of Western blot

analysis of Mate1, Mate2, Oct1 and Oct2 expression. Data are expressed as the mean � S.D. values and the experiments were repeated indepen-

dently at least three times with similar results. *P < 0.05; **P < 0.01 versus control group. #P < 0.05; ##P < 0.01 versus MT group.
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pharmacokinetic characteristics of metformin between wild-type
[Mate1 (+/+)] and Mate1 knockout [Mate1 (�/�)] mice and found
that the area under the blood concentration-time curve of metformin
in Mate1 (�/�) mice showed a twofold increase and the renal and
secretory clearances of metformin in Mate1 (�/�) mice were approx-
imately 18% and 14% of those in Mate1 (�/�) mice respectively
[24].

The association of gonadal hormone with metformin pharma-
cokinetics attracted our attention for the first time because our pre-
vious study found a gender difference in blood lactate levels, which
decreased with the increase in age of women. The plasma lactate
levels in postmenopausal women were significantly lower than those
in premenopausal women [25]. We further investigated the effect of
gonadal hormone levels on plasma lactic acid levels in type 2 dia-
betes with and without metformin therapy [11]. The result indicated
that the lactic acid concentrations increased with the elevation of E2
levels but decreased with the increase in T levels in patients with
oral metformin [11]. Moreover, for eliminating the associated effect
of polymorphisms in OCTs on metformin response, we compared
the plasma lactate concentrations in patients with the same
SLC22A2 808G/T genotype and found the gender difference still
existed in the metformin-treated group [26]. Those patients recruited
in this study had normal liver and renal function. And there were no
significant difference in Cr, BUN and ALT levels between male and
female. Therefore, the gender differences in lactate levels are more
likely related to the fundamental difference in gonadal hormone
levels, not abnormal liver production or renal excretion [26].

Actually, early study had demonstrated that the gonadal steroid
hormones were implicated in the regulation of renal OCs transport,
which include endogenous compounds (choline, dopamine), drugs
(metformin, cimetidine) and xenobiotics tetraethylammonium (TEA,
1-methyl-4-phenylpyridinium) [27]. Tetraethylammonium uptake into
renal cortical slices and basolateral membrane vesicles of renal prox-
imaltubular cells was higher in male than that of female rat [27]. Fur-
ther study indicated that the gender difference in the expression of
rat Oct2 and Mate1 in the kidney was responsible for the gender dif-
ferences in OC transport activity of the basolateral membrane of
renal tubular cells [28–30], which was consistent with our results in
this study. Moreover, treatment of male and female rats with testos-
terone significantly stimulated the TEA accumulation by renal slices,
whereas estradiol treatment caused a decrease in the TEA accumula-
tion by slices from male but not female rats [13].The Oct2 expres-
sion was also reported to decrease by the exogenous administration
of testosterone in chronic renal failure rats and Madin–Darby canine
kidney cells [31, 32]. Recently, two androgen response elements in

the rat OCT2 promoter region, located at approximately j3000 and
j1300, respectively, were suggested to play an important role in the
induction by testosterone [14]. The role of oestrogen in renal han-
dling of OC in vivo and in vitro was also fully discussed, claiming
that oestrogen status could suppress renal clearance of OCs in mice
[33].

Some limitations of this study should also be considered. Firstly,
the effect of gonadal hormone on liver protein expression was not
clear. According to our previous studies, the effect of MATE1 and
OCT2 on metformin elimination by urine was much more important in
type 2 diabetes patients. So we focused on the kidney protein expres-
sion and urinary excretion of metformin in db/db mice. Besides, con-
sidering the little blood volume of db/db mice, this study did not
contain the plasma pharmacokinetics analyses of metformin. Last but
not least, our study only included male mice, in which the protein
expression and metformin excretion in female mice needed to be fur-
ther analysed.

In summary, this is the first study which compared the bilateral
effect of exogenous testosterone and oestrogen on both renal trans-
port proteins expression and metformin pharmacokinetics in db/db
mice. We found that testosterone up-regulated and oestrogen down-
regulate Octs and Mates expression in the kidney of mice, which
finally affects urinary excretion and serum concentration of met-
formin. Considering the high-frequency usage of metformin in

Fig. 5Mean cumulative urinary excretion–time curves of metformin in
three mice groups. Intraperitoneal injection of metformin (150 mg/kg)

was administered to mice in control group (circles), or MT group (trian-

gles) and ME group (squares) (n = 10 each group). *P < 0.05 com-

pared to MC group.

Table 2 Metformin concentration among MC, MT and ME groups after 7-day metformin and gonadal hormone combination treatment

MC MT ME P

Plasma (ng/ml) 293.92 � 83.27 261.46 � 79.45* 677.56 � 72.49**,†† 0.00

Kidney (ng/ml) 2423.68 � 794.50 7232.72 � 176.17** 2128.02 � 221.69*,†† 0.04

*P < 0.05; **P < 0.01 versus MC group. †P < 0.05; ††P < 0.01 versus MT group. MC, metformin-control; MT, metformin-testosterone; ME,
metformin-oestrogen.
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patients with type 2 diabetes and the inter-individual variability in met-
formin clinical efficacy, it is of great significance to take the patients’
gonadal hormone level into consideration when assessing the sus-
ceptibility of an individual to metformin in order ultimately to achieve
the goal of personalized drug therapy.

Acknowledgements

This study was supported by the National Natural Science Foundation of China

(grant nos 81270397 and 81070650 for Fang Liu), and Shanghai Science &

Technology Pillar Program in the Field of Medicine and Agriculture

(15411953100 for Fang Liu).

Conflict of interest

The authors confirm that there are no conflicts of interest.

Author contribution

FL and WJ participated in designing the study and revised the manu-
script. LA and DZ conducted the mice experiments. LLW detected the
metformin concentration. TZ, JY, HL, JXL and FL helped the sample
preparation and blood glucose determination. RH analysed the data
and wrote the manuscript.

References

1. American Diabetes Association. Data from

the 2011 National Diabetes Fact Sheet. Avail-
able from http://www.diabetes.org/diabetes-

basics/diabetes-statistics/ (accessed March

6, 2016).

2. Yang W, Lu J, Weng J, et al. Prevalence of
diabetes among men and women in China. N

Engl J Med. 2010; 362: 1090–101.
3. Goodarzi MO, Bryer-Ash M. Metformin

revisited: re-evaluation of its properties and

role in the pharmacopoeia of modern antidi-

abetic agents. Diabetes Obes Metab. 2005;

7: 654–65.
4. Chinese Diabetes Society. China guideline

for type 2 diabetes (electronic version). Chin

J Front Med Sci 2011; 6: 54–109 (Chinese).
5. Cazzaniga M, Bonanni B. Relationship

between metabolic reprogramming and

mitochondrial activity in cancer cells. Under-

standing the anticancer effect of metformin
and its clinical implications. Anticancer Res.

2015; 35: 5789–96.
6. Anisimov VN. Metformin: do we finally have

an anti-aging drug? Cell Cycle. 2013; 12:
3483–9.

7. Hermann LS, Schersten B, Bitzen PO, et al.
Therapeutic comparison of metformin and

sulfonylurea, alone and in various combina-
tions. A double-blind controlled study. Dia-

betes Care. 1994; 17: 1100–9.
8. Cook MN, Girman CJ, Stein PP, et al. Initial

monotherapy with either metformin or

sulphonylureas often fails to achieve or

maintain current glycaemic goals in patients

with Type 2 diabetes in UK primary care.
Diabet Med. 2007; 24: 350–8.

9. He R, Zhang D, Lu W, et al. SLC47A1 gene

rs2289669G>A variants enhance the glu-

cose-lowering effect of metformin via delay-
ing its excretion in Chinese type 2 diabetes

patients. Diabetes Res Clin Pract. 2015; 109:

57–63.

10. Hou W, Zhang D, Lu W, et al. Polymor-

phism of organic cation transporter 2
improves glucose-lowering effect of met-

formin via influencing its pharmacokinetics

in Chinese type 2 diabetic patients. Mol

Diagn Ther. 2015; 19: 25–33.
11. Shen Y, Liu F, Li Q, et al. The gonadal hor-

mone regulates the plasma lactate levels in

type 2 diabetes treated with and without
metformin. Diabetes Technol Ther. 2012; 14:

469–74.
12. Toyama K, Yonezawa A, Masuda S, et al.

Loss of multidrug and toxin extrusion 1
(MATE1) is associated with metformin-

induced lactic acidosis. Br J Pharmacol.

2012; 166: 1183–91.
13. Urakami Y, Okuda M, Saito H, et al. Hor-

monal regulation of organic cation trans-

porter OCT2 expression in rat kidney. FEBS

Lett. 2000; 473: 173–6.
14. Asaka J, Terada T, Okuda M, et al. Andro-

gen receptor is responsible for rat organic

cation transporter 2 gene regulation but not

for rOCT1 and rOCT3. Pharm Res. 2006; 23:
697–704.

15. Shu Y, Brown C, Castro RA, et al. Effect of
genetic variation in the organic cation trans-

porter 1, OCT1, on metformin pharmacoki-
netics. Clin Pharmacol Ther. 2008; 83: 273–
80.

16. Shu Y, Sheardown SA, Brown C, et al.
Effect of genetic variation in the organic

cation transporter 1 (OCT1) on metformin

action. J Clin Invest. 2007; 117: 1422–31.
17. Kimura N, Okuda M, Inui K. Metformin

transport by renal basolateral organic cation

transporter hOCT2. Pharm Res. 2005; 22:

255–9.
18. Wang DS, Jonker JW, Kato Y, et al. Involve-

ment of organic cation transporter 1 in hep-

atic and intestinal distribution of metformin.

J Pharmacol Exp Ther. 2002; 302: 510–5.

19. Kimura N, Masuda S, Tanihara Y, et al.
Metformin is a superior substrate for renal
organic cation transporter OCT2 rather than

hepatic OCT1. Drug Metab Pharmacokinet.

2005; 20: 379–86.
20. Motohashi H, Inui K. Organic cation trans-

porter OCTs (SLC22) and MATEs (SLC47) in

the human kidney. AAPS J. 2013; 15: 581–8.
21. Tarasova L, Kalnina I, Geldnere K, et al.

Association of genetic variation in the

organic cation transporters OCT1, OCT2 and

multidrug and toxin extrusion 1 transporter

protein genes with the gastrointestinal side
effects and lower BMI in metformin-treated

type 2 diabetes patients. Pharmacogenet

Genomics. 2012; 22: 659–66.
22. Stocker SL, Morrissey KM, Yee SW,

et al. The effect of novel promoter vari-

ants in MATE1 and MATE2 on the phar-

macokinetics and pharmacodynamics of
metformin. Clin Pharmacol Ther. 2013; 93:

186–94.
23. Oh J, Chung H, Park SI, et al. Inhibition of

the multidrug and toxin extrusion (MATE)
transporter by pyrimethamine increases the

plasma concentration of metformin but does

not increase antihyperglycaemic activity in

humans. Diabetes Obes Metab. 2016; 18:
104–8.

24. Tsuda M, Terada T, Mizuno T, et al. Tar-
geted disruption of the multidrug and toxin
extrusion 1 (mate1) gene in mice reduces

renal secretion of metformin. Mol Pharma-

col. 2009; 75: 1280–6.
25. Li Q, Liu F, Tang JL, et al. The gender dif-

ference of plasma lactate levels and the

influence of metformin in type 2 diabetes

patients [in Chinese]. Chin J Endocrinol

Metab. 2010; 26: 372–6.
26. Li Q, Liu F, Zheng TS, et al. SLC22A2 gene

808G/T variant is related to plasma lactate

concentration in Chinese type 2 diabetics

2316 ª 2016 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

 15824934, 2016, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.12922 by C

ochraneC
hina, W

iley O
nline L

ibrary on [20/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.diabetes.org/diabetes-basics/diabetes-statistics/
http://www.diabetes.org/diabetes-basics/diabetes-statistics/


treated with metformin. Acta Pharmacol Sin.
2010; 31: 184–90.

27. Bowman HM, Hook JB. Sex differences

in organic ion transport by rat kidney.

Proc Soc Exp Biol Med. 1972; 141: 258–
62.

28. Urakami Y, Nakamura N, Takahashi K,
et al. Gender differences in expression of
organic cation transporter OCT2 in rat kid-

ney. FEBS Lett. 1999; 461: 339–42.
29. Slitt AL, Cherrington NJ, Hartley DP, et al.

Tissue distribution and renal developmental

changes in rat organic cation transporter
mRNA levels. Drug Metab Dispos. 2002; 30:

212–9.
30. Lickteig AJ, Cheng X, Augustine LM, et al.

Tissue distribution, ontogeny and induction
of the transporters Multidrug and toxin

extrusion (MATE) 1 and MATE2 mRNA

expression levels in mice. Life Sci. 2008; 83:
59–64.

31. Shu Y, Bello CL, Mangravite LM, et al.
Functional characteristics and steroid hor-

mone-mediated regulation of an organic

cation transporter in Madin-Darby canine
kidney cells. J Pharmacol Exp Ther. 2001;

299: 392–8.
32. Ji L, Masuda S, Saito H, et al. Down-regu-

lation of rat organic cation transporter
rOCT2 by 5/6 nephrectomy. Kidney Int.

2002; 62: 514–24.
33. Meetam P, Srimaroeng C, Soodvilai S,

et al. Role of estrogen in renal handling of

organic cation, tetraethylammonium: in vivo

and in vitro studies. Biol Pharm Bull. 2009;

32: 1968–72.

ª 2016 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

2317

J. Cell. Mol. Med. Vol 20, No 12, 2016

 15824934, 2016, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.12922 by C

ochraneC
hina, W

iley O
nline L

ibrary on [20/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


