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1 | INTRODUCTION

Abstract

In this study, we investigated the impact of single nucleotide polymorphisms in solute
carrier (SLC) transporters, that is, SLC22A7 c.1586+206A>G, SLC22A2 c.808G>T,
SLC22A3 c.1233G> A, SLC47A1 c.922-158G> A, and SLC47A2 c.-130G > A, on serum
creatinine (SCr) concentrations. This cross-sectional study included residents who
participated as volunteers in a health promotion study. Lifestyle data, blood chemi-
cal analysis data, and SLC gene polymorphism information were collected from each
participant. Univariate analyses were carried out to determine differences between
groups and correlations in SCr. Stepwise multiple regression analysis was performed
to confirm the independence of factors that were significantly different in the univari-
ate analyses. In multiple regression analyses, muscle mass, serum cystatin C concen-
trations, body fat percentage, serum albumin concentrations, and SLC47A2 c.-130G/G
had the highest contribution to SCr concentrations, in that order (standardized regres-
sion coefficients = .505, .332, -.234, .123, and .084, respectively). The final model
explained 72.2% of the variability in SCr concentrations. The SLC47A2 c.-130G>A
polymorphism may affect creatinine dynamics in the proximal tubules. Further studies
are needed to determine the effects of SLC transporter gene polymorphisms on SCr

concentrations in patients with various diseases in real-world clinical settings.
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used to diagnose chronic kidney disease and individualize the renal-

excretion drug dosage, for example.3 GFR should be assessed using

Determination of the glomerular filtration rate (GFR) is crucial in the substrates that are completely filtered by the glomerulus without

overall assessment of kidney function.>? Estimated GFR (eGFR) is tubular secretion or reabsorption. Intravenously administered

Abbreviations: Cr, creatinine; Cys-C, cystatin C; eGFR, estimated GFR; GFR, glomerular filtration rate; SCr, serum creatinine; SLC, solute carrier.
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inulin does not bind to proteins in vivo, is completely filtered by the
45
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glomeruli, and shows neither tubular secretion nor reabsorption.
Therefore, inulin is strongly recommended as the gold standard for
GFR measurement.*® However, the invasive administration of inulin,
an exogenous substance, is a cumbersome method, requiring timed
urine collections over several hours, and is costly.

Creatinine (Cr) and cystatin C (Cys-C) are well-known endoge-
nous substances used for assessing GFR.2 Cr is a 113-Da metabolite
of muscle catabolism and has long been proposed as a glomerular
filtration marker.? Because measuring Cr is easy and inexpensive,
calculation of eGFR based on Cr is widely available and appropriate
for use as a first-line tool.® GFR can be estimated based on serum
Cr (SCr) concentrations, age, sex, and body size.® Cr does not bind
to proteins in vivo and is freely filtered across the glomerulus, but
is also secreted in the proximal tubules. Therefore, Cr clearance is
20%-30% higher than inulin clearance because inulin is filtered only
in the glomeruli.7 In addition, Cr metabolite is primarily proportional
to muscle mass, although many other factors, such as nutritional
status and thyroid function, also affect Cr metabolism.®’ Therefore,
eGFR monitoring based on SCr concentrations is affected by intra-
interindividual variability in Cr metabolite and tubular secretion.'°
Furthermore, Cys-Cis a 13-kDa cysteine proteinase inhibitor protein
that is produced by all nucleated cells at a steady rate and is freely
filtered by the kidney, with near-complete reabsorption and catab-
olism in the proximal tubule and no significant urinary excretion.**
However, the usefulness of serum Cys-C (SCys-C) monitoring in
assessing eGFR in real-world clinical practice needs further assess-
ment with regard to both variability in measurement values between
laboratories and cost-effectiveness.!

Cr is secreted into the urine via drug transporters, such as or-
ganic anion transporter 2 (OAT2, encoded by SLC22A7), organic cat-
ion transporter 2 (OCT2, encoded by SLC22A2), OCT3 (encoded by
SLC22A3), multidrug and toxin extrusion protein 1 (MATE1, encoded
by SLC47A1), and MATE2-K (encoded by SLC47A2) in the proximal tu-
bules.!? Therefore, differences in the activities of these SLC transport-
ers can cause individual variations in the kinetics of Cr in the proximal
tubules. In the clinical setting, inhibitors of these SLC transporters are
commonly used, and elevated SCr concentrations have been reported
in patients taking these drugs‘13 If the contribution of Cr tubular se-
cretion to SCr concentrations in individual patients could be predicted,
assessment of the glomerular filtration capacity based on eGFR, which
is calculated using SCr concentrations, would be more accurate.

Single nucleotide polymorphism (SNP) variations in these SLC
transporters have been also known to influence the pharmacoki-
netics and/or pharmacodynamics of these substrate drugs,M’15 Twin
studies have shown that eGFR calculated using SCr or SCys-C con-

t.16 Recently reported

centrations has a strong heritable componen
genome-wide association studies (GWASs) have identified SNPs that
may affect eGFR calculated using SCr concentrations, based on data
from over a million individuals.””*® In the results of these GWASs,
several SNPs have been identified that may affect Cr metabolism
and tubular secretion. However, not all of the previously reported

SNPs with functional effects for drug transporters expressed in the

proximal tubules were also identified in these GWASs. In addition,
eGFR reflects the effects of metabolism and glomerular filtration of
Cr, as well as various diseases and medications taken. Therefore, in
order to examine the influence of drug transporter gene polymor-
phisms expressed in the proximal tubules that affect the tubular se-
cretion of Cr, it is necessary to conduct epidemiological studies that
exclude, as much as possible, the various biases that may be latent
in real-world data.

The purpose of this study was to investigate differences in SCr
concentrations between genotypes at the SNP sites of SLC22A7
c.1586+206A>G (>5.9% allele frequency), SLC22A2 c.808G>T
(>10.9% allele frequency), SLC22A3 c.1233G> A (>48.6% allele fre-
quency), SLC47A1 c.922-158G>A (>40.3% allele frequency), and
SLC47A2 c.-130G>A (>33.6% allele frequency), which have been

141519 and are

reported to have functional effects in previous studies
commonly found in the Japanese population (>5% in the National
Center for Biotechnology Information database, http://www.ncbi.

nlm.nih.gov/SNP).

2 | MATERIALS AND METHODS

2.1 | Study design and participants

The Iwaki Health Promotion Project is a large-scale epidemiologi-
cal survey conducted annually in the Iwaki district of Hirosaki city,
Japan.20 Our study is a secondary analysis of data from this project.
This survey targeted residents older than 20years of age living in this
area. This cross-sectional study included residents who participated in
this survey in 2016. This study was approved by the Ethics Committee
of Hirosaki University Graduate School of Medicine (authorization
number: 2016-028), and all participants provided written informed
consent prior to participation in the study. All participants enrolled in
the study voluntarily in response to a public announcement.

In 2016, 1148 individuals were enrolled in this study. Of these par-
ticipants, those who met the following exclusion criteria were excluded
from the study (Figure 1). Participants were excluded if they did not
have SCys-C concentration data (n = 3) and did not have SLC trans-
porter gene polymorphism information (n = 29). In addition, partici-
pants with diabetes (n = 58); immunoglobulin A nephropathy (n = 2);
body mass index (BMI) greater than or equal to 25 (n = 281); SCr con-
centrations more than the normal upper limit in our laboratory (male,
>1.04mg/dL; female, >0.79mg/dL; n = 59); free triiodothyronine
(FT3), free thyroxine (FT4), or thyroid stimulating hormone (TSH) con-
centrations outside the normal range for our laboratory (2.30-4.00pg/
mL, 0.90-1.70ng/dL, or 0.50-5.00 ulU/mL, respectively; n = 112); and
concurrent medications (n = 652) were excluded from this study.

2.2 | Datacollection

Age, sex, and medication history data were collected using a self-
report questionnaire. Body fat percentage and muscle mass were
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[ Residents who participated in the Iwaki Health Promotion Project in 2016 (n = 1148) }

~

* No data for the SCys-C concentration (n = 3)
+ No data for gene polymorphisms (n = 29)

+ Comorbidities of diabetes (n = 58)
Excluded
(n=2828) + Comorbidities of IgA nephropathy (n = 2)

- BMI > 25 (n=281)

+ SCr concentrations > the normal upper limit ¥ (n = 59)

+ FT3, FT4, or TSH concentrations outside the normal
range* (n=112)
+ Taking medicine (n = 652)

The numbers include participants meeting more than one
of these exclusion criteria.

[ Data analyzed (n = 320) ]

FIGURE 1 Flow diagram for participant selection. BMI, body

mass index; FT3, free triiodothyronine; FT4, free thyroxine; IgA,
immunoglobulin A; SCr, serum creatinine; SCys-C, serum cystatin C; TSH,
thyroid stimulating hormone. tMale, >1.04 mg/dL; female, >0.79 mg/dL.
+2.30-4.00pg/mL, 0.90-1.70ng/dL, and 0.50-5.00 plU/mL,
respectively.

measured using the bioelectrical impedance method with a Tanita
body composition analyzer MC-190 (Tanita Corporation). Participant
height and weight were measured on the day of the health check,
and BMI and body surface area (BSA) were calculated using the fol-

lowing equations:

BMI (kg/m?) = weight / height?

BSA (m?) = weight®*? x height®’?* x 0.007184

Blood samples were collected from the peripheral vein in the sit-
ting position early in the morning after fasting. The samples were
immediately centrifuged to separate the serum, placed in tubes
containing EDTA, and stored at -80°C until analysis. Serum con-
centrations of albumin, Cr, Cys-C, blood urea nitrogen, uric acid,
aspartate aminotransferase, alanine aminotransferase, FT3, FT4,
and TSH were determined (LSl Medience Corp.). SCr and SCys-C
concentrations as markers of renal function were measured using
the enzymatic method and latex agglutination turbidimetry method,
respectively.

2.3 | Genotyping

SNP genotypes of the participants were determined using the
Japonica array, an SNP array designed specifically for the Japanese
population.?! The array contains 659 253 SNPs, including tag SNPs
for imputation and phenotype-related SNPs from previously re-
ported genome-wide analyses and pharmacogenomics studies.
SLC22A7 ¢.1586+206A>G (rs4149178), SLC22A2 c.808G>T
(rs316019), SLC22A3 c.1233G>A (rs2292334), SLC47A1 c.922-
158G >A(rs2289669), and SLC47A2 c.-130G > A (rs12943590) geno-
types were determined using these data.
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TABLE 1 Demographic and clinical characteristics of the
participants (n = 320)

Number (%)
Male 148 (46.3)
Female 172 (53.8)
Mean +SD (Min-Max)
Age (year) 46.6+13.5 (20-87)
Body weight (kg) 57.0+9.5 (37.2-79.7)
BSA (m?) 1.61+0.17 (1.20-2.00)
Body fat percentage (%) 224+6.8 (5.9-40.8)
BMI (kg/m?) 21.3+2.2 (14.5-24.9)
Muscle mass (kg) 42.0+84 (28.0-62.0)
Biochemical data
Serum albumin (g/dL) 4.55+0.29 (3.2-5.4)
Serum creatinine (mg/dL) 0.71+0.13 (0.39-1.04)
Serum cystatin °C (mg/L) 0.70+0.10 (0.43-0.99)
Blood urea nitrogen (mg/dL) 13.4+3.3 (6.2-24.3)
Uric acid (mg/dL) 51+1.3 (1.6-8.5)
AST (IU/L) 21.3+6.6 (11-54)
ALT (IU/L) 19.1+10.5 (5-79)
FT3 (pg/mL) 3.35+0.35 (2.4-4.0)
FT4 (ng/dL) 1.26+0.16 (0.9-1.7)
TSH (plU/mL) 1.61+0.85 (0.51-4.52)

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase;
BMI, body mass index; BSA, body surface area; FT3, free
triiodothyronine; FT4, free thyroxine; Max, maximum; Min, minimum;
SD, standard deviation; TSH, thyroid stimulating hormone.

2.4 | Statistical analysis

The distributions of continuous variables were evaluated using the
Shapiro-Wilk test and histograms. Continuous data from demo-
graphic and clinical information were presented as means + standard
deviations, minima and maxima, or medians (interquartile ranges).
Allele frequencies of gene polymorphisms were evaluated according
to the Hardy-Weinberg equilibrium using chi-square tests. One-way
analysis of variance or Student's t tests and correlation tests with
Pearson's correlation coefficient (r) values were used to determine
differences and correlations between groups with continuous val-
ues for normal distributions. Kruskal-Wallis tests or Mann-Whitney
U tests and correlation tests with Spearman's p values were used
to determine differences and correlation between groups with con-
tinuous values for non-normal distributions. In comparisons among
the three groups, if the p values were <.05, the difference between
the two groups was analyzed by Student's t tests or Mann-Whitney
U tests with Bonferroni correction. Stepwise multiple regression
analysis was performed to confirm the independence of factors that
were significantly different in the univariate analysis. However, to
avoid multicollinearity, for factors that were clearly physiologically
related, the factor with the largest r value in the univariate analy-
sis was entered in the multivariate analysis. Each SLC transporter



ot "

YOKOYAMA ET AL.

40f7 m

gene polymorphism was categorized as “wild-type homozygotes and
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other genotypes” or “mutant-type homozygotes and other geno-
types.” That is, they were replaced by dummy variables and entered
into the stepwise selection multiple linear regression analysis. The
percent variation that could be explained by the stepwise selection
multiple regression equation was expressed as a coefficient of de-
termination (R?). Results with p values of <.05 were considered sta-
tistically significant. Statistical analyses were performed with SPSS
27.0 for Windows (SPSS IBM Japan Inc.).

3 | RESULTS

In total, 320 individuals were included in the study. The demographic
and clinical data of the participants are shown in Table 1. The aver-
age age was 46.6+13.5years, and 53.8% of the participants were
women. Because this study included a large number of healthy par-
ticipants, there was little variation in the biochemical data.

The genotype and allele distributions of each SLC trans-
porter gene polymorphism are shown in Table 2. The distributions
of SLC22A7 ¢.1586+206A>G, SLC22A2 c.808G>T, SLC22A3
c.-1233G>A, SLC47A1 ¢.922-158G>A, and SLC47A2 c.-130G>A
genotypes were in agreement with the Hardy-Weinberg equilibrium
(p=.246,.795, .716, .937, and .775, respectively).

The relationships of SCr concentrations with demographic fea-
tures, clinical characteristics, and SLC transporter genotypes are
shown in Table 3. The best correlation with the SCr concentration
was muscle mass (r = .731, p<.001). In addition to muscle mass,
there were relationships between SCr concentrations and body
fat percentage, uric acid concentrations, BSA, body weight, and
SCys-C concentrations with correlation coefficients >.5 (r = -.624,
.591, .583, .537, and .503, respectively). Moreover, as shown in
Figure S1, clear statistical relationships were found between muscle
mass and sex, body weight, and BSA. In addition, body fat percentage
was also related to sex and BMI. However, weak statistical relation-
ships were found between muscle mass and body fat percentage.

In addition, there were significant differences in SCr concentrations

among SLC47A2 c.-130G>A genotypes for five SLC transporter
polymorphisms (p = .017). The p values followed by Bonferroni cor-
rection for comparisons between each genotype were 0.014 (G/G
vs. G/A), 0.620 (G/G vs. A/A), and 1.000 (G/A vs. A/A).
Furthermore, when all factors were entered as explanatory
variables in the multivariate analysis, sign reversal concerning
slopes in the results of the univariate analysis was observed in body
weight, BMI, and FT3. Therefore, sex, body weight, BSA, BMI, and
FT3 were excluded from the explanatory variables entered in this
multivariate analysis to avoid multicollinearity. Independent fac-
tors that influenced SCr concentrations are shown in Table 4. Five
independent factors were identified by stepwise multiple linear
regression analysis. The SLC47A2 c.-130G > A genotype was an in-
dependent factor influencing SCr concentration (p = .005). Muscle
mass, SCys-C concentration, body fat percentage, serum albumin
concentration, and SLC47A2 ¢.-130G/G had the highest contribution
to SCr concentrations, in that order (standardized regression coef-
ficients = .505, .332, -.234, .123, and .084, respectively). The final

model explained 72.2% of the variability in SCr concentrations.

4 | DISCUSSION

In this study, we found that the SLC47A2 c.-130G > A polymorphism
affected SCr concentrations. Although inhibitors of SLC transport-
ers are known to increase SCr concentrations,?? the impact of the
SLC47A2 ¢.-130G> A polymorphism has not been reported in pre-
vious GWASs.Y18 Approximately 20% of Cr is secreted from the
proximal tubules in individuals with normal renal function, and tu-
bular secretion increases up to approximately 50% with a reduction
in GFR.2% Although the magnitude of the influence of the SLC47A2
¢.-130G > A polymorphism on SCr concentrations in this study was
small, depending on the level of GFR, this impact may increase.

In multivariate analysis to identify factors influencing SCr con-
centrations, the independent effects of the SLC47A2 c.-130G>A
polymorphism were confirmed. Although the NCBI-SNP database
(http://www.ncbi.nlm.nih.gov/SNP) currently lists over 1000 SNPs

TABLE 2 Genotypic and allelic distributions of SLC22A7, SLC22A2, SLC22A3, SLC47A1, and SLC47A2 polymorphisms

Genotyping Genotype
SLC22A7 c.1586+206A> G A/A A/G
(rs4149178) 281(87.8) 39(12.2)
SLC22A2 ¢.808G>T (rs316019)  G/G G/T
249 (77.8) 66(20.6)
SLC22A3 ¢.1233G> A G/G G/A
(rs2292334) 93(29.1) 156 (48.8)
SLC47A1 ¢.922-158G> A G/G G/A
(rs2289669) 97 (30.3) 159 (49.7)
SLC47A2 ¢.-130G> A G/G G/A
(rs12943590) 136 (42.5) 147 (45.9)

Note: Data are expressed as the number of participants (%).

Allele
G/G A G
0(0.0) 601 (93.9) 39 (6.1)
T/T G T
5(1.6) 564 (88.1) 76 (11.9)
A/A G A
71(22.2) 342 (53.4) 298 (46.6)
A/A G A
64 (20.0) 353(55.2) 287 (44.8)
A/A G A
37 (11.6) 419 (65.5) 221(34.5)
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TABLE 3 Relationships of serum creatinine concentrations with
demographic features, clinical characteristics, and SLC transporter
genotypes

r p value
Age (year) -0.100 .075
Body weight (kg) 0.537 <.001
BSA (m?) 0.583 <0.001
Body fat percentage (%) -0.624 <.001
BMI (kg/m?) 0.239 <.001
Muscle mass (kg) 0.731 <.001
Serum albumin (g/dL) 0.216 <.001
Serum cystatin C (mg/L) 0.503 <.001
Blood urea nitrogen (mg/dL) 0.186 .001
Uric acid (mg/dL) 0.591 <.001
AST (IU/L) 0.229 <.001
ALT (IU/L) 0.279 <.001
FT3 (pg/mL) 0.392 <.001
FT4 (ng/dL) 0.252 <.001
TSH (ulU/mL) -0.013% .819
Mean + SD (mg/dl) p value

Sex

Male 0.82+0.09 <.001

Female 0.61+0.08
SLC22A7 c.1586+206A>G

A/A 0.71+0.13 .660

A/G 0.72+0.13
SLC22A2 c.808G>T

G/G 0.70 (0.60-0.82)° .685

G/T 0.70(0.57-0.79)°

T 0.71(0.66-0.77)°
SLC22A3 c.1233G>A

G/G 0.70+0.12 764

G/A 0.71+0.14

A/A 0.70+0.12
SLC47A1 c.922-158G>A

G/G 0.70+0.13 .924

G/A 0.71+0.14

A/A 0.71+0.13
SLC47A2 c.-130G>A

G/G 0.73+0.13 .017

G/A 0.69+0.13

A/A 0.70+0.13

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase;
BMI, body mass index; BSA, body surface area; FT3, free
trilodothyronine; FT4, free thyroxine; SD, standard deviation; TSH,

thyroid stimulating hormone.
a

p-
®Median (quartile range).
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in SLC47A2 genes, the most well-known gene variant involved in the

pharmacokinetics-pharmacodynamics of drugs, the substrate of
MATE2-K, is the SLC47A2 c.-130G > A polymorphism, which is in the
5'-untranslated region.?* The SLC47A2 c.-130G>A polymorphism
has been reported to affect the blood concentration of metformin,
a substrate of MATE2-K.?° In a physiology-based pharmacokinetic
model incorporating inhibition by trimethoprim in the tubular secre-
tion of Cr via SLC transporters, MATE2-K was found to be a major
transporter in the proximal tubules.*® In our previous study, we
found that SCr concentrations were increased in more than 90% of
patients taking trimethoprim, probably in relation to SLC transporter
inhibition by this drug.?® In this study, the group with SLC47A2 c.-
130G/G had higher SCr concentrations than that with the A allele.
This result is consistent with the effects of the SLC47A2 c.-130G > A
gene polymorphism on the secretion clearance of metformin, a sub-
strate of MATE2-K, in the tubules.?’ Additionally, myeloid zinc finger
1 is known to repress MATE2-K transcription, and this transcription
factor has a higher binding affinity for the SLC47A2 c.-130G allele
than for the A allele.?® Therefore, the SLC47A2 ¢.-130G > A polymor-
phism may be an independent factor influencing SCr concentrations.

Muscle mass was the most important factor for predicting SCr
concentrations. Cr is a metabolite generated via muscle metabolism in
vivo and is excreted in urine via the glomerulus and proximal tubule.?
In other words, the interpretation of this value is important for avoid-
ing overestimation of GFR based on the SCr concentration because a
decrease in muscle mass decreases the SCr concentration.? Muscle
mass is lower in women, the elderly, smaller individuals, and those
with poorer nutritional status. Therefore, the GFR prediction equation
incorporates not only the SCr concentration but also information on
sex, age, and body size, such as weight and BSA.2 That is, it is not
surprising that muscle mass was found to be an independent predic-
tor in this analysis. SCys-C concentration was also the second most
influential factor after muscle mass for predicting SCr concentrations
in multivariate analysis. SCys-C concentration-based eGFR more ac-
curately reflects actual GFR than SCr concentration-based eGFR.2%%0
Therefore, the high contribution of SCys-C concentrations in predict-
ing SCr concentrations must reflect the influence of the glomerular
filtration of Cr. The fact that muscle mass had a higher contribution to
SCr concentration than did SCys-C concentration in our results may be
explained by the inclusion of healthy adults as study participants in this
study. That is, the reason may be that SCys-C was distributed within
a narrow range of normal values. Body fat percentage was also the
third most influential factor after SCys-C concentrations for predicting
SCr concentrations in multivariate analysis. Xiaojie et al. reported that
urinary excretion via glomerular filtration of Cr is higher in adults with
higher body fat percentages.31 Because the body fat percentage and
SCr were negatively correlated in this study, our results may support
the association between high percentages for these factors and ex-
cess glomerular filtration of Cr in previous studies. Furthermore, the
results of this study indicated that albumin and SCr concentrations are

positively correlated. Indeed, renal function has been reported to be
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TABLE 4 Stepwise multiple linear regression analysis for identifying independent variables influencing serum creatinine
Independent variable Slope SE SRC p value
Muscle mass (kg) 0.008 0.001 0.505 <.001
Serum cystatin C (mg/L) 0.418 0.040 0.332 <.001
Body fat percentage (%) -0.005 0.001 -0.234 <.001
Serum albumin (g/dL) 0.056 0.014 0.123 <.001
SLC47A2 c.-130G/G 0.022 0.008 0.084 .005

Note: Intercept = -0.079 (SE = 0.079), R? = .722.

Abbreviations: SE, standard error; SRC, standardized regression coefficient.

overestimated in patients with hypoalbuminemia owing to increased
tubular secretion of Cr.2 These easily interpretable results may be at-
tributed to the fact that the participants in our study were healthy
adults.

This study had several limitations. First, the sample size in our
study was very small. Recently reported GWASs have identified
multiple SNPs that may affect tubular secretion of Cr, based on
data from over a million individuals.'*® Not surprisingly, it was not
possible to examine the effects of all these SNPs on SCr concentra-
tions in our study. Therefore, future studies with larger sample sizes
should examine the effects of these SNPs on SCr concentrations.
Second, because of regional bias, these results may not be gener-
alizable to other populations. Not surprisingly, the impact of ethnic
differences on SCr concentrations also could not be examined in this
study. Third, information on the diet and exercise history the day
before the physical examination and the most recent smoking his-
tory was not obtained. These factors have been reported to affect
SCr concentrations.®?3® However, our study was able to incorporate
muscle mass, which affects Cr metabolism, and SCys-C concentra-
tions, which reflect the glomerular filtration capacity of Cr, into this
analysis as measured values. Furthermore, bias by disease and medi-
cations taken that may affect SCys-C concentrations and tubular se-
cretion of Cr was largely excluded from this analysis. Therefore, the
SLC47A2 c.-130G > A polymorphism may affect the tubular secretion
of Cr. Although the results of this study suggested that the impact
of the SLC47A2 c.-130G > A polymorphism on the SCr concentration
in healthy adults is quite small, the contribution of tubular secretion
to the renal clearance of Cr is not constant in all patients.?>3*%° |n
other words, the SLC47A2 c.-130G > A SNP information may explain
the gap between SCr concentration-based eGFR and actual GFR in
patients in whom the tubular secretion compensates for the reduced
contribution of glomerular filtration. In addition, if transporters
other than MATE2-K in the proximal tubules have reduced function,
this transporter may compensate for the reduced function and me-
diate Cr efflux into the urine.®

In conclusion, the SLC47A2 c.-130G > A polymorphism may af-
fect Cr dynamics in the proximal tubules. Further studies are needed
to determine the effects of SLC transporter gene polymorphisms on
SCr concentrations in patients with various diseases in real-world
clinical settings.

AUTHOR CONTRIBUTIONS

Takenori Niioka was involved in conceptualization. Satoshi
Yokoyama and Takenori Niioka were involved in data analysis.
Satoshi Yokoyama, Junichi Nakagawa, Masakiyo Kudo, Naoya
Aiuchi, Tatsuya Seito, and Takenori Niioka were involved in data
collection. Satoshi Yokoyama was involved in writing—original
draft preparation. Junichi Nakagawa and Takenori Niioka were in-
volved in writing—review and editing. Mizuri Isida, Tatsuya Mikami,
Kazushige Ihara, Shigeyuki Nakaji, and Takenori Niioka were in-
volved in project administration. All authors read and approved
the final manuscript.

ACKNOWLEDGMENTS
We are extremely grateful to all the participants in the lwaki Health
Promotion Project and to the entire staff, who were involved in con-

ducting interviews and collecting the data.

FUNDING INFORMATION
This work was supported by JST COI (grant number: JPMJCE1302).

CONFLICT OF INTEREST
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

Data are available from the Hirosaki University COl Program
Institutional Data Access/Ethics Committee for researchers who
meet the criteria for access to the data. Researchers need to have
prior approval from the research ethics review boards of their re-
spective affiliations.

ETHICS STATEMENT
The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of

Hirosaki University Graduate School of Medicine.

ORCID
Satoshi Yokoyama ¥ https://orcid.org/0000-0003-3031-6287
Junichi Nakagawa "= https://orcid.org/0000-0003-2340-2267
https://orcid.org/0000-0001-6675-7143

https://orcid.org/0000-0002-4560-6423

Naoya Aiuchi
Takenori Niioka


https://orcid.org/0000-0003-3031-6287
https://orcid.org/0000-0003-3031-6287
https://orcid.org/0000-0003-2340-2267
https://orcid.org/0000-0003-2340-2267
https://orcid.org/0000-0001-6675-7143
https://orcid.org/0000-0001-6675-7143
https://orcid.org/0000-0002-4560-6423
https://orcid.org/0000-0002-4560-6423

YOKOYAMA ET AL.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney dis-
ease. Lancet. 2017;389(10075):1238-1252.

Levey AS, Titan SM, Powe NR, Coresh J, Inker LA. Kidney
disease, race, and GFR estimation. Clin J Am Soc Nephrol.
2020;15(8):1203-1212.

Inker LA, Titan S. Measurement and estimation of GFR for
use in clinical practice: core curriculum 2021. Am J Kidney Dis.
2021;78(5):736-749.

Filler G, Yasin A, Medeiros M. Methods of assessing renal function.
Pediatr Nephrol. 2014;29(2):183-192.

Kampmann JP, Hansen JM. Glomerular filtration rate and creatinine
clearance. Br J Clin Pharmacol. 1981;12(1):7-14.

Stevens LA, Levey AS. Measured GFR as a confirmatory test for
estimated GFR. J Am Soc Nephrol. 2009;20(11):2305-2313.

Nakata J, Ohsawa |, Onda K, et al. Risk of overestimation of kidney
function using GFR-estimating equations in patients with low inulin
clearance. J Clin Lab Anal. 2012;26(4):248-253.

Horio M, Imai E, Yasuda Y, et al. Serum albumin, but not gly-
cated albumin was a potent factor affecting the performance
of GFR equation based on serum creatinine. Clin Exp Nephrol.
2015;19(2):284-292.

Mariani LH, Berns JS. The renal manifestations of thyroid disease. J
Am Soc Nephrol. 2012;23(1):22-26.

Inker LA. Albuminuria: time to focus on accuracy. Am J Kidney Dis.
2014;63(3):378-381.

Benoit SW, Ciccia EA, Devarajan P. Cystatin C as a biomarker of
chronic kidney disease: latest developments. Expert Rev Mol Diagn.
2020;20(10):1019-1026.

Chu X, Bleasby K, Chan GH, Nunes I, Evers R. The complexities of
interpreting reversible elevated serum creatinine levels in drug de-
velopment: does a correlation with inhibition of renal transporters
exist? Drug Metab Dispos. 2016;44(9):1498-1509.

Nakada T, Kudo T, Kume T, Kusuhara H, Ito K. Estimation of changes
in serum creatinine and creatinine clearance caused by renal trans-
porter inhibition in healthy subjects. Drug Metab Pharmacokinet.
2019;34(4):233-238.

Zolk O. Current understanding of the pharmacogenomics of met-
formin. Clin Pharmacol Ther. 2009;86(6):595-598.

Todd JN, Florez JC. An update on the pharmacogenomics of met-
formin: progress, problems and potential. Pharmacogenomics.
2014;15(4):529-539.

Arpegard J, Viktorin A, Chang Z, de Faire U, Magnusson PK,
Svensson P. Comparison of heritability of cystatin C- and creatinine-
based estimates of kidney function and their relation to heritability
of cardiovascular disease. J Am Heart Assoc. 2015;4(1):e001467.
Wouttke M, Li Y, Li M, et al. A catalog of genetic loci associated with
kidney function from analyses of a million individuals. Nat Genet.
2019;51(6):957-972.

Stanzick KJ, Li Y, Schlosser P, et al. Discovery and prioritization of
variants and genes for kidney function in >1.2 million individuals.
Nat Commun. 2021;12(1):4350.

Kato N, Loh M, Takeuchi F, et al. Trans-ancestry genome-wide
association study identifies 12 genetic loci influencing blood
pressure and implicates a role for DNA methylation. Nat Genet.
2015;47(11):1282-1293.

Nakaji S, Ihara K, Sawada K, et al. Social innovation for life expec-
tancy extension utilizing a platform-centered system used in the
lwaki health promotion project: a protocol paper. SAGE Open Med.
2021;9:20503121211002606.

Kawai Y, Mimori T, Kojima K, et al. Japonica array: improved geno-
type imputation by designing a population-specific SNP array with
1070 Japanese individuals. J Hum Genet. 2015;60(10):581-587.
Mathialagan S, Rodrigues AD, Feng B. Evaluation of renal trans-
porter inhibition using creatinine as a substrate in vitro to

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

BRITISH 7 Of 7
P PHARMACOLOGICAL:
SOCIETY

assess the clinical risk of elevated serum creatinine. J Pharm Sci.
2017;106(9):2535-2541.

Levey AS, Perrone RD, Madias NE. Serum creatinine and renal func-
tion. Annu Rev Med. 1988;39:465-490.

Nies AT, Damme K, Kruck S, Schaeffeler E, Schwab M. Structure
and function of multidrug and toxin extrusion proteins (MATEs) and
their relevance to drug therapy and personalized medicine. Arch
Toxicol. 2016;90(7):1555-1584.

Stocker SL, Morrissey KM, Yee SW, et al. The effect of novel
promoter variants in MATE1 and MATE2 on the pharmacokinet-
ics and pharmacodynamics of metformin. Clin Pharmacol Ther.
2013;93(2):186-194.

Yokoyama S, Nakagawa J, Aiuchi N, Seito T, Niioka T. Impact of
trimethoprim on serum creatinine, sodium, and potassium con-
centrations in patients taking trimethoprim-sulfamethoxazole
without changes in glomerular filtration rate. J Clin Pharm Ther.
2022;47:1409-1417. doi:10.1111/jcpt.13679

Chung JY, Cho SK, Kim TH, et al. Functional characterization of
MATE2-K genetic variants and their effects on metformin pharma-
cokinetics. Pharmacogenet Genomics. 2013;23(7):365-373.

Choi JH, Yee SW, Ramirez AH, et al. A common 5'-UTR variant
in MATE2-K is associated with poor response to metformin. Clin
Pharmacol Ther. 2011;90(5):674-684.

Dharnidharka VR, Kwon C, Stevens G. Serum cystatin C is superior
to serum creatinine as a marker of kidney function: a meta-analysis.
Am J Kidney Dis. 2002;40(2):221-226.

Shlipak MG, Matsushita K, Arnlév J, et al. Cystatin C versus creat-
inine in determining risk based on kidney function. N Engl J Med.
2013;369(10):932-943.

Gong X, Liang L, Chen Q, et al. Association between body compo-
sition and glomerular Hyperfiltration among Chinese adults. Ther
Apher Dial. 2020;24(4):439-444.

Nair S, O'Brien SV, Hayden K, et al. Effect of a cooked meat meal
on serum creatinine and estimated glomerular filtration rate
in diabetes-related kidney disease. Diabetes Care. 2014;37(2):
483-487.

Yamada Y, Noborisaka Y, Ishizaki M, et al. Different association
of cigarette smoking with GFR estimated from serum creatinine
and that from serum cystatin C in the general population. Clin Exp
Nephrol. 2015;19(4):669-677.

Walser M. Assessing renal function from creatinine measure-
ments in adults with chronic renal failure. Am J Kidney Dis.
1998;32(1):23-31.

Zhang X, Rule AD, McCulloch CE, Lieske JC, Ku E, Hsu CY. Tubular
secretion of creatinine and kidney function: an observational study.
BMC Nephrol. 2020;21(1):108.

Dujic T, Zhou K, Yee SW, et al. Variants in pharmacokinetic trans-
porters and glycemic response to metformin: a metgen meta-
analysis. Clin Pharmacol Ther. 2017;101(6):763-772.

ASPET

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Yokoyama S, Nakagawa J, Kudo M,
et al. Impact of solute carrier transporter gene
polymorphisms on serum creatinine concentrations in
healthy volunteers. Pharmacol Res Perspect. 2023;11:e01048.
doi:10.1002/prp2.1048


https://doi.org//10.1111/jcpt.13679
https://doi.org/10.1002/prp2.1048

	Impact of solute carrier transporter gene polymorphisms on serum creatinine concentrations in healthy volunteers
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design and participants
	2.2|Data collection
	2.3|Genotyping
	2.4|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


