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Background/aim: To elucidate the mechanism responsible for developing acute kidney injury 

in patients with diabetes mellitus, we also evaluated the issue of whether advanced glycation 

endproducts (AGEs) influence the expressions of multi antimicrobial extrusion protein (MATE1/

SLC47A1) in tubular cells.

Materials and methods: To detect changing expression of MATE1/SLC47A1 in dose- and 

time-dependent manners, human proximal tubular epithelial cells were incubated with AGE-

aggregated-human serum albumin. As a function assay for MATE1/SLC47A1, human proximal 

tubular epithelial cells were incubated with cisplatin or carboplatin.

Results: On incubation with AGEs, the expressions of MATE1/SLC47A1 were decreased 

in tubular cells. In addition, the toxicities of cisplatin were increased in tubular cells that had 

been pretreated with AGEs. However, the toxicities of carboplatin were smaller than that of 

cisplatin in proximal tubular epithelial cells.

Conclusion: The expression of the MATE1/SLC47A1 is decreased by AGEs, which increases 

the risk for proximal tubular injury.

Keywords: advanced glycation endproducts, cisplatin, SLC47A1, diabetes mellitus, acute 

kidney injury

Introduction
Platinum agents are commonly used for the treatment of solid tumors. While these 

drugs play an essential role in cancer chemotherapy, the development of severe 

nephrotoxicity can lead to a poor prognosis. Renal injury induced by cisplatin pri-

marily occurs in proximal tubules,1 where the tubular injury causes a decrease in the 

glomerular filtration rate.2 Because of this decrease in the glomerular filtration rate, 

the elimination of cisplatin is delayed in patients with cancer, and, as a result, tubular 

and glomerular injuries subsequently develop. Organic cation transporter in proximal 

tubular epithelial cells play an important role in the elimination of cisplatin.3 The multi 

antimicrobial extrusion protein (MATE1/SLC47A1) is expressed at the brush-border 

membrane in proximal tubular epithelial cells and aids in the excretion of cationic 

compounds from epithelial cells to the urine. Therefore, MATE1/SLC47A1 plays an 

essential role in the elimination of cisplatin.4

To predict and/or prevent acute kidney injury (AKI) induced by cisplatin, we 

explored some of the risk factors for AKI. Our findings indicated that diabetes mellitus 

(DM) was a risk factor for severe AKI that is induced by cisplatin.5 However, the 

mechanism responsible for developing AKI in patients with DM remains unclear. 

Advanced glycation endproducts (AGEs) interact with the cell-surface receptor 
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for AGE, which then induces cellular oxidant stress, thus 

activating the transcription factor nuclear factor-κB.6,7 An 

activation of nuclear factor-κB accelerates the production 

of inflammatory cytokines8–11 and extracellular matrix 

synthesis;12–15 thus, tissue inflammation and cell apoptosis are 

induced. AGEs are filtered in the glomerulus, and the filtrate 

moves through the proximal tubules. Although proximal 

tubular epithelial cells are exposed to AGEs, the effect on the 

expression of renal transporters is unclear. To elucidate the 

mechanism responsible for developing AKI in patients with 

DM, we investigated the issue of whether AGEs influence 

the expression of MATE1/SLC47A1 in tubular cells.

Materials and methods
Agents and antibodies
Human serum albumin (HSA) was purchased from Bio 

Verde (Kyoto, Japan). l-Lysine was purchased from Merck 

(Darmstadt, Germany). d-Glucose was purchased from 

Wako (Osaka, Japan). QuantiTect Primer Assay (SLC47A1 

and GAPDH) was purchased from Qiagen (Venlo, the 

Netherlands). Power SYBR Green Cell to Cell kit™ was 

purchased from Life Technologies (Carlsbad, CA, USA). 

Rabbit antihuman MATE/SLC47A1 polyclonal antibody was 

purchased from LifeSpan BioSciences (Seattle, WA, USA). 

Rabbit IgG as an isotype control and Alexa Flour 647™ 

goat antirabbit IgG polyclonal antibody were purchased 

from Invitrogen (Carlsbad, CA, USA). Human renal proxi-

mal tubule epithelial cells were purchased from Takara Bio 

(Otsu, Japan). Renal epithelial cell growth kit and medium 

were also purchased from Takara Bio. Fetal bovine serum 

was purchased from Invitrogen. Six- or 96-well plates were 

purchased from Becton Dickinson (San Jose, CA, USA). 

Dimethyl sulfoxide was purchased from Sigma (Tokyo, 

Japan). Cisplatin and carboplatin were purchased from 

Wako. XTT-kit was purchased from Roche Applied Science 

(Penzberg, Germany).

Preparation of AGE-aggregated-HSA 
(AGE-a-HSA)
Aggregated-HSA (a-HSA) was prepared as reported 

previously.16 AGE-a-HSA was prepared according to a 

previous report.17 Briefly, a solution of 10 mg/mL a-HSA, 

400 mg/dL d-glucose, and 0.1 M l-lysine in 0.2 M phosphate-

buffered saline was incubated at 50°C for 24 hours. The final 

products were identified by measuring the emission at 430 nm 

upon excitation at 360 nm using a spectrofluorometer (Jasco 

FP-777; Jasco, Tokyo, Japan). Each solution was sterilized 

using a filter unit prior to incubation.

Cell cultures
Human proximal tubular epithelial cells were incubated in 

renal epithelial cell growth medium with 10% fetal bovine 

serum in 6- or 96-well plate and cultured at 37°C for 4 days. 

All experiments were performed during the third to fifth 

passage.

Real-time RT-PCR and expression of MATE1/
SLC47A1 on proximal tubular epithelial cells under 
AGE-a-HSA
To detect changing expression of MATE1/SLC47A1 

in dose- and time-dependent manners, human proximal 

tubular epithelial cells were incubated with a-HSA or 

AGE-a-HSA. The dose dependency of the effects after 

a-HSA or AGE-a-HSA treatment was investigated accord-

ing to previous report;13 the cells were incubated with 

a-HSA or AGE-a-HSA (0, 1.25, 2.5, and 3.75 mg/mL) 

for 24 hours (n=6, at each groups). A serum-free proximal 

tubular epithelial cell growth medium was used as a control 

medium. In addition, to investigate the time dependence of 

effects after a-HSA or AGE-a-HSA treatment, the cells were 

incubated with AGE-a-HSA (2.5 mg/mL) for 0, 6, 12, and 

24 hours (n=6, at each time point). RNA extraction, reverse-

transcription to generate cDNA, and quantitative RT-PCR 

were performed using a Power SYBR green Cells-to-CT 

kit™, according to the manufacturer’s instructions. Real-

time PCR was performed with the 7500 Real-Time PCR 

System (Applied Biosciences) using SYBR Green primer 

sets (QuantiTect Primer Assay, SLC47A1, and GAPDH). All 

data are expressed as relative differences after normalization 

against GAPDH mRNA.

Flow cytometry analysis and the expression 
of MATE1/SLC47A1 on proximal tubular epithelial 
cells incubated with AGE-a-HSA
To investigate the change in expression of MATE1/

SLC47A1, human proximal tubular epithelial cells were 

incubated for 24 hours in serum-free renal epithelial cell 

growth medium (control), cell growth medium with a-HSA 

(2.5 mg/mL), or AGE-a-HSA (2.5 mg/mL). The cells were 

fixed by treatment with 90% methanol for 5 minutes at 4°C 

and then incubated with rabbit antihuman MATE1/SLC47A1 

polyclonal antibody, or rabbit IgG as an isotype control for 

30 minutes at room temperature, following incubation with 

Alexa Fluor 647™ gout antirabbit IgG polyclonal antibody 

for 30 minutes at room temperature in the dark. To detect 

expression changes on cell surfaces, the geometric mean titers 

of MATE1/SLC47A1 were evaluated by a BD FACSCanto 
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flow cytometer II (Becton Dickinson) using 10,000 events. 

The experiments were repeated six times.

Human proximal tubular epithelial 
cells viability incubated with cisplatin 
or carboplatin
To investigate the effects of AGE-a-HSA for the function of 

MATE1/SLC47A1, human proximal tubular epithelial cells 

were incubated with cisplatin. The cells were preincubated 

with a-HSA or AGE-a-HSA (2.5 mg/mL) for 24 hours (n=6, 

at each groups). Proximal tubular epithelial cell growth 

medium containing sterilized dimethyl sulfoxide (0.07%) 

was used as a vehicle medium. The cells were then washed 

with phosphate-buffered saline and incubated with cispla-

tin (500 µM)18 or carboplatin (500 µM) for 24 hours. Cell 

viability was determined by the XTT assay. XTT assay was 

conducted according to a previous report.19 In brief, a freshly 

prepared XTT-phenazine methosulfate labeling mixture 

(50 µL) was added to the cell culture medium. The absorbance 

was measured at 450 nm after 8 hours of incubation. The cell 

viability was measured from absorbance, and the viability 

rates of control (with vehicle) were calculated as 100%.

Statistical analysis
Continuous data are presented as the mean ± standard error, 

and nominal data are presented as numbers (percentages). 

Statistical differences among multiple groups were analyzed 

with Kruskal–Wallis tests, followed by the Scheffe test for 

multiple group comparisons. In these tests, a two-sided value 

of P,0.05 was considered significant. SPSS v22.0 software 

(SPSS, Chicago, IL, USA) was used for statistical analysis.

Results
Expression of MATE1/SLC47A1 under 
the conditions of AGE-a-HSA
The expressions of MATE1/SLC47A1 mRNA in human 

proximal tubular epithelial cells under a-HSA or AGE-a-HSA 

are shown in Figure 1. The expressions of MATE1/

SLC47A1 were decreased in a dose-dependent manner 

(Figure 1A and B). From these results, the concentrations of 

a-HSA and AGE-a-HSA were determined to be 2.5 mg/mL. 

At this concentration, the exposure of a-HSA did not affect 

the expressions of MATE1/SLC47A1, whereas AGE-a-HSA 

decreased them in a time-dependent manner.

We next examined the change in the protein levels of 

MATE1/SLC47A1 using flow cytometry analysis. The 

expressions of the MATE1/SLC47A1 protein were signifi-

cantly decreased on incubation with AGE-a-HSA but not 

with a-HSA alone (Figure 2A and B).

Effect of cisplatin or carboplatin on cell 
viability by pretreatment with AGE-a-HSA
To evaluate the function of MATE1/SLC47A1 after treat-

ment with AGE-a-HSA, we measured cell viability. In cis-

platin incubation, cell viability in the case of AGE-a-HSA 

incubation was significantly lower than that in control and 

a-HSA incubation, and no significant differences between 

vehicle and a-HSA incubation were found (Figure 3). In 

carboplatin incubation, there were no significant differences 

among control, a-HSA, and AGE-a-HSA groups (Figure 3). 

No significant differences were found between vehicle and 

carboplatin groups (Figure 3).

Figure 1 Effects of AGE-a-HSA on the gene expression of MATE1/SLC47A1.
Notes: (A) Exposure of AGE-a-HSA decreased gene expression of MATE1/SLC47A1 in a dose-dependent manner. a-HSA and AGE-a-HSA were incubated with various 
concentrations for 24 hours. (B) Exposure of AGE-a-HSA decreased gene expression of MATE1/SLC47A1 in a time-dependent manner. The concentrations of incubated 
a-HSA and AGE-a-HSA were 2.5 mg/mL. The amount of MATE1/SLC47A1 mRNA was normalized to that of GAPDH and was expressed as a ratio against the control. Bars 
represent the mean ± standard error (SE). *P,0.05 and **P,0.01 vs control (Scheffe test).
Abbreviations: AGE-a-HSA, advanced glycation endproduct aggregated human serum albumin; MATE, multi antimicrobial extrusion protein; TG2, transglutaminase 2.
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Discussion
In a previous study, we showed that DM was the high-risk 

factor for cisplatin-induced AKI.5 However, no attempt was 

made to identify the mechanism for the development of AKI 

in patients with DM. MATE1/SLC47A1, an organic cation 

transporter in proximal tubular epithelial cells, mediates the 

tubular secretion of cationic drugs or platinum agents from the 

blood to the urine. Therefore, some previous reports have 

suggested that MATE1/SLC47A1 was involved in the neph-

rotoxicity caused by cisplatin.3,18,20 These previous reports also 
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Figure 2 Effects of AGE-a-HSA on the expression of the MATE1/SLC47A1 protein.
Notes: (A) Exposure of AGE-a-HSA decreased expressions of MATE1/SLC47A1 protein. The concentrations of incubated AGE-a-HSA were 2.5 mg/mL. (B) Geometric 
mean titers of expressions of MATE1/SLC47A1 protein were decreased by exposure to AGE-a-HSA. The geometric mean titers of MATE1/SLC47A1 were evaluated by 
FACS analysis using 10,000 events. Bars represent the mean ± standard error (SE). *P,0.05 vs control and **P,0.05 vs a-HSA (Scheffe test).
Abbreviations: APC, allophycocyanin; AGE-a-HSA, advanced glycation endproduct aggregated human serum albumin; MATE, multi antimicrobial extrusion protein.

Figure 3 Cell proliferation after 24-hour incubation with cisplatin or carboplatin.
Notes: Human renal tubular cells were pretreated with a-HSA or AGE-a-HSA for 24 hours and incubated in vehicle or a cisplatin containing medium for 24 hours. The cell 
viability was measured from absorbance, and the viability rates of control (with vehicle) were calculated as 100%. There were no significant differences between vehicle and 
carboplatin groups. Bars represent the mean ± standard error (SE). *P,0.01 vs vehicle, **P,0.01 vs carboplatin, and ***P,0.01 vs cisplatin with pretreatment of AGE-a-HSA 
(Scheffe test).
Abbreviation: AGE-a-HSA, advanced glycation endproduct aggregated human serum albumin.
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elucidated the association between the clearance of cationic 

drugs and the toxicity of cisplatin; however, the function of 

MATE1/SLC47A1 was unclear in patients with DM.

AGEs promote endothelial permeability and the migration 

of blood monocytes.21,22 Under normal physiological condi-

tions, AGEs are cleared from the body via the kidney, follow-

ing their degradation by reductase enzymes within cells such 

as macrophages or mesangial cells. In metabolic conditions, 

however, there is a marked increase in a number of factors 

that promote the formation and accumulation of AGEs.23 As 

a result of the accumulation of AGEs, a marked increase in 

oxidative stress occurs.24,25 Thus, circulating AGEs contribute 

to the promotion of end-stage renal disease through their 

accumulation in tissues.26–28

AGEs are removed by filtration in the glomeruli, and 

proximal tubular epithelial cells are consistently exposed to 

AGEs, although the effects of AGEs on the function of renal 

transporters remain unclear. In the present study, we used 

an AGE model protein (AGE-a-HSA), which was produced 

using a-HSA, and investigated the issue of whether AGEs 

have the regulation of MATE1/SLC47A1 expression. After 

incubation in the presence of the AGE-a-HSA preparation, 

the expression of MATE1/SLC47A1 decreased in higher 

dose- and time-dependent manners. Interestingly, the toxic-

ity of cisplatin was increased in proximal tubular epithelial 

cells that had been preincubated with AGEs. However, the 

toxicity of carboplatin was smaller than that of cisplatin in 

proximal tubular epithelial cells that had been preincubated 

with AGEs.

Yokoo et al reported that carboplatin is not transported 

by organic cation transporter and MATE1/SLC47A1;29 thus, 

the toxicity of carboplatin was not affected by decreasing the 

expression of MATE1/SLC47A1.

These data indicate that the expression and function of 

MATE1/SLC47A1 were decreased as the result of AGE 

incubation, whereas a-HSA incubation did not affect those. In 

previous studies, AKI models and chronic renal failure models 

showed a decrease in the level of MATE1 in the kidney.30–33 

There were no reports showing that AGEs cause a decrease in 

the expression of the cation transporter in renal tubular cells, 

thus making this the first report of this phenomenon.

Conclusion
In conclusion, the expression of MATE1/SLC47A1 is 

decreased by AGEs, which increases the risk for proximal 

tubular injury. Based on these results, a new proposed 

mechanism for cisplatin-induced proximal tubular injury 

can be made.
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