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Abstract: Background: Cisplatin (CDDP) is one of the most widely used anticancer drugs, but CDDP often leads to 

nephrotoxicity, which limits its clinical effectiveness. Magnesium (Mg) supplementation is recommended for the avoidance of 

CDDP-induced nephrotoxicity. However, there is a concern that exposing cancer cells to Mg may suppress the antitumor effect of 

CDDP. Methods: Transporter expression, intracellular platinum and Mg levels, and cytotoxicity of CDDP after Mg exposure 

were assessed in human hepatocellular carcinoma (HepG2) and human ovarian carcinoma (2008) cells. Results: In HepG2 cells, 

Mg exposure significantly increased mRNA levels of multidrug and toxin extrusion 1 (MATE1), which mediates the renal 

excretion of CDDP, but did not alter its protein levels, including those of organic cation transporter 1 (OCT1), which mediates 

CDDP uptake in renal tubular and cancer cells, and multidrug resistance-associated protein 2 (MRP2), which mediates CDDP 

efflux in cancer cells. In 2008 cells, MATE1 protein expression could not be detected, but a slight increase in MRP2 and OCT1 

protein expression was observed after Mg exposure. Intracellular Mg levels were significantly increased due to Mg exposure in 

both cells. However, intracellular platinum levels and cytotoxicity of CDDP were not affected in both cells, even with 2 mM Mg 

co-exposure. Conclusion: This study found that Mg exposure only slightly changed transporter expression and did not affect 

intracellular platinum levels and CDDP cytotoxicity in HepG2 and 2008 cells. Thus, Mg supplementation can be used to avoid 

CDDP-induced renal toxicity without affecting the accumulation of CDDP in cancer cells and its cytotoxicity. 
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1. Introduction 

Cisplatin (CDDP) is an anticancer agent containing 

platinum. CDDP is used to treat different solid cancers such as 

ovarian cancer, non-small cell lung cancer, bladder cancer, and 

head and neck cancer. It is also one of the most widely used 

anticancer drugs and is incorporated into various treatment 

regimens for preoperative and postoperative adjuvant 

chemotherapy, advanced cancer and recurrent cancer. CDDP 

has known side effects such as nephrotoxicity, emetic property, 

hearing impairment, and peripheral neuropathy. Among them, 

nephrotoxicity is important and is a dose-limiting factor for 

CDDP. Various methods for reducing CDDP nephrotoxicity 

have been studied. Infusion and diuresis before and after 

CDDP administration are believed to reduce nephrotoxicity by 

lowering the concentration of CDDP in urine, thereby 

shortening the contact time between CDDP and the renal 

tubule [1, 2]. Although renal toxicity of CDDP is reduced by 

infusion, it cannot be completely avoided. Hence, further 

development of supportive therapy is needed. 

Serum magnesium (Mg) has been known to decrease after 

CDDP administration [3, 4] and is a cationic metal element 

besides potassium in the human body. It is required for energy 

production, oxidative phosphorylation, and glycolysis, and it 

aids in the development of the skeletal system. Mg is also 

necessary for the synthesis of DNA, RNA, and the antioxidant, 

glutathione [5, 6]. In patients with normal renal function, Mg 

is filtered in the glomerulus. 20% is reabsorbed from the 

proximal tubule, 70% from the thick ascending limb of Henle, 
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and 5% from the distal tubule. Hence, only 5% is excreted in 

urine. The decrease in serum Mg observed after CDDP 

administration is considered to be due to the decrease in Mg 

reabsorption associated with tubular damage caused by CDDP 

[7, 8]. 

In a study of CDDP’s impact on renal injury, its effects on 

transporters were also reported. When kidney tissue sections 

are cultured in CDDP-containing medium, tissue CDDP 

concentration is approximately five-fold higher than that 

found in the medium [9]. In fact, in the proximal tubule of 

CDDP-treated rats, severe renal damage was observed early 

after administration [10]. CDDP is carried into the kidney by 

transporters expressed in the proximal tubule basolateral 

membrane, thereby causing strong toxicity in the proximal 

tubule. It accumulates in tubular cells in the kidney via the 

organic cation transporter (OCT) and is excreted in the tubular 

lumen via the H
+
/organic cation transporter, multidrug and 

toxin extrusion (MATE) [11]. When serum Mg concentration 

is lowered, the expression level of OCT increases and MATE 

activity weakens, resulting in excessive accumulation of 

CDDP in tubular cells, which causes acute kidney injury [12, 

13]. 

In the clinic, Mg supplementation is performed to prevent 

renal injury [14, 15]. Although this supplementation is 

expected to affect the expression level and activity of 

transporters in the kidney, ultimately leading to renal 

accumulation of CDDP [16], it is unclear whether Mg 

supplementation may influence the accumulation and 

antitumor effect of CDDP in cancer cells. In this study, we 

examined the effect of the combined use of Mg on cell growth 

inhibitory effect, intracellular accumulation of CDDP, and 

transporter expression in two types of cancer cells. 

2. Materials and Methods 

2.1. Cell Culture 

Human hepatocellular carcinoma (HepG2) cells and human 

ovarian carcinoma (2008) cells were purchased from 

Dainippon Pharmaceutical (Osaka, Japan). Cells were 

maintained in minimum essential medium (Nacalai Tesque, 

Kyoto, Japan) containing 10% fetal bovine serum at 37°C in 

humidified air with 5% CO2. 

2.2. Mg Exposure 

Mg concentration in the medium containing cells was 0.5 

mM. Normal Mg concentration in human serum is 

approximately 1 mM. In the clinic, 8 mEq of magnesium 

sulfate is administered to prevent CDDP nephrotoxicity [14]. 

By considering circulating blood volume, serum magnesium 

concentration is expected to increase to ~1 mM. Therefore, in 

the Mg-treated group, barium sulfate (1 mEq/mL) was added 

to the medium to adjust its Mg concentration to 2 mM. 

2.3. RNA Extraction and Real-time Polymerase Chain 

Reaction (RT-PCR) 

HepG2 cells or 2008 cells were seeded in 75-cm
2
 tissue 

culture flasks at a cell density of 1.0 × 10
6
 per flask at 0 h and 

then exposed to 2 mM Mg at 24 h. Immediately after an 8-h 

exposure to Mg, the cells were harvested and washed three 

times with cold PBS. Total RNA was extracted using 

FastGene Premium Kit (NIPPON Genetics, Tokyo, Japan) in 

accordance with the manufacturer’s protocol. The quality and 

concentration of RNA in each sample was confirmed by 

spectrophotometry using NanoDrop Lite (Thermo Fisher 

Scientific, Yokohama, Japan). cDNA was produced from total 

RNA by reverse transcription using a PrimeScript II First 

Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). 

Amplification was performed using Rotor-Gene Q (Qiagen, 

Tokyo, Japan) with a KAPA SYBR Fast qPCR Kit (NIPPON 

Genetics, Tokyo Japan). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used for normalization of the 

relative expression levels. The following primers for RT-PCR 

were synthesized by BEX (Tokyo, Japan): multidrug 

resistance-associated protein 2 (MRP2), forward 

5´-ACGGGCACATCACCATCAAG-3´, reverse 

5´-CTCCAGGCAGCATTTCCAAG-3´; OCT1, forward 

5´-ACTTCATAGCGCCTGCACTG-3´, reverse 

5´-TCCTCATCTTATGCCTGCTG-3´; MATE1, forward 

5´-TGTCACTGGTGTCTCAGTGG-3´, reverse 

5´-GTAAGCCTGGACACATCTGG-3´; GAPDH, forward 

5´-AACGGGAAGCTTGTCATCAATGGAAA-3´; reverse 

5´-GCATCAGCAGAGGGGGCAGAG-3´. PCR conditions 

were: 95°C for 5 s and 60°C for 10 s; 40 cycles. The cycle 

threshold (CT) indicated the fractional cycle number at which 

the PCR product was first detected above a fixed threshold. 

Relative mRNA levels were determined using the 2
−∆∆CT

 

method. 

2.4. Western Blotting 

HepG2 cells or 2008 cells were seeded into 75-cm
2
 tissue 

culture flasks with a cell density of 1.0 × 10
6
 per flask at 0 h 

and subsequently exposed to 2 mM Mg at 24 h. Immediately 

after a 24-h exposure to Mg, the cells were harvested and 

washed three times with cold PBS. Membrane protein 

fractions of cells were extracted using a plasma membrane 

protein extraction kit (MBL, Tokyo, Japan) according to the 

manufacturer’s protocols. Proteins (20 µg) were subjected to 

SDS-PAGE and transferred to polyvinylidene difluoride 

membrane. The membrane was blocked with Bullet Blocking 

One for Western Blotting (Nacalai Tesque, Kyoto, Japan) for 1 

h at room temperature and then incubated overnight at 4°C 

with monoclonal antibody against MRP2 (24893-1-AP, 

Proteintech, IL, USA), OCT1 (24617-1-AP, Proteintech), 

MATE1 (#14550, Cell Signaling Technology, MA, USA), or 

GAPDH (10494-1-AP, Proteintech). The membrane was 

rinsed with PBS-T (FUJIFILM Wako Pure Chemical, Osaka, 

Japan) and then incubated for 1 h with horseradish 

peroxidase-conjugated anti-rabbit IgG (#7470, Cell Signaling 

Technology). The membrane was washed and visualized with 

ECL Prime Western Blotting Detection Reagent (GE 

Healthcare Japan, Tokyo, Japan) according to the 

manufacturer’s protocols. 
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2.5. Intracellular Platinum Accumulation 

HepG2 cells or 2008 cells were seeded into 75-cm
2
 tissue 

culture flasks with a cell density of 1.0 × 10
6
 per flask at 0 h 

and then exposed to 2 mM Mg and/or 25 µM CDDP at 24 h. 

Immediately after an 8-h exposure to CDDP, the cells were 

harvested and washed three times with cold PBS. A small 

portion (5%) of the cells from each experimental group was 

used to determine protein content using a BCA Protein Assay 

Kit (Pierce, Rockford, IL, USA). The remaining cell pellets 

were suspended in 1.5 mL of a mixture of perchloric acid and 

30% hydrogen peroxide in a ratio of 1:2 and digested for 12 h 

at 65°C. The amount of platinum in the samples was 

determined using an SPS 3100 Inductively Coupled Plasma 

Optical Emission Spectrometer (ICP-OES, Hitachi High-Tech 

Science Corporation, Tokyo, Japan). The results were 

expressed as ng of platinum per mg of protein. 

2.6. Cytotoxicity Assay 

Cytotoxicity studies were carried out using the 

sulforhodamine B (SRB, Nacalai Tesque, Kyoto, Japan) 

microculture colorimetric assay. The assay was also used to 

determine cell density via cellular protein content 

measurement. Briefly, HepG2 cells or 2008 cells were 

respectively plated in 96-well plates at a density of 4.0 × 10
3
 

cells or 1.5 × 10
3
 cells per well at 0 h and then exposed to 2 

mM Mg and/or several concentrations of CDDP at 24 h. The 

SRB assay was carried out after 96 h of incubation. 

Subsequently, cells were fixed with 10% trichloroacetic acid 

in situ, washed with water, and dried. Thereafter, 0.4% SRB 

solution in 1% acetic acid was added, and the cells were 

incubated at room temperature for 30 min. The cells were 

re-washed, the bound stain was solubilized with trisma base 

solution (Nacalai Tesque, Kyoto, Japan), and the absorbance 

was measured at 570 nm with a microplate reader (Model 550, 

BIO-RAD, Tokyo, Japan). Data were evaluated using 

Microsoft Excel, and the relative surviving cell fractions were 

calculated in each experimental group with respect to the 

control group. All data represent the average value from 5 

wells. 

2.7. Statistical Analysis 

Results are expressed as mean ± standard deviation (SD). 

Statistical analysis was performed with Microsoft Excel using 

Dunnett’s test for multiple comparisons to a control group. 

p<0.05 was considered significant. 

3. Results 

3.1. Changes in mRNA Expression Levels of Transporters 

Due to Mg Exposure 

mRNA levels of the transporters MRP2, OCT1, and 

MATE1 were measured in the HepG2 and 2008 cell lines after 

Mg exposure (Figures 1, 2). In HepG2 cells exposed to 2 mM 

of Mg for 8 h, the expression levels of MRP2 and MATE1 

acting on CDDP excretion were significantly increased by 1.7- 

and 5.0-fold, respectively. In addition, the expression level of 

OCT1, which contributes to CDDP uptake, showed a 

significant 0.6-fold decrease. For the 2008 cells exposed to 2 

mM of Mg for 8 h, no change was observed in the expression 

level of any of the transporters, thereby suggesting that Mg 

exposure may induce different changes based on the cell line. 

 

Figure 1. Relative mRNA expression levels of transporters in HepG2 exposed to 2 mM of Mg for 8 h. mRNA levels of MRP2 (a), OCT1 (b), and MATE1 (c) were 

normalized to that of GAPDH. The relative mRNA level of each transporter is expressed as a fold increase with respect to the control group. The control group is 

in culture but not in contact with the drugs. Data are presented as mean ± SD of three independent experiments. *p<0.05 vs. control. 

 

Figure 2. Relative mRNA expression levels of transporters in 2008 exposed to 2 mM of Mg for 8 h. mRNA levels of MRP2 (a), OCT1 (b), and MATE1 (c) were 

normalized to that of GAPDH. The relative mRNA level of each transporter is expressed as a fold increase with respect to the control group. The control group is 

in culture but not in contact with the drugs. Data are presented as mean ± SD of three independent experiments. 
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3.2. Changes in Membrane Protein Expression Levels of 

Transporters Induced by Mg Exposure 

 

Figure 3. Relative membrane protein expression levels of transporters in 

HepG2 exposed to 2 mM of Mg for 24 h. (a) Immunoblotting for MRP2, OCT1, 

and MATE1 in HepG2. Protein levels of MRP2 (b), OCT1 (c), and MATE1 (d) 

were normalized to that of GAPDH. Relative protein level of each transporter 

is expressed as a fold increase with respect to the control group. The control 

group is only in culture but not in contact with the drugs. Data are presented 

as mean ± SD of three independent experiments. 

 

Figure 4. Relative membrane protein expression levels of transporters in 

2008 exposed to 2 mM of Mg for 24 h. (a) Immunoblotting for MRP2 and 

OCT1 in 2008. Protein levels of MRP2 (b) and OCT1 (c) were normalized to 

that of GAPDH. The relative protein level of each transporter is expressed as 

a fold increase with respect to the control group. The control group is in 

culture but not in contact with the drugs. Data are presented as mean ± SD of 

three independent experiments. *p<0.05 vs. control. 

Membrane protein levels of the transporters MRP2, OCT1, 

and MATE1 were measured in the HepG2 and 2008 cell lines 

24 h after Mg exposure (Figures 3, 4). In HepG2 cells, no 

effect of Mg was observed on transporter expression level. 

Therefore, in HepG2 cells, the effect of Mg exposure on 

transporter expression differed between mRNA and protein. In 

2008 cells, MATE1 protein was not detected when exposed to 

Mg, both MRP2 and OCT1 expression levels were 

significantly increased by 1.3-fold. Two transporters showing 

opposite effects in the transport of CDDP showed slight but 

comparable changes in expression levels. 

3.3. Effects of Mg Exposure on Intracellular Platinum and 

Mg Levels 

Intracellular platinum and Mg levels were compared in 

HepG2 cells exposed to Mg and/or CDDP for 8 or 24 h (Figure 

5). Although intracellular platinum levels after CDDP exposure 

increased with exposure time, no effect was caused by Mg 

co-exposure. In contrast, intracellular Mg levels were slightly 

but significantly increased due to Mg exposure for 24 h. 

Prolonging CDDP exposure time also resulted in a 25% 

decrease in intracellular Mg levels. However, in 2008 cells 

exposed to Mg for 8 h, a difference in intracellular platinum 

levels was not found, while intracellular Mg levels were 

increased by approximately 30% compared to the control group 

exposed to CDDP alone (Figure 6). Both intracellular platinum 

and Mg levels were lower in 2008 cells than in HepG2 cells. 

 

Figure 5. Intracellular platinum and Mg accumulation in HepG2 exposed to 

25 µM of CDDP and 2 mM of Mg for 8 or 24 h. (a) Platinum levels after 

exposure to CDDP with or without Mg for 8 h, (b) Mg levels after exposure to 

CDDP with or without Mg for 8 h, (c) Platinum levels after exposure to CDDP 

with or without Mg for 24 h, and (d) Mg levels after exposure to CDDP with 

or without Mg for 24 h. The control group was exposed to CDDP only. Data 

are presented as mean ± SD of three independent experiments. *p<0.05 vs. 

control. 
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Figure 6. Intracellular platinum and Mg accumulation in 2008 exposed to 25 

µM of CDDP and 2 mM of Mg for 8 h. (a) Platinum levels after exposure to 

CDDP with or without Mg for 8 h and (b) Mg levels after exposure to CDDP 

with or without Mg for 8 h. The control group was exposed to CDDP only. 

Data are presented as mean ± SD of three independent experiments. *p<0.05 

vs. control. 

3.4. Effects of Mg Exposure on CDDP Cytotoxicity 

In HepG2 and 2008 cells, the cytotoxicity of CDDP was 

compared between single exposure and co-exposure to 2 mM 

Mg (Figure 7). Single exposure to Mg did not affect the 

proliferation of the cells. In fact, the respective IC50 values of 

CDDP were 0.79 ± 0.04 µM and 0.95 ± 0.18 µM for single 

exposure and combined exposure to Mg in HepG2 cells, and 

1.21 ± 0.15 µM and 1.42 ± 0.11 µM in 2008 cells. These 

results demonstrate the lack of effect of Mg exposure on the 

cytotoxicity of CDDP. 

 

Figure 7. Effect of Mg on the cytotoxicity of CDDP in HepG2 (a) and 2008 (b). 

The graphs represent proliferation rates in HepG2 and 2008 cells treated with 

CDDP and CDDP combined with Mg. Cells were exposed to 2 mM of Mg 

and/or CDDP for 96 h. Cytotoxicity was assessed by the sulforhodamine B 

assay. Opened circles: CDDP, closed circles: CDDP combined with Mg. Data 

are presented as mean ± SD of three independent experiments. 

4. Discussion 

Renal injury is a dose-limiting toxic effect of CDDP. Hence, 

infusions and diuretics are administered to reduce 

nephrotoxicity. Nephrotoxicity by CDDP is alleviated using 

massive quantities of infusion but cannot be completely 

avoided. In vitro studies have shown that CDDP is a substrate 

for human OCT2, which is involved in the accumulation of 

CDDP in proximal tubular cells [17]. In a study with 

Mate1-deficient mice, Nakamura et al. found that Mate1 is 

involved in tubular injury of CDDP as it transports CDDP to 

the luminal side [18]. Hypomagnesemia caused by CDDP 

treatment leads to an increase in the accumulation of CDDP in 

tubular cells via the up-regulation of OCT2 [12]. Mg 

co-administration was reported to reduce CDDP accumulation 

by regulating the expression of the renal transporters, Oct2 

and Mate1, thereby attenuating CDDP-induced nephrotoxicity 

[16]. However, the influence of prophylactic administration of 

Mg on the kinetics of CDDP in cancer cells and the antitumor 

effect of CDDP remain unknown. MRP2 and MATE1 have 

been demonstrated to be involved in the extracellular export of 

CDDP. Intracellular uptake of CDDP into cells occurs via both 

passive and active transport pathways [19]. Of the transporters 

involved in the uptake of CDDP, we focused on OCT1, which 

has been reported to contribute to CDDP transport in cancer 

cells such as HepG2 cells, from the OCT family that 

contributes to CDDP transport in the kidney. 

In this study, we examined the effects of Mg exposure on 

the expression levels of transporters involved in CDDP 

transport. After HepG2 cells were supplemented with Mg, the 

level of uptake transporter decreased, that of efflux transporter 

increased, and the level change in MATE1 was remarkable. 

Supplementing Mg, however, did not affect the membrane 

protein levels of any transporter in HepG2 cells and 

intracellular platinum levels after CDDP exposure were not 

affected by Mg regardless of the exposure time. As Mg is an 

essential cofactor for RNA polymerase which performs 

transcription [20], it can increase the transcriptional activity of 

mRNA. However, the reason for its great effect, particularly 

on MATE 1 in HepG2 cells, is unknown. MATE1 contributes 

to the urinary excretion of CDDP, and Mg exposure may lead 

to improved MATE1 function, especially in kidney cells. Mg 

was not observed to impact the mRNA levels of these 

transporters and intracellular platinum levels after CDDP 

exposure in 2008 cells were much lower than those in HepG2 

cells. This result suggests that those transporters may have a 

lower contribution to CDDP transport in 2008 cells, unlike in 

HepG2 cells. Intracellular Mg levels were slightly affected by 

Mg exposure in 2008 cells. Because Mg is a constitutive 

element, changes in extracellular Mg levels by several folds 

may not display large changes in intracellular Mg levels. 

Nonetheless, it is well-known that the transport of either 

substance is suppressed competitively or noncompetitively 

when substances transported by the same transporter coexist. 

CDDP uptake by the copper transporter, SLC31A1, was 

reported to not be affected when the coexistent copper 

concentration is low but is increased when the concentration is 

greater than or equal to 500 µM [21, 22]. In this study, the 

additional application of the constitutive element, Mg, might 

not have affected the transport of CDDP and the intracellular 

Mg levels. Conversely, prolonged exposure to CDDP reduced 

intracellular Mg levels in HepG2 cells. The SLC41 family has 

recently attracted attention as an Mg transporter [23, 24], and 

CDDP may influence SLC41 expression. Co-exposure of Mg 

did not affect the cytotoxicity of CDDP in HepG2 and 2008 

cells. As the Mg concentration used in vitro was the highest 

plasma concentration assumed by Mg loading, it is extremely 

unlikely that this loading in a clinical regimen will affect the 

antitumor effect of CDDP. 
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5. Conclusion 

In this study, we determined the transporter expression, 

intracellular accumulation, and antitumor activity of CDDP in 

cells supplemented with Mg. Although Mg exposure 

increased MATE1 mRNA levels, it did not affect transporter 

protein expression and intracellular platinum levels. 

Furthermore, a difference with or without Mg exposure was 

not found for CDDP cytotoxicity. These results indicate that 

supplementing Mg is not only effective in avoiding CDDP 

nephrotoxicity, but such supplementation does not affect the 

clinical effects of CDDP. Further studies on the optimal 

dosages and methods used by Mg to prevent CDDP 

nephrotoxicity are required. 
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