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Abstract 

Aims: We have demonstrated that 2,3 -Dimercapto-1-propanesulfonic acid (DMPS) 

which is a potential antidote against heavy metal intoxication, enhanced the antitumor 

activity of CDDP, only when the dose ratio of the two drugs is appropriate. However, it is 

not clear how DMPS affects normal tissues. Therefore, this study was conducted to 

determine whether DMPS affects CDDP-induced renal dysfunction. 

Method: We conducted experiment on the measurement of blood urea nitrogen (BUN) 

and mRNA of transporter proteins (OCT2 and MATE1), TUNEL staining of renal tubule 

cells, and accumulation of platinum (Pt) in renal tissues. We divided four groups of mice: 

control, CDDP only, CDDP + DMPS, and CDDP + meso-2,3-dimercapto-succinic acid 

(DMSA). 

Results and discussion: CDDP increased BUN up to 28.2 mg/dl, and DMPS, DMSA 

significantly reduced these changes. Moreover, in the experiment on kinetics of 

platinum derived from CDDP, DMPS as well as DMSA decreased in the Pt levels in 

renal tissues, although little changed in blood. The mRNA levels of OCT2, MATE-1 in 

renal tissues were significantly decreased by CDDP, and DMPS or DMSA ameliorates 

reduction of these transporters. CDDP-induced renal damages which were designated 

in apoptotic reaction of the tubule cells by TUNEL staining was reduced by the 

treatment of DMPS as well as DMSA. Thus, DMPS have the potential to prevent CDDP 

nephrotoxicity without compromising its antitumor efficacy.  

Conclusion: These results suggest that DMPS has a detoxification activity against 

CDDP-intoxicated kidney through enhancing transporter production.  
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Introduction 

Cisplatin (cis-diammine-dichloroplatinum; CDDP), an inorganic platinum complex 

has been evaluated as a most available chemotherapeutic drug for various types of 

malignant tumors (1-4). However, CDDP-induced nephrotoxicity is a major limitation to 

CDDP-based chemotherapy (5). The causes of the renal toxicity appeared to be due to 

the accumulation of CDDP in the kidneys followed by apoptosis of renal tubular cells (6). 

Apoptosis induced by CDDP seems to be based on mitochondria-dependent and 

-independent pathways (7), partly through the activation of caspase-3 (8). Further, 

CDDP-generated oxidant stress also appears to contribute to the apoptosis of renal 

tubule cells (9). 

There are some reports which presented that CDDP impairs the function of 

transporters on the renal tubule cell membranes to be resulted in renal cumulative 

uptake of CDDP (10, 11). Major transporters associated with renal function are organic 

cation transporter (OCT) family and multi drug and toxin extrusion (MATE) family. In 

these transporters, OCT2 and MATE1 play significant roles in excretion of BUN or 

metabolites of drugs (12-14). The OCT family is driven electrogenetically by 

inside-negative membrane potentials, consequently taking diverse organic cations into 

renal tubule cells (15). In contrast, the MATE family, which mediates the exchange of 

organic cations with hydrogen ions in renal brush-border membranes, is suggested to 

be responsible for the final step of urinary excretion of cationic drugs (16, 17). 
Two dimercapto-compounds of 2,3-Dimercapto-1-propanesulfonic acid (DMPS) and 

meso-2,3-dimercapto-succinic acid (DMSA) are dithiol metal chelators generally 

considered suitable for treating cases of heavy metal poisoning, including those caused 

by lead (18), mercury (19, 20), cadmium (21, 22), and copper (23). 

In a previous report, we showed that DMPS, not DMSA, synergistically enhanced 

the antitumor activity of CDDP with 1.4-fold efficacy, only when two drugs were 

administered with a suitable dose ratio and adequate interval of time (24).  

However, when DMPS positively acts to the tumoricidal effect of CDDP, it is not 

clear how influences DMPS gives to the normal tissue or organ. Therefore, this study 

was conducted to determine whether DMPS or DMSA affects the course of 

CDDP-induced renal dysfunction. To achieve this, we examined on the changes of BUN, 

kinetics of platinum, expression of transporter genes and apoptosis of tubule cells.  
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Materials and methods 

Animals 

Female SPF ddy-mice weighing 25-30 g were purchased from Japan SLC 

(Hamamatsu, Japan). The animals were group-housed in laboratory cages with wood 

chips in an air-conditioned room (temperature 23 ± 2 °C, humidity 55 ± 5 %, lighting 

6:00am–6:00pm) and maintained on commercial laboratory chow and water ad libitum 

for one week before the experiments. All things used for the animals were sterilized by 

autoclaving or radiation.  

All animals received humane care in accordance with the Guidelines for the 

Treatment of Experimental Animals approved by Tokyo Dental College and the 

Japanese Pharmacological Society. This study was approved by the Ethical Committee 

for Animal Experiments of Tokyo Dental College (Approval Number: 250702) 

 

Chemicals  

 CDDP, DMPS and DMSA were purchased from Sigma-Aldrich (St.Louis, MO, USA). 

PCR primers and the SUPERSCRIPT First-Strand Synthesis System for RT-PCR 

containing reverse transcriptase (RTase) (SuperscriptTM III, RNase H-), dithiothreitol 

(DTT), oligo(dT)12–18 primer, deoxynucleosidetriphosphate (dNTP), RNase H, DNase I, 

and RNase inhibitor were purchased from Invitrogen (San Diego, CA, USA). 

NucleoSpin RNAII was obtained from MACHEREYNAGEL GmbH&Co. (Duren, 

Germany). The DyNAmo SYBER green qPCR Kit was obtained from Finnzymes (Espoo, 

Finland), and the DNA 1000 Lab Chips Kit (Agilent Technologies, Palo Alto, CA, USA) 

was obtained from Takara Bio Co. (Tokyo, Japan). All other reagents used were of the 

highest grade commercially available. 

 

Preparation and administration of CDDP, DMPS and DMSA 

CDDP was dissolved in 0.9% sodium chloride solution acidified at pH 3.0 with 

hydrochloride in water bath at 60 ℃. DMPS or DMSA was dissolved in physiological 

saline or 0.9% sodium chloride solution alkalinized with 0.5% NaHCO3, respectively. All 

agents which were prepared immediately before use were administered to each animal 

with a volume of 0.1 ml/10 g body weight. Control animal was given vehicle used for 

solubilizing CDDP. The animals were divided into 4 subgroups: control group, CDDP 
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group, DMPS pretreated group and DMSA pretreated group.  

For examining the kinetics of BUN and platinum in renal tissues and blood, CDDP 

was repetitively administered with doses of 5.7 μmol/kg s.c. 1 h after pretreatment with 

DMPS or DMSA at each dose of 50, 100 and 250 μmol/kg s.c. once daily for 4 days 

(Fig.1-A). Then, for the transporter gene analysis, these agents were administered with 

a single dose (Fig.1-B). 

 

Measurement of BUN   

  At the day 5 and 7 after the initial administration, blood was collected from orbital 

venous plexus under pentobarbital anesthesia. For the measurement of BUN, we used 

commercial kits (Wako Pure Chemical Industries). 

 

Measurement of Platinum 

 At the day 5, 7 and 9, blood was collected from orbital venous plexus under 

pentobarbital anesthesia, and then kidney was removed immediately after sacrificing. 

The excised kidneys and blood plasma were sonicated 10 minutes in 70 % HNO3 with 

50 μg/ml Iridium (Ir) as internal standard. Each specimen was diluted 500-fold by 

ultrapure water (Milli Q Millipore Japan). The amount of platinum was determined using 

inductively coupled plasma-mass spectrometry (ICP-MS; Agilent 7500CS ).  

 

Quantitative RT-PCR 

Specimen for DNA was obtained from kidney removed at 1h, 2h, 6h, and 12h after 

the final administration with CDDP +/- DMPS or DMSA. After treatment of total RNA with 

DNase I, first-strand cDNA was synthesized using Oligo(dT)12–18 primers and 

SuperscriptTM III RNase H− reverse transcriptase. Gene expression of OCT2 and 

MATE1 was determined by using the β-actin gene (GenBank accession number 

NM_007393.3) as an internal control and primers specific for OCT2 mRNA (accession 

number NM_013667.2) (upper primer, AGT GGC CTA TGC CCT TCC; lower primer, 

TGG AGA CTC CGG TAT GCA C ; product size, 100 base pairs), MATE1 mRNA 

(NM_026183.5) (upper primer, GCT CTT TGC TGTGAC CTT CTG; lower primer, GAT 

CAC TTG AGC CAC CAA GG; product size, 106 base pairs). The cDNA was amplified 

by real-time quantitative PCR using the DyNAmo SYBER green qPCR Kit (Finnzymes) 
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on the DNA Engine Opticon 2 System (Bio-Rad Laboratories; Hercules, CA, USA), 

running 48 cycles of the following protocol: 15 min predenaturation at 95°C, 10-s 

denaturation at 94°C, 20-s annealing at 59.0°C for β-actin, OCT2, MATE1, followed by a 

30-s extension at 72°C. The PCR products were separated with the Agilent 2100 

Bioanalyzer (Agilent Technologies), which utilizes chip-based nucleic acid separation 

technology. Furthermore, identification of the amplified PCR products of the OCT2, 

MATE1 and β-actin cDNAs was performed by dye terminator cycle sequencing. 

 

Evaluation of apoptosis by TUNEL staining  

The kidney was fixed in 10 % neutral-buffered formalin ⁄ PBS, and 4 μm paraffin 

sections were stained with terminal deoxynucleotidyl transferase-mediated dUTP nick 

end labeling (TUNEL) staining to assess the apoptosis that is induced with tissue 

damage. TUNEL staining was performed using an In situ Apoptosis Detection Kit 

(Takara Bio, Inc., Shiga, Japan). A Zeiss Axiophot 2 microscope (Carl Zeiss Imaging 

Solutions, GmbH, Munich, Germany) was used for immunofluorescence microscopy 

(TUNEL staining). Images were captured using a chilled three-chip color 

charge-coupled-device camera and digitized using image analysis software (AxioVision 

Rel.4.6.3.0; Carl Zeiss Imaging Solutions). 

 

Statistical analyses 

  Statistical analyses were conducted by using a computer software (Prism, version 

5.0c; GraphPad Software, San Diego, CA, USA) for comparison across the 

experimental conditions. Statistical comparisons were performed using a one-way 

analysis of variance (ANOVA) followed by the Tukey’s multiple comparison test. The 

results obtained were expressed as the mean ± SEM. A P-value of less than 0.05 was 

considered to be statistically significant. 
 

 

Results 

The effects of DMPS and DMSA on cytoprotection against CDDP-induced renal failure  

CDDP increased the serum BUN levels by 30 % in comparison with the control at the 

day 7. DMPS with doses at 50 to 250 μmol/kg, s.c. prevented these changes in a dose 
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dependent manner with a maximum 22% decrease in CDDP alone at the day 7(Fig.2-A). 

On the other hand, DMSA completely inhibited CDDP-induced change with all doses at 

50 to 250 μmol/kg, s.c. during day 5 to 7 (Fig.2-B). 

 

DMPS and DMSA prevent CDDP-induced apoptosis in renal tubule cells 

Apoptosis induced in the renal tubule cells was assessed by using the TUNEL assay. 

CDDP increased the number of apoptotic nuclei compared with the control group (Fig. 

3). DMPS and DMSA treatments significantly decreased the number of TUNEL-positive 

cells (Fig. 3). The number of TUNEL positive cells were increased by CDDP treatment 

and reduced by DMPS and DMSA repetitive administration on quantitative analysis. 

 

Kinetics of platinum as CDDP in renal tissues and blood 

CDDP 5.7 μmol/kg with or without DMPS, DMSA 100 μmol/kg was administrated 

once daily for 4 days. To detect accumulation of CDDP in renal tissues and blood, 

platinum was quantitatively measured by ICP MS at the day 5, 7 and 9. 

In the kidney (Fig.4-A), DMPS, DMSA pretreated group was reduced by 12% compared 

with CDDP alone group on the day 9. Statistically significant differences were indicated 

between CDDP alone group and DMPS, DMSA pretreated groups.        

 In the plasma (Fig.4-B), no statistically significant differences were indicated between 

CDDP alone group and DMPS, DMSA pretreated groups. 

 

The mRNA expression of transporters: OCT2 and MATE1 

  In the mRNA levels of OCT2 (Fig.5-A), CDDP alone group was reduced by 59% and 

47% compared with control at 6 and 12 h after CDDP administration. In the mRNA 

levels of MATE1 (Fig.5-B), CDDP alone group was reduced by 48% and 45% compared 

with control at 6 and 12 h after CDDP administration. In the mRNA levels of OCT2 and 

MATE1, DMPS or DMSA pretreated group were recovered to the same levels of control. 

 

 

Discussion  

This study indicated that co-administration of DMPS together with CDDP in keeping 

an optimal dose ratio and an adequate interval of time was able to balance competing 
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goals for increment of CDDP-induced anti-tumor activity and decrement of 

CDDP-induced renal failure. 

In a previous report, we demonstrated that when the dose ratio of CDDP met a 

condition to be appropriate for DMPS of the lower dose, the antitumor activity of CDDP 

is strengthened in a maximum (24). The most effective dose ratio was DMPS 100 μ

mol/kg for CDDP 5.7 μmol/kg, whereas DMSA failed to enhance the antitumor activity 

of CDDP (24). 
There are many researches which aims only the detoxification for recovering from 

renal failure after the CDDP treatment, although whose period is limited by preventing 

growth of side effects. In those experiments, most useful drugs are several chelaters 

forming complex well with heavy metals. Accordingly, in order to obtain a maximal effect 

for detoxification, administration doses are usually used at maximum through the 

experiment (25, 26). These studies are concerned only about the way of repairing the 

damaged renal tissues after CDDP treatment, whereas not concerned about keeping 

the tumoricidal effects of CDDP. We have taken notice of simultaneously obtaining both 

effects of increment of CDDP-induced anti-tumor activity and decrement of 

CDDP-induced renal failure, using DMPS and CDDP.   

The present study investigated on detoxification effects of the lower doses (50, 100, 

250 μmol/kg) of DMPS or DMSA against the nephrotoxicity of mouse administered with 

the dose at 5.7 μmol/kg of CDDP. In our findings, of the two dimercapto-compounds 

tested at each dose of 50, 100, 250 μmol/kg, DMPS reduced the levels of BUN in a 

time- and a dose-dependent manner with completely returning to normal level at 100 

μmol/kg and at day 7. DMSA returned to near normal by day 5 at all doses.  

Apoptosis in the kidney was assessed by using the TUNEL assay. Total dose of 22.8 

μmol/kg of CDDP slightly increased the number of apoptotic nuclei compared with the 

control group. DMPS and DMSA at 100 µmol/kg completely depressed CDDP-induced 

apoptotic degeneration on the nuclei of renal tubule cells. 

These results indicated that the two compounds, even at lower doses, significantly 

relieved CDDP-induced renal failure.  

On the other hand, those compounds tested at dose of 100 μmol/kg reduced the 

renal platinum concentration in mice which received a total dose of 22.8 μmol/kg of 

CDDP, whereas there is no difference in plasma concentration between the groups of 
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CDDP with/without DMPS and DMSA in a time dependent manner with one fifth-fold 

less at day 9 than at day 5. These findings suggested that DMPS removed only little 

amount of platinum from the renal tissue, whereas completely returned to normal renal 

function as indicated by BUN excretion. 

From these results, it was speculated that platinum (CDDP) which was formed to a 

co-ordination complex with DMPS or DMSA, and was changed in inactivated 

characteristics to be resulted in non-harmful materials against the renal tissues. 

Transport system on renal tubule cell membrane majorly contributes to the influx and 

efflux of drugs or other metabolites into/from cells is provided by several researches: a 

permeable glycoprotein (P-gp) ABC family and organic ion transporter subtypes such as 

organic anion transporter (OAT1, 2, 3, OAT-K1), organic anion transporting polypeptide 

(OATP-1), organic cation transporter 2 (OCT2), and MATE family. Of these transporters, 

OCT2 and MATE1 are predominantly involved in transport of CDDP, and contribute to 

uptake into and extrusion out of cells, respectively (15).  

CDDP depressed the expression of mRNA of OCT2 and MATE1, on the other hand, 

DMPS and DMSA completely returned to their normal level. These results mean 

transporter regained normal function. However, the excretion of CDDP out of renal 

tissue was limited to a little amount, with slow velocity. In this point, Yokoo S, et al, 2007, 

proposed that CDDP as an inorganic cation is hard to be transported via OCT2, 

because of specificity of exclusively transporting organic cations (27). So it is 

speculated that CDDP retained in tissue is inactivated by forming complex with DMPS 

or DMSA to be free from toxic state. Moreover, CDDP-DMPS and -DMSA are changed 

to the character of organic compound to be transported much easier through OCT2 and 

MATE1.  

Thus, it is indicated that low dose of DMPS greatly helps not only increment of 

CDDP-induced anti-tumor activity but also decrement of CDDP-induced renal failure. 

The key factors, which is considered from the results of DMPS-enhanced CDDP  

antitumor activities while DMPS-depressed CDDP renal toxicity, seems to be a limited 

dose of DMPS and the time difference on the pharmacokinetics. To make clear those 

things, we will need further more experiment of dimercapto-compounds on transporter 

system in details. 

From these results, we conclude that DMPS is a specific agent to be able to balance 



10 
 

competing phenomena for increment of CDDP-induced anti-tumor activity and 

decrement of CDDP-induced renal failure. 
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Legends for figures 

Fig. 1. Time schedule of drug administration and collecting of specimen  

A: Hollow arrows show repetitive administration with CDDP 5.7 μmol/kg s.c. +/- 

DMPS or DMSA at the dose with 50, 100, 250 μmol/kg s.c. and physiological saline as 

control for each once daily from day 1 until day 4. Two solid arrows on upper row (a) 

indicate the day point for collecting blood or isolating kidney as for BUN measurement 

or TUNEL staining, respectively. Three solid arrows on lower row (b) indicate the day 

point for isolating kidney and collecting blood as for platinum measurement. 

B: Hollow arrow shows the time point for pretreatment with DMPS or DMSA at the 

dose of 100μmol/kg s.c. (c), control mice were administrated a physiological saline  

and following administration with CDDP 5.7 μg/kg (d).  Solid arrows show time point 

for isolating kidney for collecting DNA specimen of transporter OCT2 and MATE1. On 

CDDP alone, DMPS and DMSA were replaced with vehicle. 

 

Fig. 2. Effect of DMPS (A) and DMSA (B) pretreated against the increase of BUN by 

CDDP 

CDDP 5.7μmol/kg with or without dimercapto compounds were administration once 

daily for 4days. After the day5 and 7, BUN were measured. Data are mean ±SEM of 6 

mice per group. Statistically significant differences (*p＜0.05 , **p＜0.01 v.s. CDDP, #p

＜0.05, ##p＜0.01 v.s. control) are indicated.  

 

Fig. 3. Evaluation of apoptosis by TUNEL staining   

TUNEL (terminal deoxinucleotidyl transferase-mediated dUTP-fluorescein nick end 

labeling; a cell apoptosis marker, green signal) and DAPI 
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(4,6-diamidino-2-phenylindole; a marker of cell nuclei, blue signal) in paraffin-embedded 

kidney sections from each group at day 7. CDDP alone were observed TUNEL-positive 

nuclei. Scale bar: 20μm. 

 

Fig. 4. Platinum accumulation in kidney (A) and plasma (B) on the day 5, 7,or 9 after 

CDDP 5.7μmol/kg with or without DMPS,DMSA100μmol/kg 

Data are the mean±SEM of 6 mice per group. Statistically significant differences 

(*p<0.05 v.s. CDDP) are indicated. 

 

Fig. 5. The mRNA expression of OCT2 (A) and MATE1 (B) at 1,2,6 or 12 after single 

administration of CDDP 5.7μmol/kg with or without DMPS,DMSA 100μmol/kg 

Data are mean ±SEM of 6 mouse per group. Statistically significant differences (*p＜

0.05 , **p＜0.01 v.s. CDDP, #p＜0.05, ##p＜0.01 v.s. control) are indicated. 
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