
Am J Transl Res 2026;18(8):7177-7188
www.ajtr.org /ISSN:1943-8141/AJTR0171890

https://doi.org/10.62347/TKBM7718

Original Article
Evaluation of treatment for acute  
hexavalent chromium poisoning in human  
renal proximal tubular epithelial cells with  
2,3-dimercapto-1-propanesulfonic acid (DMPS)

I-Jeng Yeh1,2, Hsin-Liang Liu2, Chin-Shen Lin2, Po-Min Chang2, Ling-Yu Wu3, Yi-Chun Tsai4,5,6, Ya-Ling Hsu3, 
Meng-Chi Yen1,2

1Graduate Institute of Clinical Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung 80708, 
Taiwan; 2Department of Emergency Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical Univer-
sity, Kaohsiung 80708, Taiwan; 3Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical Univer-
sity, Kaohsiung 80708, Taiwan; 4School of Medicine, College of Medicine, Kaohsiung Medical University, Kaoh-
siung 80708, Taiwan; 5Division of General Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical 
University, Kaohsiung 80708, Taiwan; 6Division of Nephrology, Kaohsiung Medical University Hospital, Kaohsiung 
Medical University, Kaohsiung 80708, Taiwan

Received February 4, 2026; Accepted June 24, 2026; Epub August 15, 2026; Published August 30, 2026

Abstract: Objectives: Chelating agents have been utilized in clinical settings to counteract various heavy metal poi-
sonings, although there are currently no established medical guidelines supporting the use of the chelating agent 
2,3-dimercapto-1-propanesulfonic acid (DMPS) for treating acute hexavalent chromium (Cr(VI)) poisoning. Methods: 
Since systemic acute Cr(VI) poisoning has been associated with nephrotoxicity in clinical cases, this study utilized 
the immortalized human renal epithelial cell line HK-2 and primary proximal tubular epithelial cells (RPTEC) as in 
vitro models to explore potential treatments. Results: In the HK-2 cell model, cell viability dropped below 50% after 
exposure to 10 μmol/L Cr(VI) for 32 hours. Both simultaneous administration of 10 μmol/L Cr(VI) with 100 or 300 
μg/mL DMPS and delayed treatment with DMPS after two hours effectively reduced Cr(VI)-induced cell death. Fur-
thermore, in the RPTEC cell model, DMPS treatments ranging from 300 to 1000 μg/mL demonstrated significant 
protective effects on cell viability against Cr(VI) toxicity, mirroring the results observed in the HK-2 model. In contrast, 
meso-2,3-dimercaptosuccinic acid, another chelating agent, did not exhibit protective effects on HK-2 cells. Conclu-
sions: These findings support DMPS as a promising antidote for acute Cr(VI) poisoning in kidney cells and provide 
valuable insights for potential clinical applications.

Keywords: Hexavalent chromium (Cr(VI)), 2,3-dimercapto-1-propanesulfonic acid (DMPS), meso-2,3-dimercapto-
succinic acid (DMSA), human renal proximal tubule epithelial cell, cell death, treatment

Introduction

Metallic elements characterized by densities 
exceeding 5 g/cm3 and atomic weights greater 
than 40.04 are commonly classified as heavy 
metals [1]. Certain heavy metals, including 
cobalt, chromium, copper, magnesium, iron, 
molybdenum, manganese, selenium, nickel 
and zinc serve as vital nutrients necessary for 
human physiological functions. Nevertheless, 
high concentration of these elements can 
result in acute or chronic toxicity [2, 3]. Heavy 
metals such as iron, copper, chromium, arse-

nic, and mercury have been observed to exacer-
bate oxidative stress through the generation of 
free radicals [4-8].

The administration of antioxidant agents has 
demonstrated efficacy in mitigating oxidative 
damage induced by heavy metals. For instance, 
vitamin E has been shown to safeguard ren- 
al cells against oxidative stress caused by 
heavy metal exposure [9], while ascorbic acid 
(vitamin C) has exhibited protective effects 
against heavy metal-related renal toxicity [10]. 
Furthermore, N-acetyl-L-cysteine (NAC) has pro- 
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ven its utility both as an antioxidant and as a 
metal-chelating agent in the management of 
heavy metal poisoning [11]. Additionally, British 
anti-lewisite (BAL or dimercaprol), the inaugural 
chelating compound formulated for arsenic 
exposure, is utilized for treating poisoning by 
various metals including arsenic, gold, mercury 
and lead [12, 13]. More recently developed 
analogues of BAL, notably 2,3-dimercapto-
1-propanesulfonic acid (DMPS or unithiol) and 
meso-2,3-dimercaptosuccinic acid (DMSA or 
succimer), have been established as effective 
antidotes for mercury and arsenic toxicity [14-
17]. These chelating agents represent signifi-
cant advancements in the therapeutic approach 
to managing heavy metal poisoning.

Hexavalent chromium (Cr(VI)) represents a sig-
nificant public health concern due to its toxico-
logical impacts [18]. Exposure to Cr(VI) has 
been shown to induce the generation of reac-
tive oxygen species (ROS), cause DNA damage, 
and trigger apoptosis in mammalian cells [19-
21]. Moreover, systemic exposure to Cr(VI) has 
been linked to organ damage, particularly 
affecting the gastrointestinal system, liver and 
kidneys, as evidenced by clinical findings [22]. 
Despite the potential for metal chelators to 
serve as therapeutic or preventative agents for 
Cr(VI) toxicity, existing medical guidelines do 
not formally recommend the use of DMPS or 
DMSA for the treatment of Cr(VI) poisoning. 
Indeed, prior research has reported that DMPS 
administration does not significantly enhance 
chromium excretion in humans [23]. Neverthe- 
less, an isolated clinical case described suc-
cessful treatment of severe Cr(VI) poisoning 
with a combination of NAC, ascorbic acid and 
DMPS, suggesting the possible therapeutic 
value of DMPS in such cases [24]. To further 
elucidate this potential, the present study was 
designed to assess whether treatment with 
DMPS or DMSA could mitigate cellular damage 
caused by Cr(VI) exposure.

Due to the well-documented nephrotoxicity 
associated with systemic Cr(VI) poisoning [25] 
that can result in conditions such as acute 
tubular necrosis and diminished urine flow rate 
in clinical settings [26], this study aimed to 
evaluate the protective effects of DMPS and 
DMSA. Both chelating agents were tested indi-
vidually and in combination using in vitro kidney 
cell models. Two human renal tubule cell lines 

were selected for this purpose: the immortal-
ized proximal tubule epithelial cell line (HK-2) 
and primary renal proximal tubule epithelial 
cells (RPTEC). The study sought to determine 
the most effective therapeutic regimen involv-
ing DMPS and DMSA for managing Cr(VI)-
induced nephrotoxicity.

Materials and methods

Chemicals

Sodium 2,3-dimercaptopropanesulfonate mo- 
nohydrate (DMPS) (catalog number: D8016, 
Sigma-Aldrich) and meso-2,3-Dimercaptosuc-
cinic acid (DMSA) (catalog number: D7881, 
Sigma-Aldrich) were used in this study. Stock 
solution of DMPS was prepared with sterile 
ddH2O at 100 mg/mL and stock solution of 
DMSA was prepared with dimethyl sulfoxide 
(DMSO) at 10 mg/mL. The working solution of 
DMPS and DMSA used in this study was pre-
pared by dilution with ddH2O and DMSO, 
respectively.

Cell culture

Human primary renal proximal tubule epithelial 
cells (RPTEC) (PCS-400-01) and an immortal-
ized proximal tubular epithelial cell line HK-2 
(CRL-2190) were obtained from the American 
Type Culture Collection (ATCC). RPTEC were 
maintained in renal epithelial cell basal medi-
um (PCS-400-03) supplied with renal epithelial 
cell growth kit (PCS-400-04) from ATCC and 
HK-2 were maintained in keratinocyte-serum-
free medium (K-SFM) supplemented with bo- 
vine pituitary extract (BPE), human recombi-
nant epidermal growth factor (EGF), 1% fetal 
bovine serum and 1% antibiotic/antimycotic 
(Gibco, 15240062). Both cells were incubated 
at 37°C in a humidified atmosphere containing 
95% air and 5% CO2.

Cell viability assay

Cell viability of HK-2 and RPTEC cells were de- 
termined by AlamarBlueTM Cell Viability Reagent 
(catalog number: BUF012B, Bio-Rad) according 
to the manufacturer’s instructions. Briefly, 100 
μL of cells (3000 cells) were seeded in a 96 
well plate overnight. For evaluating toxic effect 
of Cr(VI) on cell viability, the cell culture medi-
um was replaced by the medium containing dif-
ferent concentrations of potassium dichromate 
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(K2Cr2O7, a hexavalent chromium) for an addi-
tional 32 hours and AlamarBlue reagent was 
subsequently added to wells for evaluation of 
cell viability. For evaluating the protective effect 
of DMPS or DMSA, the cell culture medium was 
replaced with the medium containing 10 or 30 
μmol/L potassium dichromate along with differ-
ent concentrations of DMPS or DMSA for an 
additional 32 hours. For evaluating the protec-
tive effect of delay treatment, the cells were 
treated with DMPS at 0 hours (h), 2 h, 4 h and 
6 h after 10 or 30 μmol/L potassium dichro-
mate intoxication (referred to as d0h, d2h, d4h 
and d6h). The d0h cells were cultured with 
medium containing 10 or 30 μmol/L potassium 
dichromate and different concentrations of 
DMPS or DMSA. The d2h, d4h and d6h cells 
were cultured with medium containing 10 or 30 
μmol/L potassium dichromate for 2, 4 and 6 
hours, and then the media were replaced with 
10 or 30 μmol/L potassium dichromate and  
different concentrations of DMPS or DMSA. 
Cell viability was then evaluated 32 hours after 
exposure to potassium dichromate. The results 
were detected by using a microplate reader 
(BioTek Epoch Microplate Spectrophotometer).

Western blot

The HK-2 cells were lysed in a radioimmunopre-
cipitation (RIPA) lysis buffer with a protease 
inhibitor (Millipore). The concentrations of pro-
tein samples were determined by a bicincho-
ninic acid (BCA) protein assay kit (Thermo 
Fisher Scientific, Rockford, IL, USA), with sam-
ples being run on a precast 4-15% gradient 
SDS/PAGE (Bio-Rad). Transferred polyvinyli-
dene difluoride (PVDF) membranes (Millipore) 
were incubated with primary antibodies includ-
ing anti-PARP1 (1:1,000, catalog number: 
13371-1-AP, Proteintech) at 4°C overnight and 
followed by HRP-linked anti-rabbit IgG (1:4,000, 
catalog number: #7074, Cell signaling). β-actin 
served as an endogenous control by incubation 
with HRP-linked β-actin antibody (1:5,000, cat-
alog number: tcba13655, Taiclone) at room 
temperature for 1 hour. The blots were visual-
ized with Azure biosystems 300Q (Azure 
Biosystems, Inc., USA).

Statistics

The bar graphs were generated and statistics 
performed by GraphPad Prism 8 (GraphPad 
Software, San Diego, CA, USA). All data were 

expressed as means ± SD of at least three 
independent experiments. The statistical anal-
ysis of the protective effect of drug was carried 
out by one-way analysis of variance (ANOVA)  
followed by Tukey’s multiple comparisons post 
hoc test. A p-value < 0.05 was considered to 
indicate a statistically significant difference 
when compared with the control group.

Results

The toxic effect of hexavalent chromium 
(K2Cr2O7) in HK-2 cells

The toxic effects of Cr(VI) were assessed using 
the immortalized proximal tubule epithelial cell 
line (HK-2). These cells were treated with vary-
ing concentrations of K2Cr2O7, a hexavalent 
chromium compound (Figure 1A). The findings 
indicated that exposure to K2Cr2O7 at concen-
trations above 3 μmol/L significantly decreas- 
ed cell viability and altered cell morphology, 
with the most pronounced effects observed  
at 10 and 30 μmol/L (Figure 1B and 1C). 
Additionally, treatment with K2Cr2O7 at 10 and 
30 μmol/L elevated the protein levels of 
cleaved PARP-1, a well-known marker of cell 
death (Figure 1D). Consequently, concentra-
tions of 10 and 30 μmol/L K2Cr2O7 were  
selected to investigate the protective effects  
of DMPS and DMSA treatments in this study.

The protective effect of DMPS and DMSA in 
K2Cr2O7-intoxicated HK-2 cells

Figure 2A illustrates that DMPS treatment at 
concentrations below 100 μg/mL and 600 μg/
mL did not notably impact cell viability; howev-
er, an increase in cell viability was noted in 
HK-2 cells exposed to 300 μg/mL DMPS, while 
a decrease was observed at 1000 μg/mL. 
Following the co-administration of 10 μmol/L 
K2Cr2O7 with varying concentrations of DMPS, 
cell viability of HK-2 in the 300 and 600 μg/mL 
DMPS-treated groups was not inhibited by 
K2Cr2O7 when compared to the control group. 
Additionally, cell viability of HK-2 in the 100 to 
1000 μg/mL DMPS-treated groups was higher 
than that of HK-2 cells exposed solely to 10 
μmol/L (Figure 2B). Conversely, DMSA treat-
ment did not significantly affect HK-2 cell via- 
bility, even when the DMSO concentration in  
the culture medium reached 3% (Figure 2C). 
Nonetheless, cell viability in all DMSA-treated 
groups was lower than that in the control group. 
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Notably, cell viability in the groups treated with 
100 and 300 μg/mL DMSA was higher than 
that of cells exposed only to 10 μmol/L K2Cr2O7 
(Figure 2D). These findings suggest that DMSA 
treatment alone provided minimal protective 
effects against Cr(VI)-induced toxicity in HK-2 
cells. In summary, treatment with 300 or 600 
μg/mL DMPS effectively shielded HK-2 cells 
from cell death caused by 10 μmol/L K2Cr2O7.

The maximum time delay and optimal concen-
trations of DMPS treatment in K2Cr2O7-intoxi-
cated HK-2 cells

The investigation explored the maximum toler-
able delay for effective DMPS treatment in 
HK-2 cells following exposure to 10 μmol/L 
K2Cr2O7. Treatments with DMPS were adminis-
tered at 0, 2, 4 and 6 hours post-intoxication 
(designated as d0h, d2h, d4h and d6h) as 
shown in Figure 3A. Observations of cell mor-
phology demonstrated that HK-2 cells sub- 
jected to 10 μmol/L K2Cr2O7 showed reduced 
damage when treated with 300 μg/mL DMPS 
within two hours (Figure 3B). Figure 3C high-

lights the protective effects of delayed DMPS 
treatment at 300 μg/mL after K2Cr2O7 intoxica-
tion. Cell viability measurements indicated a 
significant improvement in the d0h and d2h 
groups compared to the untreated intoxicated 
group, while no significant benefit was observ- 
ed in the d4h and d6h treatment groups. 
Nonetheless, cell viability in all delayed-treat-
ment groups remained lower than that of com-
pletely untreated cells. Western blot analysis 
revealed an increase in cleaved-PARP1 protein 
levels starting at 4 hours after K2Cr2O7 expo-
sure (Figure 3D). These findings suggest that 
while 300 μg/mL delayed-DMPS treatment pro-
vided some protection against Cr(VI)-induced 
cell death in HK-2 cells, it was not sufficient to 
fully mitigate the toxic effects of Cr(VI).

Higher concentrations of DMPS were subse-
quently employed to assess its protective eff- 
ects when administered as a delayed treat-
ment. Notably, all groups treated with 600 and 
1000 μg/mL DMPS exhibited significantly high-
er cell viability compared to the control group. 
However, no significant differences were obser- 
ved in the cell viability of HK-2 cells between 

Figure 1. The toxic effect of Cr(VI) exposure at different concentrations. A. Scheme of Cr(VI) intoxication. Potassium 
dichromate (K2Cr2O7) is a chemical compound of Cr(VI). B. The morphology of Cr(VI)-exposed HK-2 cells. C. The vi-
ability of Cr(VI)-exposed HK-2 cells. Data are presented as the mean ± SD. *p-value < 0.05, when compared with 
0 μmol/L group. D. The protein expression of poly(ADP-ribose) polymerase-1 (PARP-1) and an apoptotic marker, 
cleaved PARP-1.
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the 600 and 1000 μg/mL DMPS-treated gr- 
oups, apart from the time point at d0h (Figure 
4A). Although treatment with 1000 μg/mL 
DMPS alone significantly reduced HK-2 cell  
viability (Figure 2A), delayed treatment with 
1000 μg/mL DMPS still demonstrated a posi-
tive impact, enhancing HK-2 cell viability fol- 
lowing intoxication with 10 μmol/L K2Cr2O7. 
Further investigation into the protective effects 
of DMPS was carried out on HK-2 cells intoxi-
cated with 30 μmol/L K2Cr2O7 (Figure 4B). 
Enhanced cell viability was evident in groups 
treated with 300, 600 and 1000 μg/mL DMPS 
at d0h. Additionally, cells treated with 600  
and 1000 μg/mL DMPS at d2h also displayed 
higher viability compared to the 30 μmol/L 
K2Cr2O7-intoxicated group. These findings sug-
gest that high concentrations of delayed DMPS 
treatment offer significant protection to HK-2 
cells against severe Cr(VI) intoxication.

100 μg/mL each of DMPS and DMSA was supe-
rior to that observed with 100 μg/mL DMPS 
administered alone. Nevertheless, further anal-
ysis revealed that the combined treatment did 
not surpass the protective efficacy or extend 
the maximum therapeutic delay achievable 
with a higher concentration of 300 μg/mL 
DMPS alone. These findings suggest that while 
co-treatment with DMSA and 100 μg/mL DMPS 
could augment the protective effect relative to 
100 μg/mL DMPS alone, it did not enhance the 
protective capacity of a higher dose (300 μg/
mL) of DMPS in this HK-2 cell model.

The protective effect of DMPS in K2Cr2O7-intox-
icated human primary renal proximal tubule 
epithelial cells (RPTEC)

The study investigated the protective effects of 
DMPS on RPTEC, a primary proximal tubular 

Figure 2. The cytotoxic and protective effects of 2,3-dimercapto-1-pro-
panesulfonic acid (DMPS) and meso-2,3-dimercaptosuccinic acid (DMSA) 
in Cr(VI)-exposed HK-2 cells. A. The cytotoxicity of different concentrations 
of DMPS. B. The protective effect of different concentrations of DMPS on 
Cr(VI)-exposed cells. Cells underwent co-administration of Cr(VI) and DMPS. 
C. The cytotoxicity of different concentrations of DMSA. D. The protective ef-
fect of different concentrations of DMSA on Cr(VI)-exposed cells. Cells were 
co-administrated with Cr(VI) and DMSA. Data are presented as the mean 
± SD. *p-value < 0.05, when compared with the control group (the group 
without Cr(VI) and DMPS treatments).

To investigate whether com-
bination of DMPS and DMSA 
served as a therapeutic strat-
egy in acute K2Cr2O7-exposed 
HK-2 cells

The administration of DMSA 
alone did not exhibit a statisti-
cally significant protective im- 
pact on HK-2 cells exposed to 
K2Cr2O7. To assess whether  
the combination of DMSA and 
DMPS could yield an additive 
protective effect, extend the 
effective therapeutic window 
of DMPS while reducing its 
necessary protective dosage, 
the protective effects of DMSA 
and DMPS in combination ther-
apy were investigated. Figure 
5A illustrates the outcomes of 
combined treatment using 100 
μg/mL of DMSA and DMPS, 
while Figure 5B illustrates the 
results for the combined treat-
ment with 300 μg/mL of DMSA 
and DMPS. Notably, irrespec-
tive of dosage, the cell survival 
rates at both time points (d0h 
and d2h) were consistently 
higher across all groups receiv-
ing the combination treatment 
compared to those exposed to 
K2Cr2O7 without intervention. 
The protective efficacy of the 
combination therapy utilizing 
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Figure 3. The viability in HK-2 cells with delayed 300 μg/mL DMPS treatment after exposure to 10 μmol/L Cr(VI). A. 
Scheme of delayed DMPS treatment after Cr(VI) intoxication. B. The morphology of 10 μmol/L Cr(VI)-exposed HK-2 
cells after delayed 300 μg/mL DMPS treatment. C. The viability of Cr(VI)-intoxicated HK-2 cells with delayed DMPS 
treatment. HK-2 cells were treated with DMPS at 0 h, 2 h, 4 h, and 6 h after 10 μmol/L K2Cr2O7 intoxication (referred 
to as d0h, d2h, d4h and d6h). Data are presented as the mean ± SD. * indicates p-value < 0.05, when compared 
with the control group. # indicates p-value < 0.05, when compared with the group exposed to 10 μmol/L Cr(VI) 
alone. D. The protein expression of PARP-1 and cleaved PARP-1.

Figure 4. The viability in HK-2 cells with delayed DMPS treatment after exposure to 10 and 30 μmol/L Cr(VI). A. The 
viability of 10 μmol/L Cr(VI)-intoxicated HK-2 cells with delayed 600 and 1000 μg/mL DMPS treatment. * indicates 
p-value < 0.05, when compared with the group exposed to 10 μmol/L Cr(VI) alone. # indicates p-value < 0.05 be-
tween two groups. B. The viability of 30 μmol/L Cr(VI)-intoxicated HK-2 cells with delayed DMPS treatment. Data 
are presented as the mean ± SD. * indicates p-value < 0.05, when compared with the group exposed to 30 μmol/L 
Cr(VI) alone.
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epithelial cell line, to determine its efficacy 
compared to HK-2, an immortalized proximal 

protective effect was observed at a concentra-
tion of 600 μg/mL, as depicted in Figure 6C. In 

Figure 5. The protective effect of DMPS and DMSA combined in Cr(VI)-exposed HK-2 cells. A. The protective effect 
of 100 μg/mL DMSA combined with 100 and 300 μg/mL DMPS. B. The protective effect of 300 μg/mL DMSA com-
bined with 100 and 300 μg/mL DMPS. Data are presented as the mean ± SD. *p-value < 0.05, when compared 
with 10 μmol/L Cr(VI)-exposed group; ns, no significant difference. The right gray bar indicates the cell viability of 
100 and 300 μg/mL DMPS treatment alone. The p-value between DMSA combined with DMPS group, and DMPS 
treatment alone group is shown in this Figure.

Figure 6. The protective effect of DMPS in Cr(VI)-exposed human primary 
renal proximal tubule epithelial cells (RPTEC). A. The viability of Cr(VI)-in-
toxicated RPTEC cells. B. The viability of DMPS-treated RPTEC cells. C. The 
protective effect of DMPS on Cr(VI)-intoxicated RPTEC. Data are presented 
as the mean ± SD. * indicates p-value < 0.05, when compared with the 
group with 10 μmol/L Cr(VI) intoxication; # indicates p-value < 0.05, when 
compared with each DMPS-treated group at the same time point of delayed 
treatment; ns, no significant difference.

tubular epithelial cell line. 
When RPTEC cells were ex- 
posed to K2Cr2O7 concentra-
tions exceeding 1 μmol/L, cell 
viability was notably compro-
mised, as shown in Figure 6A. 
Additionally, DMPS treatment 
alone at 600 and 1000 μg/mL 
significantly reduced RPTEC 
cell viability, while concentra-
tions below 300 μg/mL had  
no detectable impact (Figure 
6B). RPTEC cells were then 
exposed to 10 μmol/L K2Cr2O7 
and subsequently treated with 
varying concentrations of DM- 
PS (100, 300, 600 and 1000 
μg/mL) at three different time 
points: d0h, d2h and d4h.  
Cell viability was assessed fol-
lowing these treatments. For 
co-administration K2Cr2O7 and 
DMPS groups (d0h), DMPS 
concentrations of 300, 600 
and 1000 μg/mL significantly 
improved cell viability com-
pared to the untreated control 
group. For the d2h group, only 
the 600 and 1000 μg/mL 
DMPS treatments increased 
cell viability, while at d4h, the 
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summary, the results indicated that in RPTEC 
cells poisoned with 10 μmol/L K2Cr2O7, 300 
μg/mL DMPS was the optimal treatment con-
centration at hour 0 (d0h), while 600 μg/mL 
DMPS was the optimal treatment concentra-
tion for delayed treatment at 2 hours (d2h)  
and 4 hours (d4h). These findings indicate that 
the optimal treatment concentrations of DMPS 
in RPTEC cells were consistent with those 
observed in HK-2 cells.

Discussion

Systemic Cr(VI) poisoning is rare in clinical 
cases. According to a study, a blood chromium 
concentration of 10 mg/L is considered lethal 
[27]. In contrast, a patient with a chromium 
blood concentration of 3.4 mg/L survived after 
undergoing intermittent hemodialysis treat-
ment [28]. A concentration of 34 μmol/L 
K2Cr2O7 corresponds approximately to the 
lethal dose of 10 mg/L Cr(VI), while 10 μmol/L 
K2Cr2O7 is roughly equivalent to 2.95 mg/L. 
Based on this, cells in the present study were 
exposed to K2Cr2O7 at concentrations repre-
senting curable (10 μmol/L) and lethal (30 
μmol/L) dosages. Previous research demon-
strated that exposure to 10 μmol/L of K2Cr2O7 
led to increased intracellular ROS production, 
induced apoptosis, and reduced cell viability in 
HK-2 cells [20, 29]. In the current study, less 
than 50% cell viability was observed in HK-2 
and RPTEC cells exposed to 10 and 30 μmol/L 
K2Cr2O7 for 32 hours. These concentrations 
were therefore deemed appropriate for examin-
ing acute and severe Cr(VI) poisoning in vitro.

Due to its low water solubility, BAL was admi- 
nistered via intramuscular injection in an oil-
based solution [16]. In comparison, DMPS and 
DMSA exhibit higher water solubility than BAL, 
with DMPS being more soluble than DMSA [30]. 
For the treatment of heavy metal poisoning, 
both DMSA and DMPS are effective when 
administered orally, while DMPS can also be 
delivered intravenously [31, 32]. Although no 
formal medical guidelines currently recom-
mend the use of DMPS and DMSA for Cr(VI)  
poisoning, a previous study reported their pro-
tective effects in a human cervical cancer cell 
line (HeLa cells) and a mouse model exposed  
to K2Cr2O7 [33]. Specifically, treatment with 
DMPS and DMSA (25-100 μmol/L) reduced 
growth inhibition in HeLa cells exposed to 5 
μmol/L K2Cr2O7. Additionally, intraperitoneal 

administration of 500 mg/kg DMPS or DMSA 
immediately following a 40 mg/kg K2Cr2O7 
injection significantly improved survival rates in 
K2Cr2O7-intoxicated mice [33]. These findings 
suggest that DMPS and DMSA might serve as 
potential antidotes for Cr(VI) poisoning. In the 
present study, we further investigated the 
potential of DMPS and DMSA to protect hu- 
man renal proximal tubule epithelial cells from 
Cr(VI)-induced toxicity. The results demonst- 
rate that 300 μg/mL DMPS is sufficient to pro-
vide protection when co-administered with 10 
μmol/L K2Cr2O7. Furthermore, a concentration 
of 600 μg/mL DMPS proved optimal for delay- 
ed treatment of 10 μmol/L K2Cr2O2 intoxica-
tion, while both 600 μg/mL and 1000 μg/mL 
DMPS effectively mitigated toxicity from 30 
μmol/L K2Cr2O7 in delayed treatment scenari-
os. In contrast, DMSA failed to exhibit any pro-
tective effects in our cell-based experiments.

We hypothesize that the differing effects of 
DMSA and DMPS treatments in our cell models 
likely stem from their ability to cross the cell 
membrane. DMPS is distributed across both 
intracellular and extracellular compartments 
[34], whereas DMSA is unable to permeate  
the cell membrane [30]. Extracellular Cr(VI) is 
known to enter cells through non-specific ani- 
on transport proteins [35, 36], where it under-
goes reduction by biological thiols like glu- 
tathione, leading to the production of harmful 
hydrogen peroxide and ROS [37]. It is estab-
lished that despite structural differences, 
DMPS and DMSA utilize dithiol binding to in- 
teract with heavy metals through their thiol 
groups (-SH) [38]. It is important to note that 
our experiments were conducted in vitro, 
bypassing the complexities of in vivo kidney 
drug metabolism and absorption. Based on 
this, we propose that the key distinction might 
lie in the fact that DMPS can penetrate the  
cell membrane to eliminate intracellular Cr(VI). 
Supporting evidence comes from advances in 
novel DMSA-based therapeutics, particularly 
Biomimetic Nano-drug Delivery Systems (e.g., 
AEM-DMSA-NPs) that facilitate cellular entry of 
DMSA, enabling efficient removal of intracellu-
lar chromium and providing effective detoxi- 
fication against chromium poisoning [39]. This 
indirect evidence further reinforces the critical 
role of chelating agents in clearing Cr(VI) from 
within cells for cellular detoxification. However, 
these considerations remain speculative and 
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were not confirmed within the scope of this 
study. Further research is necessary to validate 
these hypotheses.

In this study, we did not offer experimental evi-
dence to examine the specific mechanisms 
through which DMPS treatment influences cell 
death. However, the literature indicates that 
exposure to hexavalent chromium can trigger 
several programmed cell death pathways, such 
as apoptosis, autophagy, and ferroptosis [20, 
40, 41]. Known pharmacological effects of 
DMPS are primarily attributed to its ability to 
bind heavy metals like Cr(VI), rather than in- 
fluencing the intracellular uptake or efflux of 
Cr(VI) [42, 43]. Drawing upon existing litera- 
ture, the primary role of DMPS in safeguarding 
cells from death is hypothesized to lie in its  
ability to chelate both intracellular and extracel-
lular Cr(VI). By reducing the amount of free 
intracellular Cr(VI), DMPS likely decreases per-
oxide production from Cr(VI) reduction, which  
in turn reduces apoptosis and cell death. 
Consequently, we further speculate that cellu-
lar phenomena associated with Cr(VI) expo-
sure-such as decreased cell membrane poten-
tial, increased cleaved-caspase-3 expression 
and an altered Bax/Bcl-2 ratio-might be 
reversed by the addition of DMPS. Because  
ferroptosis markers (e.g., GPX4) are not detect-
ed, the effect of DMPS on ferroptosis is cur-
rently unknown.

Combination therapy represents an alterna- 
tive strategy aimed at reducing the dosages of 
individual pharmacological agents [16]. While 
the combination of DMPS and DMSA did not 
exhibit synergistic effects in our cellular mod-
els, it is plausible that distinct therapeutic out-
comes could emerge via in vivo animal studies, 
particularly when utilizing alternative adminis-
tration routes. Moreover, combination thera-
pies involving various chelators have been suc-
cessfully employed to address other types of 
heavy metal toxicity. For instance, CaNa2EDTA 
or DMSA are commonly used for lead poisoning 
[44], while DMSA combined with monoisoamyl 
DMSA has also shown efficacy in similar con-
texts [45]. Additionally, integrating chelating 
agents with antioxidants has been demonstrat-
ed to enhance the efficacy of conventional che-
lation approaches. Examples include the co-
administration of vitamin C with DMSA or 
MiADMSA for lead intoxication [46], as well as 
N-acetylcysteine (NAC) with DMSA for arsenic 

poisoning [47], both of which have shown 
improved protective outcomes in experimental 
settings. Previous studies from our group have 
reported optimized regimens of vitamin C and 
NAC in addressing hexavalent chromium-
induced toxicity in HK-2 cells [29, 48]. The 
potential therapeutic efficacy of combining 
agents such as DMPS, vitamin C, and NAC war-
rants further evaluation in future investiga- 
tions.

This study’s conclusions come with certain limi-
tations. Since it relied solely on an in vitro cell 
model, it falls short of accurately replicating  
the physiological conditions of Cr(VI) and drug 
metabolism observed in vivo. Additionally, the 
in vitro approach cannot evaluate aspects  
such as the route of administration, dosage, or 
the excretion of hexavalent chromium through 
urine. A recent study indicates that in healthy 
adults, a single oral dose of DMPS can result in 
a maximum plasma concentration of 4.3 μg/
mL. Higher oral doses, such as 1500 mg, have 
been shown to achieve peak plasma concen-
trations of up to 14.7 μg/mL without causing 
significant adverse effects. In comparison, a 
single intravenous dose of 5 mg/kg produces a 
plasma concentration of 23.5 μg/mL. It has 
also been established that DMPS binds rapidly 
to plasma proteins and due to its short half- 
life, is quickly excreted in urine [49]. To bridge 
this gap, animal studies are necessary to  
better translate these findings into potential 
clinical applications.

At present, no comprehensive clinical guide-
lines exist for the use of DMPS and DMSA in 
treating acute hexavalent chromium poisoning. 
This study is the first to reveal that DMPS offers 
protective effects against hexavalent chromi-
um-induced death of proximal renal tubular epi-
thelial cells. It also demonstrates that higher 
doses of DMPS can effectively shield HK-2 cells 
and RPTECs from damage caused by elevated 
levels of hexavalent chromium while extending 
the maximum allowable delay in treatment. 
These results are anticipated to serve as a 
valuable reference for future in vivo experi-
ments and clinical applications.
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