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Objective(s): Cisplatin (CDDP) is a highly effective chemotherapeutic agent, but its clinical application 
has been limited by nephrotoxicity. Tanshinone Ⅰ (T-I), a phenanthrenequinone compound extracted 
from the Chinese herb Danshen, has been used to improve circulation and treat cardiovascular 
diseases. The aim of this study was to investigate the protective effect of T-I on CDDP-induced 
nephrotoxicity in mice.
Materials and Methods: The BALB/c mouse models of nephrotoxicity were established by a single 
intraperitoneal injection of 20 mg/kg CDDP on the first day of the experiment. Three hours prior to 
CDDP administration, the mice were dosed with 10 mg/kg and 30 mg/kg T-I for 3 consecutive days 
intraperitoneally to explore nephroprotection of T-I.
Results: Treatment with T-I significantly reduced blood urea nitrogen and creatinine levels in serum 
observed in CDDP-administered mice, especially at a dose of 30 mg/kg. T-I at 30 mg/kg significantly 
decreased malondialdehyde levels and increased glutathione levels and the enzymatic activity of 
catalase in kidney tissue compared to CDDP. Additionally, T-I (30 mg/kg) significantly reversed the 
CDDP-decreased expression level of superoxide dismutase 2 protein in renal tissue. Histopathological 
evaluation of the kidneys further confirmed the protective effect of T-I. 
Conclusion: The findings of this study demonstrate that T-I can protect against CDDP-induced 
nephrotoxicity through suppression of oxidative stress. 
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Introduction
Cisplatin (cis-diamminedichloroplatinum Ⅱ, CDDP), as a 

platinum-containing drug, is widely used in clinical practice 
for a variety  of  cancers, including bladder, ovarian, lung, 
and testicular cancer (1). However, it is limited by severe 
adverse side effects, such as nephrotoxicity, gastrointestinal 
reaction, myelosuppression, neurotoxicity and ototoxicity, 
particularly nephrotoxicity, which is the main dose-limiting 
factor (2). It has been reported that 20-30% of patients 
treated with CDDP developed evidence of acute kidney 
injury (3). CDDP accumulates mainly in the kidney, and 
the mechanisms of its nephrotoxicity include DNA damage, 
cytoplasmic organelle dysfunction, apoptosis, inflammation 
and oxidative stress (3, 4). Oxidative stress induced by 
the accumulation of intracellular reactive oxygen species 
(ROS) is a hallmark of CDDP-induced nephrotoxicity, 
which is related to glutathione (GSH) depletion, a decrease 
in anti-oxidant enzyme activity, and an increase in lipid 
peroxidation and oxygen free radicals in the kidney (1, 5). 
If ROS are not properly neutralized, they will lead to the 
dysregulation of some signaling pathways, such as MAPK, 
PI3K, Nrf2, iron metabolism, DNA damage response, and 

cell death (6). Recently, several studies have demonstrated 
that inhibition of oxidative stress can reduce CDDP-induced 
nephrotoxicity (5, 7).

Tanshinone Ⅰ (T-I) is one of the major 
phenanthrenequinone compounds extracted from the 
Chinese herb Danshen (Salvia miltiorrhiza Βunge), which 
has been used to improve circulation and treat cardiovascular 
diseases in China (8). Recent studies have shown that T-I 
can enhance anti-oxidative activity against pro-oxidant 
challenge, thereby presenting potential neuroprotection 
against neuronal damage and peroxynitrite-induced DNA 
damage (8, 9). Furthermore, T-I has been proven to be a NF-
E2 p45-related factor 2 (Nrf2)-activator that can activate the 
Nrf2-dependent anti-oxidant response and protect against 
arsenic (As) (III)-induced lung inflammation in vitro and 
in vivo (10). In addition, a previous study showed that T-I 
could facilitate the metabolism of aristolochic acid I (AAI) 
and prevent AAI-induced kidney injury by inducing hepatic 
CYP1A 1/2 in mice (11).

     A previous study in our laboratory had demonstrated 
that T-I can increase cell viability, suppress the increased 
intracellular ROS, and activate the Nrf2 signaling pathway to 
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attenuate CDDP-induced cytotoxicity in HK-2 cells (human 
proximal tubular epithelial cell line)(12). Building on this 
foundation, we continue to investigate the protective effect 
of treatment with T-I on CDDP-induced nephrotoxicity in 
mice.

Materials and Methods
Chemicals and kits

Tanshinone I (>97% purity) was purchased from 
Shanghai Macklin Biochemical Co, Ltd (Shanghai, China). 
CDDP (>65% purity) and corn oil were purchased from 
Shanghai Aladdin Biochemical Tech Co, Ltd (Shanghai, 
China). Reduced glutathione (GSH), malondialdehyde 
(MDA) and catalase (CAT) assay kits were purchased 
from Nanjing Jiancheng Biotech Co, Ltd (Nanjing, China). 
The Pierce™ BCA protein assay kit was purchased from 
Thermo Fisher Scientific Inc. (MA, USA). Anti-superoxide 
dismutase 2 (SOD2) antibody and anti-GAPDH antibody 
were purchased from Cell Signaling Technology (Beverly, 
MA, USA). Other chemicals were of analytical grade from 
commercial suppliers.

Animals
    Specific pathogen-free (SPF) male BALB/c mice (18-

22 g) were purchased from the Laboratory Animal Center 
of Sun Yat-sen University. All mice were housed under 
standard SPF conditions controlled at a temperature of 
20~25 °C and humidity of 40~70%, with a 12-hour light-
dark cycle. Food and water were provided ad libitum. 
The animal study was approved by the Animal Ethics and 
Welfare Committee of Sun Yat-sen University  (Approval 
No.: SYSU-IACUC-2019-000337).

Experimental protocols
Mice were randomly assigned into five groups (n=5). 

Group I (control group) were intraperitoneally (IP) treated 
with corn oil (vehicle of T-I) and PBS (vehicle of CDDP), 
as shown in Figure 1. Group II (CDDP group) were 
administered a single dose of CDDP (20 mg/kg (13), IP) 
after 3 hr of corn oil treatment, and then corn oil was given 
for 2 consecutive days. Group III (CDDP + T-I 10 group) 
and Group IV (CDDP + T-I 30 group) were firstly treated 

with T-I (10, 30 mg/kg, IP) and then given a single dose 
of CDDP (20 mg/kg, IP) 3 hr later, and subsequently, they 
received T-I (10, 30 mg/kg, IP) for 2 consecutive days(11, 
14). Group V (T-I 30 group) were treated with T-I (30mg/
kg, IP) 3 hr prior to PBS treatment on the first day, and then 
given T-I (30 mg/kg, IP) once a day for the next 2 days. 
The mice were euthanized 72 hr after CDDP treatment 
(Figure 1). Blood samples were collected to evaluate serum 
creatinine (CRE) and blood urea nitrogen (BUN) levels. 
Kidneys were removed and weighed immediately. The left 
kidney was fixed in 10% formalin for histopathological 
studies, while the other kidney was stored at -80℃ for 
subsequent detection.

Assessment of renal function and oxidative stress
The levels of serum CRE and BUN were measured by a 

CX5 automatic analyzer (Beckman, USA) using standardized 
commercially available kits (Leadman Biochemistry Co. 
Beijing, China). Kidneys were homogenized with saline 
at a weight-to-volume ratio of 1:9. GSH, MDA and CAT 
assays were performed according to the manufacturers’ 
instructions. The protein concentration was determined 
using the BCA Protein Assay Kit (Thermo Fisher Scientific).

Western blot analysis
Total protein was extracted from the kidney tissues using 

cell lysis buffer for Western and IP (Beyotime Institute of 
Biotechnology, Shanghai, China). Extracts were separated 
by 10% SDS-polyacrylamide gels electrophoretically and 
then transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore Co, Billerica, MA, USA). After 
being blocked in 5% nonfat milk in TBST for 1 hr at room 
temperature, the membranes were incubated with primary 
antibodies at 4℃ overnight, washed and conjugated with 
secondary antibodies at room temperature for 1 hr and 
washed again. The membranes were disposed using an 
electrochemiluminescence (ECL) kit (Thermo Scientific/
Pierce, Rockford, IL, USA) according to the manufacturer’s 
protocol. The pictures were detected by a chemiluminescence 
detection system (Bio-Rad Laboratories, Hercules, CA, 
USA). The density of the immunoreactive bands was 
analyzed using ImageJ 1.41 (National Institutes of Health, 
Bethesda, MD, USA).

 

  
Figure 1. Animal treatment protocols. Twenty-five mice were randomly assigned into five groups: control, CDDP, CDDP + T-I (10), CDDP + T-I (30) and 
T-I (30) (each group, five mice). CDDP: cisplatin; T-I: tanshinone I; PBS: phosphate buffered saline
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Histopathological analysis
The left kidney specimens were sectioned in blocks and 

fixed in 10% formalin. After fixation, tissues were dehydrated 
with a graded series of ethanol and xylene, embedded in 
paraffin, cut into 4 µm sections and stained with Mayer’s 
hematoxylin and eosin (H&E). The sections were observed 
by upright optical microscopy at 400 × magnification 
(NIKON ECLIPSE E100, Nikon, Japan). Tubular injury 
scores were analyzed by counting the percent of tubules 
that displayed cell necrosis, tubule dilatation, loss of brush 
border, and cast formation by an expert renal pathologist. 
And scored as: 0, none; 1, <10%; 2, 10% to 25%; 3, 25% to 
75%; 4, >75%(15).

Statistical analysis
Data analysis and charts were generated by the GraphPad 

Prism 8.3.0 software package (GraphPad Software, USA). 
All results are expressed as the mean ± standard error of 
the mean (SEM). Statistical comparisons were made using 
Student’s t-test and one-way analysis of variance (ANOVA) 
followed by Tukey’s test. Statistically significant differences 
were set at P<0.05 or P<0.01.

Results
Effects of T-1 on CDDP-induced renal injury

As demonstrated in Table 1, the CDDP group exhibited 
significant (P<0.01) increases in BUN and CRE levels 
compared with the control group. Both 10 mg/kg and 30 mg/
kg treatments of T-I significantly (P<0.01) attenuated the 
levels of BUN. Moreover, treatment with 30 mg/kg T-I for 
3 consecutive days significantly (P<0.05) decreased serum 
CRE levels. The levels of CRE were decreased in CDDP+ 
T-I (10 mg/kg) group, but the difference was not statistically 
significant (P=0.0587) as compared to the CDDP group, 
which might be due to huge variation of data.

Administration of CDDP significantly inhibited (P<0.01) 
anti-oxidant defense actions in kidneys, as presented by 
elevated levels of MDA and decreased GSH levels and 
CAT activities in comparison with control mice (Table 
1). T-I treatment at 10 and 30 mg/kg significantly (P<0.05 
and P<0.01, respectively) reduced the levels of MDA 
compared to the mice receiving CDDP alone. Furthermore, 
treatment with T-I (30 mg/kg) significantly reversed the 
CDDP-induced decrease in GSH and CAT levels compared 
with those of CDDP-treated mice (P<0.05 and P<0.01, 

respectively) (Table 1).

Effects of T-1 on the expression of SOD2 protein
As shown in Figure 2, administration of CDDP 

significantly (P<0.05) decreased the expression levels of 
SOD2 protein compared to the control group. In contrast, 
treatment with T-I (30 mg/kg) significantly (P<0.05) 
increased the protein levels of SOD2 compared to the 
CDDP-administered mice.

Effects of T-I on CDDP-mediated kidney histopathological 
changes

Both the control and T-I (30 mg/kg) groups showed 
completely normal renal tissues, characterized by clear 
tubular and glomerular structures with clear and normal 
nuclei (Figure 3A and 3E). The kidneys of CDDP-treated 

 

Table 1. Effects of T-1 on CDDP-induced renal dysfunction and changes in renal anti-oxidants in mice

CDDP: cisplatin; T-I: tanshinone I; BUN: blood urea nitrogen; CRE: creatinine; MDA: malondialdehyde; GSH: glutathione; CAT: catalase. Values are 
presented as means ± SEM (n = 5). **P<0.01 compared with the control group; #P<0.05, ##P<0.01 compared with the CDDP group

 

  
Figure 2. Effect of T-I on the expression of SOD2 protein with/without 
CDDP treatment. Representative Western blot images show CDDP- or 
T-I-induced SOD2 changes (A). The data are shown as the means ± SEM 
of four independent experiments (B). *P<0.05 compared with the control 
group; #P<0.05 compared with the CDDP group. CDDP: cisplatin; T-I: 
tanshinone I; SOD2: superoxide dismutase 2; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase
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mice exhibited obvious tubular injury, including tubular 
dilatation, loss of brush border, granular degeneration, 
tubular epithelial cell detachment and intraluminal cast 
formation in proximal convoluted tubules (Figure 3B). 
However, treatment with T-I (10 and 30 mg/kg) for 3 
consecutive days markedly (P<0.05 and P<0.01) improved 
the structural changes induced by CDDP treatment (Figure 
3C and 3D).

Discussion
In the present study, we investigated the effects of T-I, 

one of the major phenanthrenequinone compounds 
extracted from the Chinese herb Danshen, on CDDP-
induced nephrotoxicity in mice. We demonstrated that 
T-I (especially 30 mg/kg, IP) attenuates CDDP-induced 
depletion of GSH, reduction in SOD2 protein expression 
and CAT activity, and an increase of MDA levels in the 
kidneys of mice. Treatment with this agent is associated 
with remarkable improvement of renal function. These 
results are consistent with our previous in vitro results (12) 
and further verify the protective effect of T-I against CDDP-
induced nephrotoxicity in vivo.

CDDP is eliminated predominantly by the kidneys, and 
renal platinum concentration reaches to peak at 72 hr after 
a single intraperitoneal injection of CDDP; furthermore, 
BUN and CRE both increase rapidly from 48 to 120 hr 
(16). Based on this background, we established a mouse 
CDDP model of acute kidney injury (AKI) by a single IP 
injection of 20 mg/kg CDDP followed by euthanasia 3 days 
later. This method has been confirmed to be successful 
by some previous studies (13, 17). Similarly, in our study, 
treatment with CDDP resulted in obvious nephrotoxicity, 
as demonstrated by significant increases in serum CRE and 
BUN levels and morphological changes in kidney tubules.

It has been reported that oxidative stress plays an 
important role in CDDP-induced nephrotoxicity(4). 
Oxidative stress mainly occurs when the production and 
consumption of free radicals are unbalanced. CDDP 
may induce mitochondrial dysfunction and increase 
reactive oxygen species (ROS) production by interrupting 
the respiratory chain (18). Furthermore, depletion or 
inactivation of glutathione (GSH), superoxide dismutase 
(SOD), catalase (CAT) and related anti-oxidants by CDDP 

can induce a shift in the cellular redox status, leading to 
the accumulation of endogenous ROS and oxidative stress 
within the cells(1, 19). Thus, enhancing the cellular anti-
oxidant response to counteract the increase in ROS has 
become a common treatment for CDDP-induced AKI. At 
present, several novel anti-oxidant compounds, such as 
sumatriptan and tangeretin, have been evaluated to protect 
against CDDP-induced renal injuries (5, 7).

T-I, a Danshen derivative, is confirmed to have high 
oxidation resistance in vivo and in vitro (9, 10, 12). Feng 
et al. found out that pretreatment with T-I at 30 mg/kg for 
3 days significantly alleviated aristolochic acid I-induced 
kidney injury in mice (11). In another report, it was shown 
that T-I pretreatment at 10 mg/kg for 3 days remarkably 
reduced 6-hydroxydopamine-induced striatal oxidative 
stress and ameliorated dopaminergic neurotoxicity (14). 
Our previous studies confirmed that T-I attenuated CDDP-
induced nephrotoxicity in HK-2 cells (12). Therefore, in this 
study, we selected two doses of T-I, 10 mg/kg and 30 mg/
kg, to explore the protective effect of T-I on CDDP-induced 
nephrotoxicity. As we predicted, T-I administration to 
CDDP-treated mice counteracted the induced renal 
dysfunction and morphological abnormalities, especially at 
the dose of 30 mg/kg T-I. 

A previous report indicated that T-I could present 
potential neuroprotection against neuronal damage by 
increasing the production of anti-oxidants, including 
total anti-oxidant capacity, GSH, total SOD and CAT, and 
reducing the production of pro-oxidants (9). Furthermore, 
T-I was demonstrated to upregulate levels of mitochondrial 
GSH and afford mitochondrial protection against hydrogen 
peroxide by activating Nrf2 in SH-SY5Y cells (20). In 
addition, our previous in vitro studies confirmed that 
T-I pretreatment significantly reduced intracellular ROS 
levels and enhanced the anti-oxidant activity and survival 
rate of HK-2 cells after CDDP exposure by activating the 
Nrf2/ARE signaling pathway (12). In the present study, we 
further found that treatment with T-I at 30 mg/kg for 3 days 
significantly increased renal GSH levels and the activity of 
endogenous anti-oxidant enzymes, including SOD2 and 
CAT, in CDDP-treated mice, which demonstrated that T-I, 
as an anti-oxidant, could protect against CDDP-induced 
acute kidney injury in vivo. 

 

Figure 3. Effects of T-I on CDDP-induced kidney histopathological changes. (A): Control group; (B): CDDP group; (C): CDDP + T-I (10) group; (D): 
CDDP + T-I (30) group; (E): T-I (30) group; (F): tubular score. Arrows show intratubular cast formation, swallow-tail form shows granular degenerations, 
and triangle shows tubular epithelial cell detachment. **P< 0.01 compared with the control group; # P< 0.05, ##P< 0.01 compared with the CDDP group. 
(Hematoxylin and eosin staining, magnification×400). CDDP: cisplatin; T-I: tanshinone I
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MDA, as one of the end products of lipid peroxidation, 
is constantly used as a marker of oxidative stress (1). Our 
results show that CDDP treatment induced renal lipid 
peroxidation (measured by MDA production), which 
was paralleled by the deterioration of renal structure and 
function. These results are consistent with previous reports 
showing that CDDP-induced lipid peroxidation is associated 
with altered renal function (17, 21). Of interest, the results 
of the current study revealed that treatment with T-I for 3 
days significantly reduced the increase in MDA levels in the 
kidney tissues of CDDP-treated mice. Consistent with our 
research, recent studies have shown that T-I suppresses lipid 
peroxidation in H2O2-treated and methylglyoxal-treated 
human neuroblastoma SH-SY5Y cells by decreasing the 
levels of MDA (20, 22). These results supported that T-I had 
anti-oxidant activity in vitro and in vivo.

Conclusion
The results of this study showed that T-I protected against 

CDDP-induced nephrotoxicity by reducing renal lipid 
peroxidation and increasing the production of endogenous 
anti-oxidants. T-I can be potentially used to prevent CDDP 
induced nephrotoxicity. However, this needs to be confirmed 
by measuring further biomarkers of oxidative stress and 
inflammation. Additionally, molecular studies should be 
conducted to unravel nephroprotective mechanisms.
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