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Abstract: Cardiovascular complications have been well documented as the downside to conventional cancer chemo-
therapy. As a notable side effect of cisplatin, cardiotoxicity represents a major obstacle to the successful treatment 
of cancer. It has been reported that kaempferol (KPF) possesses cardioprotective and anti-inflammatory qualities. 
However, the effect of KPF on cardiac damage caused by conventional cancer chemotherapy remains unclear. 
In this study, we clarified the protective effect of KPF on cisplatin-induced heart injury, and conducted in-depth 
research on the molecular mechanism underlying this effect. The results showed that KPF protected against car-
diac dysfunction and injury induced by cisplatin in vivo. In H9c2 cells, KPF dramatically reduced cispaltin-induced 
apoptosis and inflammatory response by modulating STING/NF-κB pathway. In conclusion, these results showed 
that KPF had great potential in attenuating cisplatin-induced cardiac injury. Besides, greater emphasis should be 
placed in the future on natural active compounds containing KPF with anti-inflammatory effects for the treatment 
of these diseases.
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Introduction

Cardiovascular complications caused by can-
cer chemotherapy drugs have become a com-
mon problem in cancer treatment. Cisplatin 
(cis-diamminediachloroplatinum [II], CDDP), a 
platinum anti-tumor drug, is applied to the 
treatment of many solid tumors involving the 
endometrium, neck, head, bladder, testis, ov- 
ary, kidney and lung [1]. Although platinum-like 
chemotherapy drugs have been reported with 
reliability and effectiveness in the treatment  
of cancer, the side effects of cisplatin, such  
as neurotoxicity and cardiotoxicity, represent 
major obstacles for the successful treatment  
of cancer [1-3]. A raft of studies have revealed 
that cisplatin could increase the levels of plas-
ma troponin I (TPI), creatine kinase (CK), and 
creatine kinase isoenzyme MB (CK-MB), which 
may be caused by the damage of myocardial 
membrane structure and function [4]. In a word, 

cardiac injury induced by cisplatin eventually 
leads to congestive heart failure and abrupt 
cardiac death. Therefore, revealing the mecha-
nism of cisplatin-induced toxicity will be helpful 
in the quest for new drugs to treat cisplatin-
related toxicity.

Apoptosis of cardiomyocytes has been demon-
strated in cisplatin-induced cardiotoxicity mod-
els in vivo and in vitro [5-7]. The molecular 
mechanisms of cisplatin-induced toxicity are 
complicated and unclear. Results from a large 
number of studies showed that multiple path-
ways were involved in cisplatin-induced toxicity, 
including mitochondrial damage, toxic metabo-
lites, inflammatory response, and so on [6, 8- 
10]. Inflammatory response is an inevitable oc- 
currence that usually leads to secondary dam-
age to cells or tissues [11]. There is increas- 
ing evidence that cisplatin could induce a large 
number of inflammatory cytokines and chemo-
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kines, including transcription activation of the 
nuclear factor-κB (NF-κB), which regulates the 
expression of a variety of inflammatory factors 
including tumor necrosis factor alpha (TNF-α), 
interleukin-6 (IL-6), monocyte chemotactic pro-
tein 1 (MCP-1), and so on [12]. It has been 
reported that cardiac dysfunction induced by 
cisplatin is related to mitochondrial membrane 
depolarization [2, 13]. Accumulating evidence 
has illustrated that cisplatin could directly in- 
teract with mitochondria and rapidly induce the 
release of cytochrome C and NAD(P)H decay 
[14, 15]. And the cell damage induced by cispl-
atin can be reversed by the afore-mentioned 
cisplatin permeability transition pore inhibitor 
[15]. In addition, cisplatin inhibited respiration, 
including ADP phosphorylation rate, respiration 
control rate, and ADP/O rate, and increased  
the production of ROS [16, 17]. Furthermore, 
mtDNA leaks into the cytosol during cisplatin-
induced mitochondria damage and mitochon-
drial permeability transition [18]. As a key re- 
gulator, mtDNA also activated the cyclic GMP-
AMP synthase (cGAS)/stimulator of interferon 
genes (STING) signal pathway [19]. mtDNA-acti-
vated cGAS induces the production of 2’3’-
cGAMP, which binds to STING and activates 
downstream signal pathway [20]. Studies have 
also reported that STING-mediated inflamma-
tion could promote myocardial damage and  
kidney damage caused by cisplatin-induced 
mitochondrial stress [21, 22]. In addition, in  
in vivo animal models, cisplatin can induce a 
significant increase in myocardial TNF-α and 
myocardial peroxidase activity [12, 23]. To sum 
up, STING-mediated inflammation activated by 
mtDNA leakage may be involved in cisplatin-
induced apoptosis.

Kaempferol (KPF), a kind of flavonoids, widely 
exists in all kinds of vegetables and fruits [24, 
25]. A large number of studies have reported 
that KPF has anti-inflammatory and antioxidant 
activities [26, 27]. A recent study has shown 
that the decrease of serum inflammatory cyto-
kines was closely related to the daily consump-
tion of high levels of flavonol, especially KPF 
[28]. KPF has shown great anti-tumor poten- 
tial by inhibiting metastasis, inflammation and 
angiogenesis [25]. With a focus on the patent-
ed medical potential of natural products, we 
clarified the protective effect of KPF on cisplat-
in-induced heart damage and conducted in-
depth research on the molecular mechanism 
underlying this effect. Our results showed that 

KPF could reduce myocardial injury and diastol-
ic dysfunction induced by cisplatin, and reduce 
the inflammation and apoptosis of cardiomyo-
cytes. The cardioprotective effect of KPF was 
closely related to its inhibition of STING-
mediated NF-κB activation. 

Methods

Chemicals 

KPF and cisplatin were procured from Selleck 
(Houston, Texas, USA). For the in vivo experi-
ments, KPF was dissolved in 1% sodium car-
boxyl methyl cellulose (CMC-Na), and for the in 
vitro experiments, it was dissolved in DMSO. 

Animals 

All the experimental procedures were in com- 
pliance with “The Detailed Rules and Regu- 
lations of Medical Animal Experiments Ad- 
ministration and Implementation”. The animal 
research protocols were approved by the insti-
tutional review boards of Zhejiang University 
School of Medicine, Hangzhou, China. C57BL/ 
6 mice (male, 18-22 g) were obtained from 
Beijing Vital River Laboratory Animal Technolo- 
gy Co., Ltd. (Beijing, China). The animals were 
fed with a normal animal diet and kept at a  
constant temperature in room with a 12:12 
light/dark cycle. Cisplatin-induced cardiac inju-
ry animal model was established by subcut- 
aneous injections of cisplatin at 3 mg.kg-1.2 
day-1 for 1 week in saline buffer. KPF was orally 
administrated at 10 mg.kg-1.day-1 for 2 weeks 
before injection of cisplatin, while the control 
group was orally administrated with 1% CMC-
Na. Under ether anesthesia, the mice under-
went euthunization with sodium pentobarbital 
anesthesia. Afterwards, their blood and heart 
tissues were collected. 

Cardiac function 

7 days after cisplatin treatment, transthoracic 
echocardiography was conducted on the mice 
to examine their cardiac function and structure. 
Transthoracic echocardiography (VisualSonics, 
Toronto, Canada) was performed to measure 
cardiac function in a non-invasive manner. The 
LV internal dimension in diastole (LVIDs), LV 
end-systolic volume (LVESV), LV internal dimen-
sion in systole (LVIDd), and LV end-diastolic  
volume (LVEDV) were assessed from M-mode 
images. The equations of Fractional shortening 
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(FS) = [(LVIDd - LVIDs)/LVIDd] ×100% and 
Ejection fraction (EF) = (LVEDV - LVESV)/LVEDV 
×100% were respectively used to calculate FS 
and EF.

Heart histology 

After the cisplatin treatment, the heart tissues 
were obtained and fixed in 4% formaldehyde 
buffered with PBS (pH 7.2). The second step 
was meant to prepare 5-μm-thick paraffin-
embedded sections. Thereafter, the sections 
were submitted to hematoxylin and eosin (H&E) 
treatment. 

Myocardial TUNEL staining 

Sections were deparaffinized and TUNEL stain-
ing was conducted following the manufactur-
er’s operating procedures (Yeasen, Shanghai, 
China). Images were taken with the microscope 
(NIKON A1R/A1, Nikon, Japan). 

Cell culture and treatment 

After they were cultured in DMEM medium 
(Gibco, Eggenstein, Germany) that contained 
4.5 g/L glucose, H9c2 cells were maintained at 
37°C in an atmosphere of 5% CO2 and 95% 
humidity. The cells were pretreated with KPF (1, 
5, or 10 μM) for 1 h, and then incubated with 
cisplatin (10 μM) or PBS (1 μL). 

MTT assay 

After the afore-mentioned treatment, the cells 
were rinsed three times, and the medium was 
converted into 1 mg/mL MTT solution (100 μL/ 
well, Sigma). Cells were incubated at 37°C for  
4 h. A microplate reader was used to measure 

the absorbance at 570 nm in order to deter-
mine cell viability.

Western blot analysis (WB) 

Protocol of WB was represented in detail in the 
published paper [7]. Antibodies for α-Tubulin 
and GAPDH were obtained from Proteintech 
group (Chicago, Illinois, USA). Antibodies for 
p-STING, p-TBK1, TBK1, BAX, BCL2, NF-κB 
p65, and p-NF-κB p65 were procured from Cell 
Signaling Technology (Boston, Massachusetts, 
USA). 

Real-time quantitative PCR (RT-qPCR) 

Protocol of RT-qPCR was described in a previ-
ous paper [29]. The primer sequences of TNF-
α, IL-6, HMGB1, MCP-1 and β-actin genes were 
synthesized with Invitrogen (Invitrogen, Shang- 
hai, China) (Table 1). The quantitative analysis 
of genes was normalized to β-actin.

Determination of TNF-α and IL-6 by enzyme-
linked immunosorbent assay (ELISA) 

Following the manufacturer’s instructions, the 
protein levels of TNF-α and IL-6 in heart tissue 
or medium supernatant were determined by 
ELISA kits (Bioscience, San Diego, CA). 

Silencing STING by siRNA 

In accordance with the manufacturer’s oper- 
ating procedures, specific siRNA (sense sequ- 
ence: 5’-CCAACCUGCAUCCAU CCAUTT-3’; anti-
sense sequence: 5’-AUGGA UGGAUGCAGGUU- 
GGTT-3’) for STING obtained from Genephar- 
ma Co., LTD. (Shanghai, China) was transfect- 
ed into H9c2 cells using siRNA-Mate (Gene- 
pharma, Shanghai, China).

Table 1. Primers used for real-time qPCR assay
Gene Species Primers (FW) Primers (RW)
TNF-α Mouse TGATCCGCGACGTGGAA ACCGCCTGGAGTTCTGGAA
IL-6 Mouse CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT
MCP-1 Mouse TCACCTGCTGCTACTCATTCACCA TACAGCTTCTTTGGGACACCTGCT
HMGB-1 Mouse GGCGAGCATCCTGGCTTATC GGCTGCTTGTCATCTGCTG
β-actin Mouse CCGTGAAAAGATGACCCAGA TACGACCAGAGGCATACAG
TNF-α Rat TACTCCCAGGTTCTCTTCAAGG GGAGGCTGACTTTCTCCTGGTA
IL-6 Rat GAGTTGTGCAATGGCAATTC ACTCCAGAAGACCAGAGCAG
MCP-1 Rat GTCACCAAGCTCAAGAGAGAGA GAGTGGATGCATTAGCTTCAGA
HMGB-1 Rat GCATCCTGGCTTATCCATTGG GGCTGCTTGTCATCTGCTG
β-actin Rat AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC
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Statistical analysis 

The statistics reported are presented as me- 
ans + SEMs (standard errors of the mean) in 
the present study. Analysis of variance (ANOVA) 
was used to evaluate the statistical signifi-
cance of differences. A statistically significant 
result was obtained at P<0.05.

Results

KPF mitigated hypertrophy and cardiac dys-
function induced by cisplatin

To explore the cardioprotective effect of KPF on 
cisplatin-induced hypertrophy and cardiac dys-
function, mice treated with cisplatin were pre-
treated with KPF. As shown in Figure 1A, 1B, 
cisplatin induced the decrease of EF and FS, 
while treatment with KPF significantly improved 
cisplatin-induced cardiac dysfunction. Cisplatin 
induced an increase in serum CK-MB levels, 
but it was improved in KPF-treated mice (Figure 
1C). Histological analysis of heart tissues sh- 

owed increased myocardial fiber disorder in 
cisplatin-induced mice, but the change was 
reversed in KPF-treated mice (Figure 1D). We 
also measured the related indexes of cardiac 
hypertrophy, ANP and BNP. Cisplatin enhanc- 
ed mRNA levels of ANP and BNP, but these 
changes were reversed by treatment with KPF 
(Figure 1E, 1F). The increase in the heart to 
body weight (HW/BW) ratio was assumed to  
be caused by cardiac hypertrophy. Figure 1G 
showed that KPF reduced the cisplatin-induced 
increase of the ratio of HW/BW. The above data 
indicated that KPF had a protective effect on 
hypertrophy and cardiac dysfunction caused by 
cisplatin.

KPF reduced cisplatin-induced cardiomyocyte 
apoptosis in myocardial tissue

To further investigate the protective effect of 
KPF, we analyzed cardiomyocyte apoptosis in 
the myocardial tissues. As shown in Figure 2A, 
pretreatment with KPF significantly attenuat- 
ed cisplatin-induced cardiomyocyte apoptosis 

Figure 1. KPF attenuated cisplatin-induced hypertrophy and cardiac dysfunction. (A, B) Eject fraction (A) and Frac-
tional shortening (B) were measured by echocardiography. (C) The level of serum CK-MB was detected by the ELISA 
Kit. (D) The represent images were observed for myocardial fiber disorder. Heart tissues were subjected to (H&E). 
(E, F) RT-qPCR was used to detect the mRNA levels of ANP and BNP. (G) The ratio of heart to body weight (HW/BW) is 
assumed to reflect cardiac hypertrophy. (n=6 in each group; #, vs. Saline group, #P<0.05, ##P<0.01, ###P<0.001; 
*, vs. CDDP group, *P<0.05, **P<0.01).
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measured by TUNEL staining. On the other 
hand, cisplatin increased the expression of 
apoptosis-related proteins (BAX) and decrea- 
sed the expression of anti-apoptosis-related 
protein (BCL-2), but these changes induced by 
cisplatin were reversed by treatment of KPF 
(Figure 2B). These data indicated that KPF  
had the protective effect of cisplatin-induced 
cardiomyocytes apoptosis.

KPF significantly suppressed cardiac inflam-
mation induced by cisplatin in myocardial tis-
sue

Immunohistochemical staining showed that the 
expression of CD68 in myocardial tissue was 
increased by cisplatin, indicating that increa- 

sed macrophages infiltrated into myocardial 
tissue. The increase was reversed by pretreat-
ment with KPF (Figure 3A). Real-time qPCR 
analysis (Figure 3B-E) was performed to fur-
ther validate the mRNA levels of inflammatory 
factors in cardiac tissue and the protein levels 
of IL-6 and TNF-α in cardiac tissue were mea-
sured by ELISA (Figure 3F, 3G). The results 
revealed that cisplatin could induce the mRNA 
levels of IL-6, HMGB1, TNF-α and MCP-1 and 
the protein contents of IL-6 and TNF-α in cardi-
ac tissue, but these changes were reversed by 
treatment of KPF. Since the NF-κB signal path-
way is considered critical for inflammation, we 
tested it in the cardiac tissue. As Figure 3H  
suggested, cisplatin induced the phosphoryla-

Figure 2. KPF reduced cisplatin-induced cardiomyocytes apoptosis in myocardial tissue. A. The representative im-
ages of TUNEL staining and quantitative analysis were used to demonstrate cardiomyocyte apoptosis. B. Western 
blot analysis and quantitative analysis were used to detect the expression of apoptosis-related protein BAX and 
anti-apoptosis-related protein BCL-2. (n=6 in each group; #, vs. Saline group, ###P<0.001; *, vs. CDDP group, 
***P<0.001).
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tion of NF-κB, while KPF effectively inhibited 
phosphorylation of NF-κB induced by cisplatin 
in cardiac tissue. These results indicated that 
KPF could significantly inhibit the cardiac in- 
flammation caused by cisplatin, which might 
contribute to the cardioprotective effects of 
KPF.

KPF inhibited cisplatin-induced cell death in 
H9c2 cells

First, we established a cell model in which cis-
platin inhibits the viability of H9c2 cells. As 
Figure 4A showed, cisplatin at concentrations 
of 5 and 10 μM markedly inhibited the viability 

Figure 3. KPF significantly suppressed cardiac inflammation induced by cisplatin in myocardial tissue. (A) The rep-
resentative images of immunohistochemistry staining of CD68 and quantitative analysis were used to demonstrate 
macrophage infiltration. (B-E) RT-qPCR was used to detect the mRNA levels of IL-6 (B), HMGB1 (C), TNF-α (D), and 
MCP-1 (E). (F, G) The protein contents of IL-6 (F) and TNF-α (G) were detected with the corresponding ELISA Kit. (H) 
Western blot analysis and quantitative analysis were used to detect the phosphorylation and expression of NF-κB. 
(n=6 in each group; #, vs. Saline group, #P<0.05, ##P<0.01, ### P<0.001; *, vs. CDDP group, *P<0.05, **P<0.01, 
***P<0.001).
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of H9c2 cells. Subsequently, we evaluated  
the viability of H9c2 cells induced by cisplatin 
(10 μM) after they had been pretreated with 
KPF. H9c2 cells were incubated with 1, 5, or 10 
μM KPF for 1 h, and then exposed to cisplatin 
(10 μM) for 24 h. As shown in Figure 4B, cispla-
tin significantly inhibited the proliferation of 
H9c2 cells, but pretreatment with KPF had a 
dose-dependent protective effect on H9c2 
cells. Moreover, TUNEL staining showed that 
KPF reduced cisplatin-induced cardiomyocytes 
apoptosis (Figure 4C, 4D). On the other hand, 
cisplatin increased the expressions of apopto-
sis-related proteins (BAX) and decreased the 
expression of anti-apoptosis-related protein 
(BCL-2), but these changes induced by cisplatin 
were reversed by treatment with KPF in H9c2 
cells (Figure 4E, 4F). These results showed that 

KPF dose-dependently protected against cispl-
atin-induced cell death in H9c2 cell.

KPF inhibited the expression of cytokine in-
duced by cisplatin

The inflammatory reaction of myocardial tis- 
sue is widespread, which aggravates the injury 
of myocardial cells and leads to apoptosis. 
Therefore, we examined whether KPF inhibited 
the release of inflammatory cytokines induced 
by cisplatin. RT-qPCR showed that cisplatin 
could increase the mRNA levels of inflammato-
ry cytokines, including HMGB1, MCP-1, TNF-α, 
and IL-6 (Figure 5A), and the secretion of IL-6 
and TNF-α in cell culture medium (Figure 5B). 
Treatment with KPF reduced both the mRNA 
levels of HMGB1, MCP-1, TNF-α, and IL-6 and 

Figure 4. KPF inhibited cell death induced by cisplatin in H9c2 cells. (A) After incubation with cisplatin (0.1, 0.5, 1, 
5, or 10 μM) for 24 h, MTT assay was performed to detected cell viability in H9c2 cells. (B) Following 1 h pretreat-
ment with KPF (1, 5, or 10 μM), H9c2 cells were incubated with cisplatin (10 μM) for 24 h and then cell viability was 
measured by MTT assay. (C, D) Following 1 h pretreatment with KPF (1, 5, or 10 μM), H9c2 cells were incubated 
with cisplatin (10 μM) for 24 h and then cell apoptosis was measured by TUNEL staining. The representative images 
of TUNEL staining (C) and quantitative analysis (D) were used to perform apoptosis in H9c2 cells. (E, F) Following 1 
h pretreatment with KPF (1, 5, or 10 μM), H9c2 cells were incubated with cisplatin (10 μM) for 24 h and then total 
protein were collected. Western blot analysis and quantitative analysis were used to detect the expression of BAX 
and BCL2. (n=3 independent experiments; #, vs. Ctr or DMSO group, #P<0.05, ###P<0.001; *, vs. CDDP group, 
*P<0.05, **P<0.01, ***P<0.001).
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the secretion of IL-6 and TNF-α in H9c2 cells 
(Figure 5A, 5B). In addition, KPF effectively 
reduced the phosphorylation level of NF-κB  
in cisplatin-induced H9c2 cells. These results 
suggested that KPF might alleviate cisplatin-
induced injury in H9c2 cells via inhibition of 
inflammatory response. 

STING was involved in cisplatin-induced inflam-
mation

Research has shown that the cGAS/STING sig-
nal pathway is capable of detecting cytosolic 
DNA and inducing innate immunity [20]. Cao et 
al. reported that mice lacking cGAS showed  
significantly ameliorated early survival after  
MI, reduced pathological remodeling, abolish- 
ed the induction of inflammatory programs,  
and promoted the conversion of macrophages 
to a repair phenotype [30]. Figure 6A showed 
that cisplatin increased the phosphorylation of 
STING and TBK1 in cardiac tissues as quanti-

fied from immunoblotting assay, while KPF 
treatment reversed these changes in cisplatin-
induced mice. On the other hand, cisplatin 
induced a time-dependent activation of STING 
and TBK1 (Figure 6B). However, pretreatment 
with KPF inhibited cisplatin-stimulated phos-
phorylation of STING and TBK1 in H9c2 cells in 
a dose-dependent manner (Figure 6C). Next, 
we investigated whether the anti-apoptotic 
effect of KPF is STING-dependent in cisplatin-
challenged H9c2 cells. The mRNA level of STI- 
NG was knocked down by siRNA (Figure 6D).  
As shown in Figure 6E, inhibiting the expres-
sion of STING by siRNA prior to cisplatin expo-
sure induced an increase in the expression of 
BAX and elevated the expression of BCL-2 in 
cisplatin-challenged H9c2 cells. In addition, 
KPF failed to improve the cell viability in cispla-
tin-challenged H9c2 under the condition of 
knockdown STING (Figure 6F). In order to fur-
ther confirm that the anti-inflammatory effect 
of KPF depends on its inhibition of STING, we 

Figure 5. KPF inhibited the expression of cytokine induced by cisplatin. A. After being pretreated with KPF (1, 5, or 
10 μM) for 1 h, H9c2 cells were incubated with cisplatin (10 μM) for 6 h and then total RNA was collected. RT-qPCR 
was used to detect the mRNA levels of HMGB1, MCP-1, TNF-α and IL-6. B. Following 1 h pretreatment with KPF (1, 5, 
or 10 μM), H9c2 cells were incubated with cisplatin (10 μM) for 24 h and then culture medium were collected. The 
contents of IL-6 and TNF-α were detected by the corresponding ELISA Kit. C. Following 1 h pretreatment with KPF (1, 
5, or 10 μM), H9c2 cells were incubated with cisplatin (10 μM) for 1 h and then total protein was collected. West-
ern blot analysis and quantitative analysis were used to detect the phosphorylation and expression of NF-κB. (n=3 
independent experiments; #, vs. DMSO group, ##P<0.01, ###P<0.001; *, vs. CDDP group, *P<0.05, **P<0.01, 
***P<0.001).
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Figure 6. STING was involved in cisplatin-induced inflammation. (A) Western blot analysis and quantitative analysis 
were used to detect the phosphorylation of STING and TBK1 in cardiac tissue. (n=6 in each group; #, vs. Saline 
group, ###P<0.001; *, vs. CDDP group, **P<0.01, ***P<0.001). (B) H9c2 cells were incubated with cisplatin (10 
μM) for 0.5, 1 h, or 2 h, and then total protein was collected. Western blot analysis and quantitative analysis were 
used to detect the phosphorylation of STING and TBK1. (C) Following 1 h pretreatment with KPF (1, 5, or 10 μM), 
H9c2 cells were incubated with cisplatin (10 μM) for 1 h and then total protein was collected. Western blot analysis 
and quantitative analysis were used to detect the phosphorylation of STING and TBK1. (D) Specific siRNA for STING 
were transfected into H9c2 cells for 24 h and then total RNA were collected. RT-qPCR was used to detect the mRNA 
level of STING. (E-H) Transfecting specific siRNA of STING into H9c2 for 24 h, H9c2 cells were pretreated with KPF 
(10 μM) for 1 h and then incubated with cisplatin (10 μM) for 24 h. Western blot analysis and quantitative analysis 
were used to detect the expression of BAX and BCL-2 (E) and cell viability (F) was measured by MTT assay. The 
contents of IL-6 (G) and TNF-α (H) in the culture medium were detected by the corresponding ELISA Kit. (n=3 inde-
pendent experiments; #, vs. Ctrl or DMSO group, ##P<0.01, ###P<0.001; *, vs. CDDP group, *P<0.05, **P<0.01, 
***P<0.001).
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observed the effect of KPF on cisplatin-induced 
inflammatory response by knocking down the 
expression of STING. As shown in Figure 6G, 
6H, cisplatin failed to increase the inflamma- 
tory factors in STING-knockdown H9c2 cells. 
These results suggested that STING was in- 
volved in cisplatin-induced inflammation and 
apoptosis, and that KPF suppressed cisplatin-
induced inflammation and apoptosis, which is 
mediated by blocking the STING/NF-κB signal 
pathway.

Discussion

Cisplatin, as an antineoplastic drug, is widely 
used in the clinic, accompanied by such side 
effects as cardiotoxicity, nephrotoxicity, hepa-
totoxicity, etc. It has been reported that the car-
diotoxicity caused by cisplatin is mainly mani-
fested in changes of ECG, arrhythmia, acute 
myocardial infarction and autonomic cardio- 
vascular dysfunction (including atrial fibrilla-
tion, occasional sinus bradycardia, supraven-
tricular tachycardia, ventricular arrhythmia, and 
occasional complete atrioventricular node) [1, 
31-34]. At its final stage, cardiotoxic events can 
result in congestive heart failure and abrupt 
cardiac death. Therefore, it is necessary to find 
an effective strategy to treat cardiotoxicity and 
understanding the mechanism leading to car-
diotoxicity will help to develop new methods 
and means to prevent cisplatin-related toxic 
effects. 

KPF is a kind of flavonol that has nonnegligi- 
ble potential in preventing inflammation and 
oxidative stress. It is reported that KPF could 
relieve Ang II-induced cardiac remodeling and 
heart failure [35]. In this study, we found that 
KPF could attenuate cisplatin-induced cardiac 
dysfunction and hypertrophy in vivo (Figure  
1). Furthermore, KPF could reduce cisplatin-
induced cardiomyocyte apoptosis (Figure 2). 
These findings indicated that KPF had a protec-
tive effect on myocardial damage caused by 
cisplatin. Furthermore, we found that cisplatin 
induced an increase in the expression of in- 
flammatory factor and macrophage infiltration 
in vivo, but KPF treatment reversed these 
changes (Figure 3). These results indicated 
that KPF might attenuate cisplatin-induced car-
diac injury via inhibition of NF-κB-mediated 
inflammation. 

Cisplatin induced an increase in caspase-3 
activity and the expression of BAX and BAK 

(pro-apoptotic proteins of BCL-2 family) in the 
cardiac tissue of the mouse model, indicating 
that the apoptosis of cardiomyocyte was in- 
creased [13, 36, 37]. As an intracellular DNA 
sensor, cGAS can detect self and nonself DNA 
[20]. After binding to cytosolic double-stranded 
DNA (dsDNA), cGAS induces synthesis of cyclic 
GMP-AMP (cGAMP) by consuming adenosine 
50-triphosphate (ATP) and guanosine 50-tri-
phosphate (GTP) [20, 38]. The second messen-
ger, cGAMP, induced STING set to be a poly- 
mer, which increased the production of type 1 
IFN through transcription activation of interfer-
on regulatory factor 3 (IRF3) [39]. Interestingly, 
we found that the phosphorylation of STING 
and TBK1 was increased (Figure 6A) and NF-κB 
was activated (Figure 3H) by cisplatin in cardi-
ac tissue. KPF had the ability to reduce the 
phosphorylation of STING and TBK1 (Figure 
6A) and inhibited the activation of NF-κB in cis-
platin-induced mice (Figure 3H). Similar results 
were observed in cisplatin-stimulated H9c2 
cells. To determine the role of STING in the car-
dioprotective effect of KPF, STING siRNA was 
transfected into H9c2 cells (Figure 6D). KPF 
was not able to inhibit the expressions of 
inflammatory factors and reduce cardiomyo-
cytes apoptosis induced by cisplatin in H9c2 
cells (Figure 6E-H). These suggested that KPF 
could inhibit cardiac inflammatory response 
induced by cisplatin through blocking STING/
NF-κB signal pathway.

KPF has shown great anti-cancer potential 
through the regulation of signal transduction 
pathways related to oxidative stress, inflamma-
tion, angiogenesis, and apoptosis [14]. In the 
present project, we found that KPF relieved car-
diac injury induced by cisplatin via inhibiting 
STING/NF-κB-mediated inflammatory respon- 
se. Moreover, our results clearly indicated that 
targeting STING might be a new strategy for 
treating heart failure induced by cisplatin. In 
the future, more attention should be paid to  
the natural active compounds containing KPF 
with anti-inflammatory effects for treating the- 
se diseases.

Acknowledgements

Financial support was provided by Medical 
Health Science and Technology Project of 
Zhejiang Provincial Health Commission (2021- 
431070) and the Zhejiang Natural Science 
Foundation (LQY20H300001).



Kaempferol attenuated cisplatin-induced cardiac injury and inflammation

8017	 Am J Transl Res 2020;12(12):8007-8018

Disclosure of conflict of interest

None.

Address correspondence to: Shuang Fu, Depart- 
ment of Anesthesiology, The Cancer Hospital of  
The University of Chinese Academy of Sciences 
(Zhejiang Cancer Hospital), Institute of Cancer  
and Basic Medicine (IBMC), Chinese Academy of 
Sciences, 38 Guangji Road, Hangzhou 310022, 
Zhejiang, China. Tel: +86-0571-88122438; E-mail: 
fushuang@zjcc.org.cn

References

[1]	 Dugbartey GJ, Peppone LJ and de Graaf IA. An 
integrative view of cisplatin-induced renal and 
cardiac toxicities: molecular mechanisms, cur-
rent treatment challenges and potential pro-
tective measures. Toxicology 2016; 371: 58-
66.

[2]	 El-Awady el-SE, Moustafa YM, Abo-Elmatty DM 
and Radwan A. Cisplatin-induced cardiotoxici-
ty: mechanisms and cardioprotective strate-
gies. Eur J Pharmacol 2011; 650: 335-341.

[3]	 Volarevic V, Markovic BS, Jankovic MG, Djokov-
ic B, Jovicic N, Harrell CR, Fellabaum C, Djonov 
V, Arsenijevic N and Lukic ML. Galectin 3 pro-
tects from cisplatin-induced acute kidney inju-
ry by promoting TLR-2-dependent activation of 
IDO1/Kynurenine pathway in renal DCs. Ther-
anostics 2019; 9: 5976-6001.

[4]	 El-Hawwary AA and Omar NM. The influence of 
ginger administration on cisplatin-induced car-
diotoxicity in rat: light and electron microscopic 
study. Acta Histochem 2019; 121: 553-562.

[5]	 Xing JJ, Hou JG, Liu Y, Zhang RB, Jiang S, Ren 
S, Wang YP, Shen Q, Li W, Li XD and Wang Z. 
Supplementation of saponins from leaves of 
panax quinquefolius mitigates cisplatin-evok- 
ed cardiotoxicity via inhibiting oxidative stress-
associated inflammation and apoptosis in 
mice. Antioxidants (Basel) 2019; 8: 347.

[6]	 Zhao L. Protective effects of trimetazidine and 
coenzyme Q10 on cisplatin-induced cardiotox-
icity by alleviating oxidative stress and mito-
chondrial dysfunction. Anatol J Cardiol 2019; 
22: 232-239.

[7]	 Topal İ, Özbek Bilgin A, Keskin Çimen F, Kurt N, 
Süleyman Z, Bilgin Y, Özçiçek A and Altuner D. 
The effect of rutin on cisplatin-induced oxida-
tive cardiac damage in rats. Anatol J Cardiol 
2018; 20: 136-142.

[8]	 Ozkaya D and Naziroglu M. Curcumin dimin-
ishes cisplatin-induced apoptosis and mito-
chondrial oxidative stress through inhibition of 
TRPM2 channel signaling pathway in mouse 
optic nerve. J Recept Signal Transduct Res 
2020; 40: 97-108.

[9]	 Ma Q, Xu Y, Tang L, Yang X, Chen Z, Wei Y, Shao 
X, Shao X, Xin Z, Cai B, Wang Q and Mou S. 
Astragalus polysaccharide attenuates cisplat-
in-induced acute kidney injury by suppressing 
oxidative damage and mitochondrial dysfunc-
tion. Biomed Res Int 2020; 2020: 2851349.

[10]	 Kheirandish-Rostami M, Roudkenar MH, Ja- 
hanian-Najafabadi A, Tomita K, Kuwahara Y, 
Sato T and Roushandeh AM. Mitochondrial 
characteristics contribute to proliferation and 
migration potency of MDA-MB-231 cancer 
cells and their response to cisplatin treatment. 
Life Sci 2020; 244: 117339.

[11]	 Zhang C, Syed TW, Liu R and Yu J. Role of endo-
plasmic reticulum stress, autophagy, and in-
flammation in cardiovascular disease. Front 
Cardiovasc Med 2017; 4: 29.

[12]	 El-Sawalhi MM and Ahmed LA. Exploring the 
protective role of apocynin, a specific NADPH 
oxidase inhibitor, in cisplatin-induced cardio-
toxicity in rats. Chem Biol Interact 2014; 207: 
58-66.

[13]	 Ma H, Jones KR, Guo R, Xu P, Shen Y and Ren 
J. Cisplatin compromises myocardial contrac-
tile function and mitochondrial ultrastructure: 
role of endoplasmic reticulum stress. Clin Exp 
Pharmacol Physiol 2010; 37: 460-465.

[14]	 Kruspig B, Zhivotovsky B and Gogvadze V. 
Contrasting effects of alpha-tocopheryl succi-
nate on cisplatin- and etoposide-induced 
apoptosis. Mitochondrion 2013; 13: 533-538.

[15]	 Custodio JB, Cardoso CM, Santos MS, Almeida 
LM, Vicente JA and Fernandes MA. Cisplatin 
impairs rat liver mitochondrial functions by in-
ducing changes on membrane ion permeabili-
ty: prevention by thiol group protecting agents. 
Toxicology 2009; 259: 18-24.

[16]	 Santandreu FM, Roca P and Oliver J. Un- 
coupling protein-2 knockdown mediates the 
cytotoxic effects of cisplatin. Free Radic Biol 
Med 2010; 49: 658-666.

[17]	 Stockl P, Zankl C, Hutter E, Unterluggauer H, 
Laun P, Heeren G, Bogengruber E, Herndler-
Brandstetter D, Breitenbach M and Jansen-
Durr P. Partial uncoupling of oxidative phos-
phorylation induces premature senescence in 
human fibroblasts and yeast mother cells. Free 
Radic Biol Med 2007; 43: 947-958.

[18]	 Taddeo EP, Laker RC, Breen DS, Akhtar YN, 
Kenwood BM, Liao JA, Zhang M, Fazakerley DJ, 
Tomsig JL, Harris TE, Keller SR, Chow JD, Lynch 
KR, Chokki M, Molkentin JD, Turner N, James 
DE, Yan Z and Hoehn KL. Opening of the mito-
chondrial permeability transition pore links mi-
tochondrial dysfunction to insulin resistance in 
skeletal muscle. Mol Metab 2014; 3: 124-134.

[19]	 Huang LS, Hong Z, Wu W, Xiong S, Zhong M, 
Gao X, Rehman J and Malik AB. mtDNA acti-
vates cGAS signaling and suppresses the YAP-



Kaempferol attenuated cisplatin-induced cardiac injury and inflammation

8018	 Am J Transl Res 2020;12(12):8007-8018

mediated endothelial cell proliferation pro-
gram to promote inflammatory injury. Immunity 
2020; 52: 475-486, e475.

[20]	 Bai J and Liu F. The cGAS-cGAMP-STING path-
way: a molecular link between immunity and 
metabolism. Diabetes 2019; 68: 1099-1108.

[21]	 Chung KW, Dhillon P, Huang S, Sheng X, 
Shrestha R, Qiu C, Kaufman BA, Park J, Pei L, 
Baur J, Palmer M and Susztak K. Mitochondrial 
damage and activation of the sting pathway 
lead to renal inflammation and fibrosis. Cell 
Metab 2019; 30: 784-799, e785.

[22]	 Sliter DA, Martinez J, Hao L, Chen X, Sun N, 
Fischer TD, Burman JL, Li Y, Zhang Z, Narendra 
DP, Cai H, Borsche M, Klein C and Youle RJ. 
Parkin and PINK1 mitigate STING-induced in-
flammation. Nature 2018; 561: 258-262.

[23]	 Chowdhury S, Sinha K, Banerjee S and Sil PC. 
Taurine protects cisplatin induced cardiotoxici-
ty by modulating inflammatory and endoplas-
mic reticulum stress responses. Biofactors 
2016; 42: 647-664.

[24]	 Calderon-Montano JM, Burgos-Moron E, Perez-
Guerrero C and Lopez-Lazaro M. A review on 
the dietary flavonoid kaempferol. Mini Rev 
Med Chem 2011; 11: 298-344.

[25]	 Chen AY and Chen YC. A review of the dietary 
flavonoid, kaempferol on human health and 
cancer chemoprevention. Food Chem 2013; 
138: 2099-2107.

[26]	 Kim HP, Son KH, Chang HW and Kang SS. Anti-
inflammatory plant flavonoids and cellular ac-
tion mechanisms. J Pharmacol Sci 2004; 96: 
229-245.

[27]	 Dabeek WM and Marra MV. Dietary quercetin 
and kaempferol: bioavailability and potential 
cardiovascular-related bioactivity in humans. 
Nutrients 2019; 11: 2288. 

[28]	 Bobe G, Albert PS, Sansbury LB, Lanza E, 
Schatzkin A, Colburn NH and Cross AJ. 
Interleukin-6 as a potential indicator for pre-
vention of high-risk adenoma recurrence by 
dietary flavonols in the polyp prevention trial. 
Cancer Prev Res (Phila) 2010; 3: 764-775.

[29]	 Fang Q, Wang L, Yang D, Chen X, Shan X, Zhang 
Y, Lum H, Wang J, Zhong P, Liang G and Wang 
Y. Blockade of myeloid differentiation protein 2 
prevents obesity-induced inflammation and 
nephropathy. J Cell Mol Med 2017; 21: 3776-
3786.

[30]	 Cao DJ, Schiattarella GG, Villalobos E, Jiang N, 
May HI, Li T, Chen ZJ, Gillette TG and Hill JA. 
Cytosolic DNA sensing promotes macrophage 
transformation and governs myocardial isch-
emic injury. Circulation 2018; 137: 2613-
2634.

[31]	 Al-Majed AA, Sayed-Ahmed MM, Al-Yahya AA, 
Aleisa AM, Al-Rejaie SS and Al-Shabanah OA. 
Propionyl-L-carnitine prevents the progression 
of cisplatin-induced cardiomyopathy in a carni-
tine-depleted rat model. Pharmacol Res 2006; 
53: 278-286.

[32]	 Raja W, Mir MH, Dar I, Banday MA and Ahmad 
I. Cisplatin induced paroxysmal supraventricu-
lar tachycardia. Indian J Med Paediatr Oncol 
2013; 34: 330-332.

[33]	 Guglin M, Aljayeh M, Saiyad S, Ali R and Curtis 
AB. Introducing a new entity: chemotherapy-
induced arrhythmia. Europace 2009; 11: 
1579-1586.

[34]	 Ozben B, Kurt R, Oflaz H, Sezer M, Basaran M, 
Goren T and Umman S. Acute anterior myocar-
dial infarction after chemotherapy for testicu-
lar seminoma in a young patient. Clin Appl 
Thromb Hemost 2007; 13: 439-442.

[35]	 Du Y, Han J, Zhang H, Xu J, Jiang L and Ge W. 
Kaempferol prevents against ang II-induced 
cardiac remodeling through attenuating ang II-
induced inflammation and oxidative stress. J 
Cardiovasc Pharmacol 2019; 74: 326-335.

[36]	 Kim SJ, Park C, Lee JN and Park R. Protective 
roles of fenofibrate against cisplatin-induced 
ototoxicity by the rescue of peroxisomal and 
mitochondrial dysfunction. Toxicol Appl Phar- 
macol 2018; 353: 43-54.

[37]	 Vargo JW, Walker SN, Gopal SR, Deshmukh  
AR, McDermott BM Jr, Alagramam KN and 
Stepanyan R. Inhibition of mitochondrial divi-
sion attenuates cisplatin-induced toxicity in 
the neuromast hair cells. Front Cell Neurosci 
2017; 11: 393.

[38]	 Ablasser A, Goldeck M, Cavlar T, Deimling T, 
Witte G, Rohl I, Hopfner KP, Ludwig J and 
Hornung V. cGAS produces a 2’-5’-linked cyclic 
dinucleotide second messenger that activates 
STING. Nature 2013; 498: 380-384.

[39]	 Ahn J, Gutman D, Saijo S and Barber GN. 
STING manifests self DNA-dependent inflam-
matory disease. Proc Natl Acad Sci U S A 2012; 
109: 19386-19391.


