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ABSTRACT — Cadmium (Cd) is an environmental pollutant which triggers toxic effects on various 
tissues, including the kidney. Proximal tubular cell damage is characteristic of Cd-induced renal toxici-
ty. In our previous study, DNA microarray results showed that Cd treatment changed the expression lev-
els of many genes in HK-2 human proximal tubular cells. Among the genes which increased their expres-
sion levels after Cd treatment, there were several genes coding for heat shock proteins. In the current 
study, we examined the role of heat shock protein genes in Cd-induced toxicity in HK-2 cells. Cd treat-
ment increased the expression of the HSPA1, HSPH1, and HSPA8 genes in HK-2 cells. From these iden-
tified genes, only knockdown of HSPH1 and HSPA8 by siRNA treatment was found to decrease the via-
bility of low-dose Cd-treated HK-2 cells compared with the control siRNA treatment group. These results 
suggest that several heat shock proteins are involved in the pathway which protects HK-2 cells against Cd 
toxicity.
 
Key words: Cadmium, Kidney, Heat shock protein, Protective mechanism

 

INTRODUCTION

Cadmium (Cd) adversely affects various tissues, such 
as the kidney, liver, testis, lung and bone (Järup et al., 
1998; Satoh et al., 2002; Nordberg et al., 2014). Cd can 
be released into the environment after its use in industri-
al processes. As a result, humans are exposed to Cd from 
various food sources, as well as occupationally (Satarug 
et al., 2010). High concentrations of Cd are found in rice, 
sea foods, vegetables, animal products, and even choco-
late (Fowler et al., 2014). Because Cd has a characteris-
tically long biological half-life (10-30 years), it is accu-
mulated in human body over the lifespan, especially in 
the kidney (Järup et al., 1998; Järup and Akesson, 2009; 
Nordberg et al., 2014). Renal proximal tubular cells are 
considered to be the main target of Cd kidney toxicity 

(Järup et al., 1998; Järup and Akesson, 2009; Fujiwara 
et al., 2012; Nordberg et al., 2014). In the kidney, metal-
lothionein plays an important role in the detoxification of 
Cd (Järup et al., 1998). A recent study conducted by our 
group suggested that the SLC39A1 gene, which encodes 
the zinc transporter ZIP1, might be involved in defense 
mechanism against Cd toxicity in HK-2 human proxi-
mal tubular cells (Lee et al., 2014). However, the precise 
molecular mechanisms underlying this protective path-
way remain unclear.

In our previous study, DNA microarray results showed 
that Cd treatment in HK-2 cells not only increased the 
expression levels of 30 genes more than twofold, but also 
decreased expression of 21 genes to less than a half of 
their baseline levels (Lee et al., 2013). Those genes with 
increased expression included several heat shock proteins 

Vol. 5 No. 3

93

Fundamental Toxicological Sciences
URL : http://www.fundtoxicolsci.org/index_e.html

Fundamental Toxicological Sciences (Fundam. Toxicol. Sci.)

Letter

Vol.5, No.3, 93-97, 2018



(HSPs) (Lee et al., 2013). HSPs are known to play impor-
tant roles in pathways protecting against a variety of 
stresses in cells (Taldone et al., 2014). Moreover, in the 
kidney, HSPs are an important element of the intracellular 
defense system, which is regulated physiologically and is 
activated by different types of cellular stress (Chebotareva  
et al., 2017). Therefore, in this study, we examined the 
involvement of HSPs in Cd-induced toxicity in HK-2 
cells.

MATERIALS AND METHODS

Cell culture and treatment
HK-2 cells were purchased from ATCC (Manassas, VA, 

USA). These were cultured in Dulbecco’s Modified Eagle’s 
Medium/Nutrient Mixture F-12 Ham (DMEM/F-12)  
(Sigma-Aldrich, St. Louis, MO, USA), supplemented 
with 10% fetal bovine serum (FBS) (Gibco, Grand Island, 
NY, USA); 25 U/mL penicillin (DS Pharma, Osaka, Japan);  
25 μg/mL streptomycin (DS Pharma); 1% Insulin-Transferrin- 
Selenium-X (Gibco); 10 ng/mL EGF (epidermal growth 
factor; Sigma-Aldrich); and 5 ng/mL hydrocortisone at 
37°C in a humidified incubator containing 5% CO2.

HK-2 cells were grown in plates at a density of  
250 cells/mm2 and cultured for 48 hr. The culture medium 
was discarded and the cells were treated with Cd (CdCl2; 
Wako Pure Chemical Industries, Osaka, Japan) in serum-
free culture medium.

Real-time reverse transcription-polymerase 
chain reaction (RT-PCR)

Cells were washed twice with ice-cold PBS and total 
RNA was extracted with the PureLink™ RNA Mini Kit 
(Ambion, Grand Island, NY, USA). RNA quantification 
and purity were measured using a BioSpec-nano spectro-
photometer (Shimadzu, Kyoto, Japan). Total RNA was 
incubated with the PrimeScript reverse transcription (RT) 
Reagent Kit (Perfect Real Time) (Takara Bio, Shiga, Japan) 
to generate cDNA. Real-time PCR was performed with 
SYBR Premix Ex TaqII (Perfect Real Time) (Takara Bio)  
and the Thermal Cycler Dice Real Time System  
(Takara Bio). PCR conditions were as follows: 10 sec  
hot-start at 95°C followed by 40 cycles of 5 sec at 
95°C and 30 sec at 60°C. Gene expression was nor-
malized to GAPDH mRNA levels. The oligonucle-
otide sequences of the primers were as follows: sense, 
5′-CAAGATCACCATCACCAACG-3′, and antisense, 
5′-TCGTCCTCCGCTTTGTACTT-3′, for the human HSPA1 
gene; sense, 5′-CACAGCCCCAGGTACAAACT-3′, 
and antisense, 5′-TTTGCTTTGTCAGCATCTGG-3′, 
f o r  t h e  h u m a n  H S P H 1  g e n e ;  s e n s e , 

5 ′-GGCAGAGGCTGATAAGAACG-3 ′ ,  and anti-
s e n s e ,  5 ′ - C T G G G G AT C T T C C A G A C T G A - 3 ′ , 
f o r  t h e  h u m a n  H S P 9 0 A A 1  g e n e ;  s e n s e , 
5 ′-ATGGAAGAGAGCAAGGCAAA-3 ′,  and anti-
sense ,  5 ′ -GCAGCAAGGTGAAGACACAA-3 ′ , 
f o r  t h e  h u m a n  H S P 9 0 A B 1  g e n e ;  s e n s e , 
5′-TGACCCAACAAAGGTTGTGA-3′, and antisense, 
5′-CATACCACCTCCCATTCCAC-3′, for the human 
HSPD1 gene; sense, 5′-GGAGGTGGCACTTTTGATGT-3′, 
and antisense, 5′-TGACCATTCGGTTGTCAAAA-3′, 
f o r  t h e  h u m a n  H S PA 8  g e n e ;  s e n s e , 
5′-GCACCGTCAAGGCTGAGAAC-3′, and antisense, 
5′-TGGTGAAGACGCCAGTGGA-3′, for the human 
GAPDH gene.

siRNA transfection
The following Silencer Select Pre-designed siR-

NAs were purchased from Ambion: s6969 (Silencer 
Select Pre-designed siRNA) for human HSPA1; s6986 
(Silencer Select Validated siRNA) for human HSPA8; 
and s21240 (Silencer Select Pre-designed siRNA)  
for human HSPH1. Control siRNA (Silencer Select  
Negative Control #1 siRNA) was also purchased from 
Ambion. siRNA transfection was performed using Lipo-
fectamine RNAiMAX (Invitrogen, Grand Island, NY, 
USA). After the siRNA mixture was incubated for  
15 min with Lipofectamine RNAiMAX and Opti-MEM 
I Reduced Serum Medium (Opti-MEM; Gibco), HK-2 
cells were transfected with the siRNA mixture (1 nM  
siRNA/sequence, 0.2% Lipofectamine RNAiMAX, 10%  
Opti-MEM).

Cell viability
HK-2 cells treated with siRNA mixture were grown in 

96-well plates and cultured for 48 hr. After siRNA trans-
fection, the culture medium was discarded, and the cells 
were treated with Cd in serum-free culture medium for 
12 hr. After Cd treatment, culture medium was replaced 
with fresh 10% FBS-DMEM/F-12 containing MTT 
[3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide; Dojindo Laboratories, Kumamoto, Japan] 
and incubated for another 4 hr at 37°C. After remov-
ing the medium, 100 μL dimethyl sulfoxide (Wako Pure  
Chemical Industries) was added to MTT formazan. 
Absorbance at 570 nm was measured using an iMark 
Microplate Reader (Bio-Rad, Hercules, CA, USA).

Statistical analyses
Statistical analyses were carried out using single-fac-

tor ANOVAs followed by Bonferroni’s correction for post 
hoc comparisons (P < 0.05).
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RESULTS AND DISCUSSION

A prior study from our group suggested that Cd treat-
ment increases the gene expression levels of several 
HSPs in HK-2 cells (Lee et al., 2013). Because HSPs are 
known to play protective role against various types of cel-
lular stress, in the current study we examined the effect 
of a low dose of Cd on the expression of HSP genes in 
HK-2 cells using real-time RT-PCR. Cd treatment signifi-
cantly increased HSPA1, HSPH1 and HSPA8 gene expres-
sion (Fig. 1A, B, E). However, the gene expression lev-
els of HSP90AA1, HSP90AB1 and HSPD1 were similar 
in Cd-treated HK-2 cells to those in non-treated cells  
(Fig. 1C, D, F). These results suggest that HSPA1, HSPH1 
and HSPA8 gene expression may be induced to protect 
HK-cells against Cd toxicity. Therefore, it was examined 
whether knockdown of those genes would affect cell via-
bility following Cd treatment. Gene expression levels of 
HSPA1, HSPH1 and HSPA8 were significantly decreased 
by siRNA treatment (Fig. 2). Knockdown of HSPA1 did 

not change the viability of HK-2 cells, regardless of 
whether cells were Cd-treated or not (Fig. 3A). In con-
trast, knockdown of HSPH1 significantly decreased the 
viability of HK-2 cells treated with 5 μM Cd (Fig. 3B). 
Furthermore, HSPA8 knockdown significantly decreased 
the viability of both non-treated HK-2 cells and 5 μM Cd-
treated cells (Fig. 3C). Taken together, these results sug-
gest that HSPH1 and HSPA8 genes have protective roles 
against Cd toxicity in HK-2 cells.

In this study, the expression levels of several HSP 
genes in HK-2 cells were increased by Cd treatment. Fur-
thermore, our results showed that knockdown of sever-
al HSP genes eliminated Cd toxicity in HK-2 cells. This 
suggests that the increase in HSP gene expression follow-
ing Cd treatment may be important for protecting HK-2 
cells against Cd toxicity. A previous study demonstrated 
that the increase in HSP70 expression following Cd-in-
duced activation of the heat shock factor 1 (HSF1)/HSP90 
pathway reduces Cd toxicity in bovine aortic endothelial 
cells (Shinkai et al., 2017). Several HSPs act as molecu-

Fig. 1.  The levels of HSP gene mRNA in HK-2 cells treated with CdCl2. HK-2 cells were seeded at a density of 250 cells/mm2 and 
cultured for 48 hr. The culture medium was discarded and cells in serum-free medium were treated with the concentrations 
of CdCl2 for 24 hr. mRNA levels were examined using real-time RT-PCR. mRNA levels were normalized to GAPDH levels. 
(A) HSPA1. (B) HSPH1. (C) HSP90AA1. (D) HSP90AB1. (E) HSPA8. (F) HSPD1. Values show the mean ± S.D. (n = 3). 
*Significantly different from the control group, P < 0.05.
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lar chaperones through modifi cation and protein complex 
formation ( Sottile and Nadin, 2018 ). The present study 
found that expression of the  HSP90  gene was not changed 
in HK-2 cells as a result of Cd treatment. Furthermore, 
although expression of the  HSPA1  gene encoding HSP70 
was increased by Cd treatment,  HSPA1  gene knockdown 
did not affect Cd toxicity in HK-2 cells. In conclusion, our 
findings suggest that several HSPs play protective roles 
against Cd toxicity through specifi c interactions.   
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