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ABSTRACT Mercuric chloride (HgCl2) is a serious
environmental toxicant. So far, the toxicity mechanism of
HgCl2 in chicken embryonic kidney (CEK) cells is not still
fully understood. In this study, the possible molecular
mechanisms of HgCl2 on apoptosis of CEK cells were
investigated. Results showed that the cell morphology
changed, and cell viability was significantly decreased
(P , 0.05) after HgCl2 exposure. Besides, apoptosis rate
was significantly increased after HgCl2 exposure
(P , 0.05). The gene and protein expressions of B-cell
lymphoma-2 associate X/B-cell lymphoma-2 (P , 0.05),
caspase-3 (P , 0.05), and caspase-9 (P , 0.05) were
significantly enhanced by HgCl2 in CEK cells. We also
found that intracellular reactive oxygen species level was
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significantly enhanced (P, 0.05), and the flux of calcium
ion to mitochondria occurred after HgCl2 exposure. In
terms of molecular mechanisms, the mRNA and protein
expressions associated with endoplasmic reticulum (ER)
stress were significantly increased after HgCl2 exposure
(P, 0.05), including glucose regulated protein 78, protein
kinase RNA-like endoplasmic reticulum kinase (PERK),
activating transcription factor 4 (ATF4), and C/EBP
homologous protein (CHOP). However, pretreated with 1-
mmol/L 4-phenylbutyrate (ER stress inhibitor) alleviated
the apoptosis and downregulated PERK-ATF4-CHOP
pathway in CEK cells. Taken together, upregulation of
PERK-ATF4-CHOP pathway of ER stress induced by
HgCl2 is associated with apoptosis in CEK cells.
Key words: apoptosis, chicken embryonic kidney cell, endoplasmic reticulum stress, mercuric chloride, PERK-
ATF4-CHOP pathway
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INTRODUCTION

In recent years, the extensive applications of metals
have led to a sharp increase of environmental pollution
worldwide. Mercury (Hg) is a well-known hazardous
metal. It can be deposited into rivers, lakes, oceans, and
soils, which are the sources of Hg contamination in feed-
stuff of livestock (Caban and Rasmussen, 1994). Accumu-
lated evidence indicates that Hg exposure induces a
number of problems in animals, including neurotoxicity,
cardiotoxicity, reproduction toxicity, respiratory toxicity,
hepatotoxicity, and nephrotoxicity (Azevedo et al., 2012;
Jaishankar et al., 2014). Even through Hg exposure causes
toxic effects on several tissues, the kidneys are the primary
target organ where Hg accumulates and damages
(Zalups, 2000). Previous study reported that mercuric
chloride (HgCl2) reduced layingperformance and egg qual-
ity and induced renal damages in laying hens
(Ma et al., 2018a).
When the renal cells were stimulated by exogenous

HgCl2, apoptosis was the fundamental cause of HgCl2-
induced nephrotoxicity and occurred as a defense mecha-
nism (Carranza-Rosales et al., 2005). A previous study re-
ported that there was a close correlation between unfold
protein response (UPR) and apoptosis after methylmer-
cury exposure (Senft and Ronai, 2015; Hiraoka et al.,
2017). Under a variety of pathological stimuli, UPR reg-
ulates intracellular signaling pathways to prevent the
deposition of misfolded proteins in endoplasmic reticulum
(ER) lumen (Malhotra and Kaufman, 2011). When the
ER stress is activated, accumulation of unfold proteins in-
duces dissociation of glucose-regulated protein 78
(GRP78) from inositol-requiring enzyme 1, protein kinase
RNA-like endoplasmic reticulum kinase (PERK), and
activating transcription factor 6 (ATF6), which are the
3 transmembrane receptors in ER (Logue et al., 2013).
Activated inositol-requiring enzyme 1 combines with
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X-box protein 1 (XBP-1) to synthesize mature XBP-1s.
Activation of PERK restrains protein synthesis by means
of phosphorylating eukaryotic initiation factor 2a (eIF2a)
followed by activating transcription factor 4 (ATF4). The
activation form of ATF6 upregulates a number of ER
chaperones, including C/EBP homologous protein
(CHOP). When the intracellular homeostasis is unable
to be restored, the 3 ER receptors act together to enhance
CHOP expression and further trigger apoptosis (Gorman
et al., 2012; Schneider et al., 2012). Based on aforemen-
tioned studies, we speculated that there might be some
connections between Hg-induced apoptosis and the
PERK-ATF4-CHOP pathway of ER stress in chicken
embryonic kidney (CEK) cells. Besides, at the early step
of apoptotic pathway, the B-cell lymphoma-2 (Bcl-2)
family members are activated in mitochondrial mem-
brane, including proapoptotic B-cell lymphoma-2 asso-
ciate X (Bax) and antiapoptotic Bcl-2. Meanwhile, the
process of apoptosis is accompanied by the fluctuations
of intracellular reactive oxygen species (ROS) and cal-
cium ion (Ca21) (Gross et al., 1999; Malhotra and
Kaufman, 2011). In addition, both caspase-9 and
caspase-3 are the vital molecules at the later step of
apoptotic pathway (Green and Reed, 1998).
In this study, we investigated the effect of HgCl2 expo-

sure on apoptosis in CEK cells. Furthermore, PERK-
ATF4-CHOP signal pathway, mitochondrial membrane
potential, intracellular ROS, and Ca21 levels were stud-
ied for exploring the molecular mechanism of Hg-
induced cytotoxicity.
MATERIALS AND METHODS

Reagents and Cell Culture

Mercuric chloride (HgCl2, purity . 99.5%; Sigma-
Aldrich,St.Louis,MO)wasdissolved in0.1mol sterilephos-
phate buffered saline (PBS) and added to mediums to pro-
videHg concentrations of 0 (Control), 5, 10, and15mmol/L.
4-Phenyl butyric acid (4-PBA, ER stress inhibitor) was ob-
tained from Sigma Chemical Co. (St. Louis, MO).
Antibodies of PERK, p-PERK, CHOP, ATF4, GRP78,

Pro-caspase-3, Cleaved caspase-3, Pro-caspase-9, Cleaved
caspase-9, Bcl-2, Bax, and glyceraldehyde-3-phosphate
dehydrogenase were from Abcam (Cambridge, England).
The CEK cells were purchased from the Cell Biology Insti-
tution (Otwo, Shenzhen, China). They were cultured in
high-glucose Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Pittsburgh, PA) containing 15% fetal
bovine serum (Hyclone, Logan,UT) and incubated in a hu-
midified 5% CO2 and 95% air incubator (Thermo Fisher
Scientific, Grand Island, Maldives) at 37�C. Four indepen-
dent experiments were performed in a parallel manner
(n 5 4). Each experiment had 4 concentrations, and each
concentration had 4 parallel wells.
Cell Morphological Assays

After giving PBS or different dosages of Hg for 24 h,
the CEK cells were observed under an optical microscope
(Olympus, Melville, NY). The cells were fixed in 4%
paraformaldehyde, washed with PBS, and counter-
stained with 40,6-diamidino-2-phenylindole (DAPI) re-
agent (KeyGen Biotech, Nanjing, China) to visualize
nuclei for observing under a fluorescence microscope
(IX70; Olympus, Tokyo, Japan). Besides, the CEK cells
treated with PBS or different concentrations of Hg for
24 h were harvested and fixed in 2.5% glutaraldehyde.
The cells were fixed in 1% osmium tetroxide and dehy-
drated with ethanol. The cells were embedded in epoxy
resin, and ultrathin sections were prepared and photo-
graphed under a transmission electron microscope
(TEM) (JEM-120EX; Jeol, Tokyo, Japan).
Cell Viability Assay

The CEK cells viability was quantitated using a 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Then the cells in 96-well plants were
treated with PBS or different dosages of Hg for 24 h. In
parallel, the CEK cells were exposed to the 15-mmol/L
Hg for 24 h in the presence or absence of 1-mmol/L
4-PBA. Ten microliters of MTT reagent (Beyotime Insti-
tute of Biotechnology, Wuhan, China) was added to each
well, and the cells were incubated for another 4h at 37�C
followed by adding dimethyl sulfoxide solution to dissolve
formazan crystals. Subsequently, the absorbance was
determined at 570-nm wavelength by an enzyme-linked
immunosorbent assay reader (Bio-tek ELX800;Winooski,
VT). The calculation of cell activity was based on a pre-
vious study (Ma et al., 2018b).
Annexin V/PI Staining Assay

The CEK cells were treated with PBS or different dos-
ages of Hg for 24 h. In parallel, the CEK cells were
exposed to the 15-mmol/L Hg for 24 h in the presence
or absence of 1-mmol/L 4-PBA. The CEK cells were har-
vested and treated with Annexin V-FITC binding and
propidum iodide (PI) staining (KeyGen Biotech, Nanj-
ing, China). Results were measured by using a flow cy-
tometer (Becton-Dickinson Biosciences, Franklin
Lakes, NJ). The apoptosis rate of CEK cells was calcu-
lated using the following formula:

Apoptosis rate (%) 5 (Number of early apoptotic
cells 1 Number of late apoptotic cells)/Total number
of cells ! 100%.
Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was measured by
the 5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-imidacarbo-
cyanine fluorescent probe (Beyotime Institute of
Biotechnology, Wuhan, China). The CEK cells treated
with PBS or HgCl2 for 24 h were harvested and resus-
pended in DMEM. In parallel, the CEK cells were
exposed to the 15-mmol/L Hg for 24 h in the presence
or absence of 1-mmol/L 4-PBA. The cells were
incubated with 5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-
imidacarbocyanine for 30 min at 37�C in the dark.
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Resuspending with PBS, the fluorescent intensity of cells
was quantitated by using a flow cytometer (Becton-
Dickinson Biosciences, Franklin Lakes, NJ). The mito-
chondrial membrane potential of CEK cells was calcu-
lated using the following formula:

Percentage of mitochondrial membrane potential
decrease (%)5 Number of mitochondrial membrane po-
tential decreased cells/Total number of cells ! 100%.
Determination of Intracellular ROS Level

The CEK cells treated with PBS or different dos-
ages of Hg for 24 h were incubated with 10-mmol/L
ROS-specific fluorescent dye 2, 7-dichlorofluorescein-
diacetate (Beyotime Institute of Biotechnology,
Wuhan, China) for 30 min at 37�C. The cells were
washed twice with PBS. We measured the fluores-
cence intensity of cells using a flow cytometer (Bec-
ton-Dickinson Biosciences, Franklin Lakes, NJ); the
excitation and emission wavelengths were 488 and
525 nm.
Determination of Intracellular Ca21 Level

The CEK cells treated with PBS or different dosages
of Hg for 24 h were loaded with Ca21-specific fluorescent
probe Fluo-3 AM (Beyotime Institute of Biotechnology,
Wuhan, China) for 30 min at 37�C in the dark. Intracel-
lular mitochondria were isolated by using a cell mito-
chondrial separation kit (Beyotime Institute of
Biotechnology, Wuhan, China). Both the cells and mito-
chondria were washed with PBS, and the fluorescence in-
tensities of them were quantitated using a flow
cytometer (Becton-Dickinson Biosciences, Franklin
Lakes, NJ). The excitation and emission wavelengths
of flow cytometry were 488 and 525 nm, respectively.
Western Blot

The CEK cells were treated with PBS or different
dosages of Hg for 24 h. In parallel, the CEK cells were
exposed to the 15-mmol/L Hg for 24 h in the presence
or absence of 1-mmol/L 4-PBA. The CEK cells were
collected followed by cell lysis with lysis buffer (Beyo-
time Institute of Biotechnology, Wuhan, China). At
4�C, cell lysis suspension was centrifuged at 13,000 !
g for 25 min. Total protein concentrations were
measured using the BCA protein assay kit (Beyotime
Institute of Biotechnology, Wuhan, China). Equally
denatured protein samples were separated with sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels
and transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA) and blocked. The membranes
were probed with specific primary antibody for 2 h at
room temperature followed by adding secondary anti-
body. The immune-relative bands were visible with a
chemiluminescence reagent (Biological Industries,
Beit Haemek, Israel), and the data were analyzed by
densitometry. Glyceraldehyde-3-phosphate dehydroge-
nase was the protein-loading control.
Quantitative Reverse Transcription-
Polymerase Chain Reaction

The CEK cells were treated with PBS or different dos-
ages of Hg for 24 h. In parallel, the CEK cells were
exposed to the 15-mmol/L Hg for 24 h in the presence
or absence of 1-mmol/L 4-PBA. The CEK cells were
collected, followed by cell lysis with lysis buffer (Beyo-
time Institute of Biotechnology, Wuhan, China). Intra-
cellular total RNA was extracted by using the TRIzol
reagent (Invitrogen, Carlsbad, CA). The RNA was
reverse-transcribed to cDNA using a reverse transcrip-
tion kit (TaKaRa, Dalian, China). The PCR assays
were performed in a BioRad CFX96 (Bio-Rad, Hercules,
CA) and carried out on a 96-well qPCR plant with a 10-
mL reaction volume including 5 mL of 2! SYBR Premix
Ex Taq (TaKaRa, Dalian, China), 0.5 mL of diluted
cDNA template, 4.1 mL of RNase-free water, and for-
ward and reverse primers. The PCR amplification was
followed: initial denaturation at 95�C for 30 s, followed
by 40 cycles of 95�C for 5 s, 60�C for 30 s, and 72�C
for 30 s. The relative quantitative data of each gene
were analyzed by the 22DDCt method according to a pre-
vious study (Livak and Schmittgen, 2002). The oligonu-
cleotide primer sequences from 50 to 30 were referenced
from a previous study and showed in Supplementary
Data 1 (Zhang et al., 2016).
Statistical Analysis

All statistical analyses were performed using one-way
analysis of variance by SPSS 20.0 (SPSS Inc., Chicago,
IL). Results were showed as means 6 SE of 4 indepen-
dent experiments performed in a parallel manner.
When the analysis of variance showed significant differ-
ence among groups (P , 0.05), multiple comparisons
were performed with Tukey’s multiple range test.
RESULTS

The Effect of HgCl2 on Cell Morphology in
CEK Cells

With the increase of Hg dosage, the number of
adherent cells was decreased, while the number of
floating CEK cells was increased (Figures 1A–1D). After
DAPI staining, observation under a fluorescence micro-
scope showed that CEK cells were similar to round
shapes in the control group. However, the nucleus in
CEK cells became more and more condensate as the
dosage of Hg increased. Meanwhile, the number of
condensate CEK cells was increased in a dose-
dependent manner (Figures 1E–1H). In addition, CEK
cells were observed by TEM (Figures 1I–1L). The results
showed that CEK cells of the control group displayed
normal cell morphology with uniformly dispersed chro-
matin in cytoplasm. After treatment with HgCl2, the
shape of nuclei was irregular. Besides, the condensation
of nuclei and chromatin displayed intensification as the
dosage of Hg increased.



Figure 1. Mercuric chloride affected cell morphology in chicken embryonic kidney (CEK) cells. (A–D) The morphological changes of CEK cells
were observed under an optical microscope (400!). (E–H) The nucleolus morphologic changes of CEK cells were observed under a fluorescent micro-
scope (400!). (I–L) The morphologic changes of CEK cells were observed under a transmission electron microscope (10,000!). The condensation of
nuclei displayed intensification after Hg exposure is indicated by white arrows.
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The Effect of HgCl2 on Cell Viability in CEK
Cells

The effect of HgCl2 on CEK cell viability is presented
in Figure 2A. Compared with control group, the CEK
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Figure 2. Mercuric chloride affected cell viability in CEK cells. (A) The
viability of CEK cells was measured by MTT assay after pretreated with
with different superscript lowercase letters differ significantly among
4-phenylbutyrate; CEK, chicken embryonic kidney; MTT, 3-(4, 5-dimethyl
cell viability was significantly decreased in 10-mmol/L
and 15-mmol/L groups (P , 0.05). As shown in
Figure 2B, compared with the 15-mmol/L Hg group,
the CEK cell viability was significantly increased after
pretreated with 1-mmol/L 4-PBA (P , 0.05).
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Figure 3. Mercuric chloride induced apoptosis in CEK cells. (A) The apoptotic rates of CEK cells were detected by Annexin V/PI double-staining
assay. (B) The apoptotic rates of CEK cells were detected by Annexin V/PI double-staining assay after pretreated with 1-mmol/L 4-PBA. (C) The
mRNA expressions of Bax/Bcl-2, caspase-9, and caspase-3 were determined in CEK cells. (D) The mRNA expressions of Bax/Bcl-2, caspase-9, and
caspase-3 were determined in CEK cells after pretreated with 1-mmol/L 4-PBA. (E) The protein expressions of pro-caspase-3, cleaved caspase-3, pro-
caspase-9, cleaved caspase-9, Bcl-2, and Bax were determined by Western blot. (F) The protein expressions of pro-caspase-3, cleaved caspase-3, pro-
caspase-9, cleaved caspase-9, Bcl-2, and Bax were determined by Western blot after pretreated with 1-mmol/L 4-PBA. Values represent means6 SE
(n 5 4). Mean values with different superscript lowercase letters differ significantly among different treatment groups (P , 0.05). Abbreviations:
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Figure 3. Continued
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The Effects of HgCl2 on Apoptosis and
Apoptosis-Related Gene and Protein
Expressions in CEK Cells

The effect of HgCl2 on apoptosis of CEK cells is present
in Figure 3A. Compared with the control group, apoptosis
rate was significantly increased in the 5-mmol/L Hg group
(P , 0.05), followed by a plateau in the 10-mmol/L Hg
group, and then sharply increased in the 15-mmol/L Hg
group (P , 0.05). As shown in Figure 3B, compared
with the 15-mmol/L Hg group, apoptosis rate was signifi-
cantly decreased after pretreated with 1-mmol/L 4-PBA
(P , 0.05).
The effect ofHgCl2 on apoptosis-related gene expression

in CEK cells is present in Figure 3C. Compared with the
control group, the gene expressions of Bax/Bcl-2 and
caspase-3 were significantly increased as the dosage of Hg
increased to 10 mmol/L (P, 0.05), followed by a plateau
in the 15-mmol/L Hg group. Meanwhile, compared with
the control group, the caspase-9 gene expressionwas signif-
icantly increased as the dosage of Hg increased up to
15 mmol/L (P, 0.05). As shown in Figure 3D, compared
with the 15-mmol/L Hg group, the gene expressions of
Bax/Bcl-2, caspase-9, and caspase-3 were significantly
decreased after pretreated with 1-mmol/L 4-PBA
(P, 0.05).
The effect of HgCl2 on apoptosis-related protein

expression in CEK cells is present in Figure 3E.
Compared with the control group, the cleaved caspase-
3/pro-caspase-3 and cleaved caspase-9/pro-caspase-9
protein expressions were significantly increased as the
dosage of Hg increased up to 15 mmol/L (P , 0.05).
Meanwhile, compared with the control group, the Bax/
Bcl-2 protein expression was significantly decreased in
the 10-mmol/L and 15-mmol/L groups (P , 0.05). As
shown in Figure 3F, compared with the 15-mmol/L Hg
group, the protein expressions of cleaved caspase-3/
pro-caspase-3, cleaved caspase-9/pro-caspase-9, and
Bax/Bcl-2 were significantly decreased after pretreated
with 1-mmol/L 4-PBA (P , 0.05).
The Effects of HgCl2 on Mitochondrial
Membrane Potential and ROS Level in CEK
Cells

The effect of HgCl2 on mitochondrial membrane po-
tential of CEK cells is present in Figure 4A. The percent-
age of mitochondrial potential decrease was significantly
increased as the dosage of Hg increased up to 15 mmol/
L (P , 0.05). As shown in Figure 4B, pretreated with
1-mmol/L 4-PBA significantly prevented the mitochon-
drial potential decrease induced by HgCl2 exposure
(P , 0.05).

The effect of HgCl2 on ROS level in CEK cells is pre-
sent in Figure 4C. Compared with the control group, the
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Figure 5. Mercuric chloride affects Ca21 level in chicken embryonic kidney (CEK) cells. (A) The change of Ca21 level in CEK cells was detected by
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ROS level was significantly increased in the 10-mmol/L
and 15-mmol/L Hg groups (P , 0.05).

The Effects of HgCl2 on Ca21 Levels in
Mitochondria and CEK Cells

The effects of HgCl2 on Ca21 levels in mitochondria
and CEK cells are present in Figure 5. Compared with
the control group, 10- and 15-mmol/L Hg groups had
significantly enhanced Ca21 levels in mitochondria and
the whole cells (P , 0.05).

The Effect of HgCl2 on PERK-ATF4-CHOP
Pathway in CEK Cells

As shown in Figure 6A, GRP78 mRNA expression was
significantly increased as the dosage of Hg increased up
to 10 mmol/L (P , 0.05), followed by a plateau in the
15-mmol/L Hg group. Besides, compared with the con-
trol group, ATF4 mRNA expressions were significantly
increased in the 10-mmol/L and 15-mmol/L Hg groups
(P , 0.05). Meanwhile, CHOP mRNA expression was
significantly increased as the dosage of Hg increased up
to 15 mmol/L (P , 0.05). As shown in Figure 6B,
compared with the 15-mmol/L Hg group, the mRNA
expressions of GRP78, ATF4, and CHOP were signifi-
cantly decreased after pretreated with 1-mmol/L 4-
PBA (P , 0.05).

As shown in Figure 6C, compared with the control
group, the GRP78 protein expressions were signifi-
cantly increased in 5-mmol/L, 10-mmol/L, and 15-
mmol/L Hg groups (P , 0.05). Meanwhile, compared
with the control group, the p-PERK/PERK protein
expressions were significantly increased in the 10-
mmol/L and 15-mmol/L Hg groups (P , 0.05). Besides,
the ATF4 protein expression was significantly
increased as the dosage of Hg to 10 mmol/
L (P , 0.05) followed by a plateau in the 15-mmol/L
Hg group. In addition, compared with the control
group, the CHOP protein expression was significantly
increased in the 5-mmol/L Hg group (P , 0.05) fol-
lowed by a plateau as the dosage of Hg increased up
to 15 mmol/L. As shown in Figure 6D, pretreatment
with 1-mmol/L 4-PBA significantly decreased the pro-
tein expressions of GRP78, p-PERK/PERK, ATF4,
and CHOP (P , 0.05).
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Figure 6. Mercuric chloride initiated ER stress by means of PERK-ATF4-CHOP pathway. (A) The mRNA expressions of GRP78, ATF4, and
CHOP were determined in CEK cells. (B) The mRNA expressions of GRP78, ATF4, and CHOP were determined in CEK cells after pretreated
with 1-mmol/L 4-PBA. (C) The protein expressions of GRP78, PERK, p-PERK, ATF4, and CHOPwere determined byWestern blot. (D) The protein
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Abbreviations: 4-PBA, 4-phenylbutyrate; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein; GAPHD, glyceraldehyde-
3-phosphate dehydrogenase; GRP78, glucose-regulated protein 78; PERK, protein kinase RNA-like endoplasmic reticulum kinase.
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Figure 7. Proposed mechanism of mercuric chloride inducing
apoptosis in CEK cells. Mercuric chloride enhanced intracellular ROS
level and induced Ca21 transferring to mitochondria. Mercuric chloride
induced apoptosis by means of upregulating PERK-ATF4-CHOP
pathway in CEK cells. Abbreviations: ATF4, activating transcription
factor 4; CEK, chicken embryonic kidney; CHOP, C/EBP homologous
protein; PERK, protein kinase RNA-like endoplasmic reticulum kinase;
ROS, reactive oxygen species.
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DISCUSSION

Accumulation evidences proved that HgCl2 is a well-
known environmental toxicant, which activates numerous
intracellular signal pathways leading to the induction of
programmed apoptosis (Duncan-Achanzar et al., 1996).
Ma et al. (2018a) reported that dietary HgCl2 exposure
induced kidney damages in laying hens. A previous study
found that dietary HgCl2 exposure induced renal
apoptosis of laying hens in our laboratory. In this study,
we investigated the molecular mechanism of HgCl2-
induced apoptosis in CEK cells. We found that cell
viability was significantly decreased after HgCl2 exposure.
After DAPI staining, the nucleus of CEK cells became
more and more condensate as the dosage of Hg increased.
Besides, under TEMobservation, the nuclei shape of CEK
cells was irregular. Meanwhile, the condensation of nuclei
and chromatin became more and more intense as the con-
centration of Hg increased. The morphological changes of
CEK cells indicated that the cells were in the apoptosis
program after HgCl2 exposure (Carranza-Rosales et al.,
2005). In addition, many studies have demonstrated
that caspases family plays an important role in cell death,
mainly including caspase-3 and caspase-9 (Thornberry,
1998; Salvesen, 2002). Besides, Bcl-2 family proteins in
mitochondrial membrane can either promote or inhibit
apoptosis. The proapoptosis factors mainly contain Bax
and Bak, and the antiapoptosis factors include Bcl-2
and Bcl-XL. Based on a previous study, HgCl2 induced
apoptosis by means of enhancing Bax expression and sup-
pressing Bcl-2 expression accompanied with mitochon-
drial membrane potential dissipation (Venkatesan and
Sadiq, 2017).When the cells are in the apoptosis program,
caspases-9 is activated by cytochrome C and this leads to
activation of caspases-3. In the present study, we found
that HgCl2 exposure induced apoptosis in CEK cells.
Meanwhile, HgCl2 exposure reduced mitochondrial mem-
brane potential and enhanced the gene and protein ex-
pressions of Bax/Bcl-2, caspase-3, and caspase-9 in CEK
cells. A previous study reported that copper exposure
induced apoptosis associated with enhanced mitochon-
drial dysfunction, collapse ofmitochondrialmembrane po-
tential, and induction of mitochondrial permeability
transition in hepatic cells, which was similar with this
study (Roy et al., 2009).

A previous study reported that ER stress played an
important role in apoptosis induced by many toxic
metals (Lu et al., 2011; Wang et al., 2017). Once ER
stress is activated, accumulation of unfold proteins in-
duces the dissociation of GRP78, which is the most
abundant ER chaperone in cells (Zhang et al., 2009).
Meanwhile, the PERK-dependent transcription factor
ATF4 is implicated in apoptosis (Malhotra and
Kaufman, 2011). Besides, CHOP is an inducible tran-
scription factor of ER stress and is regarded as an impor-
tant trigger of cell death. Choi et al. (2016) reported that
the expressions of UPR-related proteins were signifi-
cantly increased in ethylmercury-treated cells, including
CHOP, GRP78, and spliced XBP1. As we know, 4-PBA
was a chemical chaperone that alleviated the ER stress
in apoptosis progress. After 4-PBA pretreatment,
apoptosis induced by HgCl2 was alleviated in this study,
which meant that HgCl2-induced apoptosis was associ-
ated with ER stress in CEK cells. Furthermore, we found
that HgCl2 exposure significantly enhanced the mRNA
expressions of GRP78, ATF4, and CHOP and the pro-
tein expressions of GRP78, ATF4, p-PERK/PERK,
and CHOP in the present study. However, the gene
and protein expressions of them were downregulated af-
ter 4-PBA pretreatment in CEK cells. These results indi-
cated that HgCl2 might induce apoptosis by means of
enhancing PERK-ATF4-CHOP pathway associated
with ER stress in CEK cells. Previous studies demon-
strated that activation of CHOP induced the proapopto-
tic protein Bax expression and inhibited the
antiapoptotic protein Bcl-2 expression, thereby leading
to apoptosis, which was identified with this study
(McCullough et al., 2001; Puthalakath et al., 2007).

There are mounting evidences demonstrating that
ROS emerges as a crucial regulator of ER function and
UPR activation in apoptosis (Malhotra and Kaufman,
2007; Kitamura and Hiramatsu, 2010). After HgCl2
exposure, intracellular ROS level was significantly
increased in this study, which was consistent with hu-
man bronchial epithelial cells (Park and Park, 2007).
As we know, intracellular Ca21 homeostasis plays a
key role for maintaining normal physiological function
of cells. When ER stress-induced apoptosis is activated,
intracellular endogenous ROS can recruit Ca21 mobi-
lizing messengers, inducing the flux of Ca21 from ER
to mitochondria (Nutt et al., 2002). There are 2 major
associations between intracellular Ca21 and apoptosis.
On the one hand, excessive uptake of calcium in
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mitochondria might trigger the mitochondrial perme-
ability transition, resulting in apoptosis and then
contributing to pathogenesis (Baumgartner et al.,
2009). On the other hand, deprivation of calcium in
ER disturbs ER function and leads to the deposition of
unfold or misfolded proteins in ER, thereby triggering
ER stress-mediated apoptotic program via the mito-
chondrial pathway (Deniaud et al., 2008). In our study,
we found that HgCl2 induced Ca21 releasing from ER to
mitochondria. These meant that the transfer of Ca21 is
also an accomplice of HgCl2-induced apoptosis in CEK
cells. A previous study indicated that exposure of HK-
2 cells to a high dose of ethylmercury enhanced intracel-
lular Ca21 levels quickly and induced cell death (Choi
et al., 2016), which was similar with the present study.
In view of the present results, this study provides some
new evidences for ER stress-induced apoptosis under
HgCl2 exposure in CEK cells for the first time. In addi-
tion, a previous study showed dietary Hg exposure
decreased laying performance, egg quality, and renal his-
topathology damages in laying hens (Ma et al., 2018a).
The ER stress-induced apoptosis presented the molecu-
lar mechanism of Hg on renal injury in laying hens.

In summary, HgCl2 exposure induced apoptosis by
means of upregulating the PERK-ATF4-CHOP
pathway in CEK cells. Meanwhile, we found that
HgCl2 exposure induced the flow of Ca21 to mitochon-
dria and enhanced intracellular ROS level in CEK cells
(Figure 7). Taken together, we provide the first evidence
that the PERK-ATF4-CHOP pathway of ER stress
plays an important role in HgCl2-induced apoptosis in
CEK cells.
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