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ABSTRACT. Duck viral enteritis (DVE) is a lethal viral disease caused by duck enteritis virus (DEV) 
via an unknown mechanism. This study explores the relationship between Chinese standard 
challenge strain DEV (DEV-CSC)-induced apoptosis and endoplasmic reticulum stress (ERS) in duck 
embryo fibroblast (DEF) cells. Here we examined changes in Ca2+ concentration, cell proliferation, 
apoptosis, and the differential expression of C/EBP homologous protein (CHOP), glucose 
regulatory protein 78 (GRP78), and activating transcription factor 6 (ATF6) in infected cells. The 
results revealed that DEV-CSC infection significantly decreased Ca2+ concentration, suppressed cell 
viability, and induced apoptosis in DEF cells. Further experiments also demonstrated that DEV-
CSC infection significantly upregulates CHOP, GRP78, and ATF6 expression. In addition, we show 
that the addition of ethylenediaminetetraacetic acid (EDTA) reverses the induction of apoptosis 
and the ERS mediated inhibition of cell viability in DEF cells associated with DEV-CSC infection. 
Therefore, we can conclude that infection with DEV-CSC induces apoptosis and ERS reducing the 
viability of DEF cells via the regulation of Ca2+. These findings may provide a new target for the 
treatment of DVE.
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Duck viral enteritis (DVE), also called duck plague, is caused by infection with Anatid alphaherpesvirus-1 or DVE virus 
(DVEV), a member of the Alphaherpesvirinae subfamily of Herpesviridae, genus Mardivirus. DVE is a novel lethal viral disease 
transmitted in ducks, geese, swans, and several other anseriformes birds [27]. Infection with duck enteritis virus (DEV) causes 
the characteristic vascular damage, gastrointestinal mucosal erosion, lymphoid organ injury, and substantial organ degeneration 
associated with DVE and can result in high mortality rates and significant economic losses in the duck industry [33, 34]. At 
present, studies on DEV have primarily focused on its epidemiology and genetic structure and modification. However, the 
pathogenic mechanism underlying DEV infections has been poorly reported.

The endoplasmic reticulum (ER) is an important calcium reservoir in cells [6]. It regulates protein synthesis by maintaining the 
Ca2+ balance necessary for homeostasis in the cytoplasm and the cellular membranes [3]. In addition, Ca2+ acts as an important 
second messenger molecule in the cells and participates in various physiological activities including cellular proliferation, 
differentiation, exercise, muscle contraction, hormone secretion, glycogen metabolism and neuronal signaling thus regulating cell 
secretion, metabolism, and apoptosis [4, 37]. Endoplasmic reticulum stress (ERS) is a protective stress response described in most 
eukaryotic cells [22]. During ERS, some of the proteins synthesized in the ER are either not folded or misfolded [25], disrupting 
the protein balance in the cells, reducing protein production and resulting in functional perturbations. These non-functional proteins 
will gradually accumulate in the ER forcing the cells to activate constant ERS and the unfolded protein response (UPR) [5]. UPR 
signals are regulated via three signal proteins, RNA-dependent protein kinase-like endoplasmic kinase (PERK), inositol-requiring 
enzyme (IRE), and activating transcription factor (ATF) [18, 21]. However, long-term ERS/UPR is not feasible because the UPR 
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load becomes too large to maintain the protein balance of the whole cell and the expression of C/EBP homologous protein (CHOP) 
is activated in response inducing the cell to enter apoptosis [7].

Glucose regulatory protein 78 (GRP78), is a trigger protein regulating the expression of UPR signaling pathways, and is 
upregulated during ERS/UPR. Cells infected with foreign viruses often experience changes in their protein balance [10]. Dengue 
and West Nile virus (WNV) have been found to induce ERS through an increase in GRP78 expression [1, 34]. These viruses can 
regulate the expression of GRP78, thereby regulating one or more UPR signaling pathways. Annelies et al. [26] found that UPR is 
started almost immediately following the onset of ERS in cells infected with Hepatitis B Virus (HBV) or Hepatitis C Virus (HCV), 
and that this process also regulates HBV or HCV replication. Recent studies reported [17, 23] that CHOP may be involved in 
apoptosis induced by ERS, particularly, in promoting the transformation of viral hepatitis to liver cancer, with HBsAg expression 
being positively correlated with GRP78 expression. UPR pathways are associated with the apoptosis and pathogenic mechanisms 
of several pathogens, including HBV and HCV.

Although few studies [13, 16, 28] have evaluated the relationship between infection and ERS/UPR viral infections may virus-
trigger the up-regulation of Ca2+ retention thereby inducing the UPR pathways. Here, we show that Chinese standard challenge 
strain DEV (DEV-CSC) infection triggers Ca2+ upregulation and UPR. This response included DEV-CSC-induced apoptosis and the 
upregulation of the UPR signaling pathway, which could be blocked by the addition of ethylenediaminetetraacetic acid (EDTA).

MATERIALS AND METHODS

Cell culture and DEV-CSC infection
As previously described [19], DEF cells from pathogen-free duck embryos of between 9 and 11-days of age were incubated 

in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Life Technologies, Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 0.1 mg/ml streptomycin and 0.1 mg/ml penicillin. The use of duck 
embryos was also approved by the Animal Ethics Committee of Guizhou University (approval no. 19010125). DEV-CSC was 
provided by the Chinese Institute of Veterinary Drug Control. DEV-CSC at different multiplicities of infection (MOI) were applied 
to DEF cells and incubated at 37°C for 2 hr [35]. After the viral suspension was removed, the cells were washed with sterile 
phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA, cat. no. P2194) three times and maintained in medium 
with 2% FBS. Ten mM Ethylene diamine tetraacetic acid (EDTA) (3-MA; Sigma-Aldrich) or 0, 50 µM, and 100 µM EDTA 
Acetoxymethyl ester (EDTA-AM; Sigma-Aldrich) were added to the medium 2 hr prior to DEV-CSC infection as the Ca2+ chelator.

Cell viability assays
As directed by the instrument manufacturer DEF cell viability after DEV-CSC infection was evaluated using a cell counting 

kit-8 (CCK-8; Beyotime Biotechnology, Shanghai, China). Briefly, 5 × 104 cells were seeded into 96-well plates and infected with 
0, 0.1, 1, or 10 MOI DEV-CSC. After 0, 2, and 4 hr, the DEV-CSC was removed, and the cells were cultured in normal medium. 
After 48 hr, the CCK-8 solution was added to the medium and incubated for 1 hr, and absorbance was determined at 450 nm. The 
greater the cell viability, the higher the absorbance. To identify the best time point for downstream experiments cell viability was 
evaluated at 0, 24, 48, and 72 hr after 10 MO1 DEV-CSC infection using CCK8.

Apoptosis assays
DEV-CSC-induced DEF apoptosis was analyzed using flow cytometry. The rate of apoptosis was further determined using 

an annexin V-FITC apoptosis detection kit (Solarbio, Beijing, China, cat. no. CA1020). Briefly, 1 × 106 cells were harvested 
and washed with cold PBS and then resuspended in 1 ml of 1× binding buffer. After incubation with annexin V-FITC and PI, 
the apoptotic cells were detected by flow cytometry within 1 hr. The upper left (UL) quadrant ((AnnexinV-FITC)−/PI+) denotes 
necrosis, the upper right quadrant (AnnexinV+FITC)+/PI+) denotes late apoptosis, the lower right (LR) quadrant ((AnnexinV-
FITC)+/PI−) denotes early apoptosis and the lower left (LL) quadrant ((AnnexinV-FITC)−/PI−) denotes viable cells. Total apoptosis 
was equal to the sum of the late and early apoptosis values.

Western blot
Following DEV-CSC infection DEF cells were treated with radioimmunoprecipitation assay buffer (RIPA, Beyotime, China) 

containing phenylmethylsulfonyl fluoride (PMSF) at a ratio of 100 to 1 on ice. After 20 min of centrifugation, the total proteins 
were harvested and quantitatively analyzed using bicinchoninic acid (Beyotime Institute of Biotechnology, Nanjing, China). 
Each well of a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel were loaded with 50 µg of 
total protein, electrophoresed and then transferred to polyvinylidene difluoride membranes (PVDF; Millipore, Billerica, MA, 
USA). After blocking with 5% (w/v) nonfat milk, the proteins were incubated with primary antibodies at 4°C overnight. The next 
day, the proteins were labeled with a secondary antibody for 1 hr and the chemical signals were evaluated using the enhanced 
chemiluminescence detection kit (Beyotime) on the Tanon-5500 imaging system. The quantitative data were analyzed using Image 
J software. The primary antibodies used were as follows: CHOP (1:250; Abcam, Cambridge, UK, ab10444), GRP78 (1 µg/ml; 
Abcam, ab21685), ATF6 (1:300; Abcam, ab135707), and GAPDH (0.5 µg/ml; Abcam, ab37168). The secondary antibody was goat 
anti-mouse IgG H&L (1:1,000; Abcam, ab97040).
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Measurement of intracellular Ca2+

Intracellular Ca2+ concentration was evaluated using 4 µM Fluo-4 AM (Bridgen, China). Fluo-4 AM was added to DEF cells 
and allowed to react for 1 hr at 37°C in the dark according to the manufacturer’s specifications. Then, the cells were washed with 
HEPES buffered saline three times and adjusted to a concentration of 1 × 105 cells/ml. Ca2+ concentration was evaluated using a 
fluorescence microscope at 488 nm.

Statistical analysis
Each experiment was conducted in triplicate, and all experimental values were recorded as the mean ± standard deviation 

(SD). Statistical analysis was performed using SPSS 12.0 software and the Student’s t test. A P value of <0.05 was considered 
statistically significant.

RESULTS

DEV-CSC infection induced apoptosis and inhibited viability in a time dependent manner
To determine the impact of DEV-CSC infection on DEF cells, DEF cells were infected with 10 MOI DEV-CSC and cultured for 

0, 24, 48, and 72 hr. DEF cells were infected with 10 MOI DEV-CSC, and the cell viability was evaluated at different time points. 
As shown in Fig. 1A, cell viability decreased in a time-dependent manner, with the highest loss of viability (50%) at 48 hr after 
DEBV CSC infection. Cytotoxicity evaluations showed that DEV-CSC also induced DEFs apoptosis in a time-dependent manner 
(Fig. 1B).

DEV-CSC infection induced apoptosis and Ca2+ accumulation inhibiting DEF cell viability
To further investigate the optimal time and concentration of DEV-CSC infection, DEF cells were infected with different amounts 

of DEV-CSC for different time periods. First, the results revealed that the viability of DEF cells was significantly reduced at 2 
hr and 4 hr after 10 MOI DEV-CSC infection compared with the control group, with the most significant difference at 4 hr after 
infection (P<0.05, P<0.01, Fig. 2A). Second, flow cytometry revealed that apoptosis in the DEF cells was dramatically elevated 
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Fig. 1. Chinese standard challenge strain duck enteritis virus (DEV-CSC) infection induced apoptosis and inhibited viability in a time dependent 
manner. Duck embryo fibroblast (DEF) cells were infected with 10 multiplicity of infection (MOI) DEV-CSC for 2 hr, and cultured in normal 
medium for 0 hr, 24 hr, 48 hr and 72 hr. (A) The cell viability was assessed by cell counting kit 8 (CCK8) assay. (B–C) Cell apoptosis was 
estimated using flow cytometry and an annexin V fluorescein isothiocyanate (annexin V-FITC) apoptosis detection kit. Values are expressed as 
the mean ± SD (n=3). *: P<0.05, **: P<0.01, ***: P<0.001 vs. the 0 hr group.
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at 2 hr and 4 hr after 10 MOI DEV-CSC infection relative to the control, especially at the 4 hr after infection time point (P<0.01, 
Fig. 2B and 2C). Therefore, we proposed that “2 hr” was the most suitable incubation period for DEV-CSC infection in the 
analysis of DEF cells. Then cell viability was examined at 48 hr after different MOIs of DEV-CSC were used in 2 hr infections. 
Cell viability was decreased in a virus dose-dependent manner (Fig. 1D) which was most easily evaluated in the 10 MOI DEV-CSC 
group where the viability of the DEF cells decreased by approximately 50% (P<0.05, P<0.01). Flow cytometry analysis showed 
that the apoptosis rates of the DEF cells were 11.7%, 15.5%, 29.5%, and 58.4% after infection with DEV-CSC at doses of 0, 0.1, 1, 
and 10 MOI, respectively (P<0.05, P<0.001, Fig. 1E and 1F). Subsequently, intracellular Ca2+ was evaluated and the results are 
summarized in Fig 1G. Fluorescence intensity was positively correlated with infection dose. Taken together these results indicate 
that DEV-CSC decreases cell viability and induces apoptosis in a dose and time dependent manner in DEFs.

DEV-CSC induced ERS/UPR in DEF cells
We then went on to investigate the influence of DEV-CSC infection on the expression of ERS-related proteins (GRP78, ATF6, 

and CHOP). First, we confirmed the antibody reactions against avian (duck) antigens using western blot (Supplementary Fig. 1). 
This confirmation means that the primary antibodies against GRP78, ATF6, and CHOP can react with the duck antigens produced 
by the DEF cells used in this study. Next, we infected DEF cells with different doses of DEV-CSC and found that the protein levels 
of GRP78 and ATF6 were significantly upregulated in the 0.1 MOI (P<0.05), 1 MOI (P<0.001), and 10 MOI (P<0.001) groups, 
and that the protein expression of CHOP was steadily upregulated until the DEV-CSC concentration reached 1 MOI (P<0.001) 
or 10 MOI (P<0.001) when compared to the 0 MOI group. These results suggest that DEV-CSC induced ERS/UPR in DEF cells 
upregulates the expression of CHOP, but despite UPR induction the lower doses were not sufficient to induce apoptosis (Fig. 3).

DEV-CSC induced apoptosis of DEF cells by Ca2+ transport
DEF cells infected with 10 MOI DEV-CSC exhibited a higher cytosolic Ca2+ concentration than cells without DEV-CSC 

infection, illustrating that DEV-CSC disturbed the balance of Ca2+ homeostasis in these cells (Fig. 4A). The addition of EDTA 
successfully inhibited this increased Ca2+ influx increasing the viability of DEF cells (P<0.05, Fig. 4B). In addition, flow cytometry 
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Fig. 2. Chinese standard challenge strain duck enteritis virus (DEV-CSC) infection induced apoptosis and Ca2+ accumulation inhibiting duck 
embryo fibroblast (DEF) cell viability. (A) Cell counting kit 8 (CCK-8) assay was used to determine the viability of DEF cells infected with 10 
multiplicity of infection (MOI) DEV-CSC for 0, 2 and 4 hr, respectively, and then cultured in normal medium for 48 hr. (B–C) After treatment 
with 10 MOI DEV-CSC for 0, 2 and 4 hr, flow cytometry was used to evaluate apoptosis in DEF cells after culture in normal medium for 48 
hr. (D) The cell viability was confirmed at 48 hr after infection with DEV-CSC at doses of 0–10 MOI. (E–F) Cell apoptosis was examined 
using flow cytometry and (G) Ca2+ mediated cellular fluorescence was analyzed using Fluo-4. Values are expressed as the mean ± SD (n=3).  
*: P<0.05, **: P<0.01, ***: P<0.001 vs. the control.
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Fig. 3. Different doses of Chinese standard challenge strain duck enteritis virus (DEV-CSC) induced unfolded protein response (UPR) in duck 
embryo fibroblast (DEF) cells. DEF cells were infected with 0–10 multiplicity of infection (MOI) DEV-CSC for 2 hr, and then cultured in 
normal medium for 48 hr. (A) Western blot was then used to evaluate the protein expression levels of C/EBP homologous protein (CHOP), 
glucose regulatory protein 78 (GRP78) and activating transcription factor 6 (ATF6) after 0–10 MOI DEV-CSC infection. The relative expres-
sion levels of CHOP (B), GRP78 (C) and ATF6 (D) were quantified based on their gray values. *: P<0.05, ***: P<0.001 vs. the control group.

Fig. 4. Chinese standard challenge strain duck enteritis virus (DEV-CSC) induces apoptosis in duck embryo fibroblast (DEF) cells via changes 
in Ca2+. DEF cells were infected with 10 multiplicity of infection (MOI) DEV-CSC for 2 hr, and then cultured in normal medium supplemented 
with ethylene diamine tetraacetic acid (EDTA) for 48 hr. (A) The Ca2+ fluorescence of EDTA chelated DEF cells was evaluated using Fluo-4 
while (B) cell viability was evaluated using the CCK-8 assay in DEF cells treated with 10 MOI or 10 MOI+EDTA; (C–D) Apoptosis in DEF 
cells treated with 10 MOI or 10 MOI+EDTA was also evaluated using flow cytometry. *: P<0.05, **: P<0.01, vs. the 10 MOI group.
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also showed that the apoptosis rate was significantly decreased after treatment with EDTA compared with the positive control 
(P<0.01, Fig. 4C and 4D). Taken together, these results suggest that DEV-CSC-induced apoptosis in DEF cells is closely associated 
with autophagy mediated by Ca2+ influx.

DEV-CSC induced ERS/UPR in DEF cells is regulated by Ca2+ transport
Here, DEF cells were infected with 10 MOI DEV-CSC and the experimental groups were treated with EDTA according to the 

description in the materials section. The expression levels of CHOP, GRP78, and ATF6 were then evaluated by western blot and the 
results show that the expression of CHOP (P<0.001), GRP78 (P<0.001), and ATF6 (P<0.05) were all significantly downregulated 
compared to (Fig. 5). Therefore, we suggest that Ca2+ is chelated by EDTA downregulating the expression of the UPR pathways.

DEV-CSC suppressed viability, induced apoptosis and ERS/UPR in DEF cells via the regulation of Ca2+

In addition, different concentrations of EDTA, a calcium chelator, were added to verify these results. EDTA treatment abolished 
the inhibition of cell viability and enhanced apoptosis caused by DEV-CSC infection (Fig. 6A–C). Moreover, the expression of 
CHOP, GRP78, and ATF6 in DEF cells was also significantly downregulated in response to EDTA (Fig. 6D), further supporting our 
hypothesis that Ca2+ plays an important role in DEV-CSC mediated inhibition of cell viability.

DISCUSSION

To date researchers have explored the innate immune response to DEV-CSC infection and established a cDNA library from 
DEF cells after infection with DEV, which are both valuable resources when studying DEV pathogenesis [12, 20]. However, the 
pathogenic mechanism of DVE has not been effectively resolved. In this study, we discovered that DEV-CSC infection induces 
ERS/UPR and apoptosis in DEF cells via Ca2+ influx which could provide a foundation for the development of a novel DVE 
therapy.

ERS/UPR is a highly conserved physiological metabolic pathway, allowing for a balance between growth and protection in 
eukaryotic cells [36]. In this study, we clarified that when DEF cells were infected with virus it could induce ERS/UPR mediated 
apoptosis to prevent unrestricted viral replication.

Several reports have shown that Ca2+-dependent apoptosis occurs after infection with various viruses [9] including HCV [2], 
human T-cell leukemia virus type 1 [30], HIV [14, 15], and Rotavirus [29]. Furthermore, Ueda et al. [32] showed that H5N1-AIV 
infection causes the inflow of extracellular Ca2+ and apoptosis of DEF. In addition, the findings in our study may be due to cellular 
Ca2+ cascade regulation. Cells maintain very low Ca2+ levels by actively pumping cellular Ca2+ to the ER, where it can bind to 
various host molecules [11]. After DEV-CSC infection, Ca2+ homeostasis is disrupted, and apoptosis occurs through multiple 
apoptotic pathways. To further investigate the roles of Ca2+ and ERS/UPR in DEF cells, multiple experiments were conducted.

ATF6 is a cryptic transcription factor and plays a vital role in the activation of UPR. When the ER luminal domain senses 
proteotoxity, ATF6 trafficks to the Golgi and undergoes cleavage of its transmembrane domain. After that, ATF6 is released into 
the cytosol and induces UPR-related cell apoptosis [31]. Another key protein in UPR is CHOP, a pro-apoptosis transcription 
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Fig. 5. Chinese standard challenge strain duck enteritis virus (DEV-CSC) induced endoplureasmic reticulum stress (ERS) in duck embryo fibro-
blast (DEF) cells via the regulation of Ca2+. DEF cells were infected with 10 multiplicity of infection (MOI) DEV-CSC for 2 hr, and then treated 
with ethylene diamine tetraacetic acid (EDTA) for 48 hr. (A) Western blot analysis of C/EBP homologous protein (CHOP), glucose regulatory 
protein 78 (GRP78) and activating transcription factor 6 (ATF6) expression in 10 MOI infected DEF cells with/without EDTA-treatment. (B) 
Relative expression of CHOP, GRP78 and ATF6 were quantified using their gray values. *: P<0.05, ***: P<0.001 vs. the 10 MOI group.
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Fig. 6. Chinese standard challenge strain duck enteritis virus (DEV-CSC) suppressed viability and accelerated apoptosis and endoplasmic reticu-
lum stress (ERS) in duck embryo fibroblast (DEF) cells through the regulation of Ca2+. DEF cells were infected with 10 multiplicity of infection 
(MOI) DEV-CSC for 2 hr, and then were cultured with normal medium supplemented with 0 µM, 50 µM or 100 µM ethylene diamine tetraacetic 
acid (EDTA) for 48 hr. (A) Cell viability was then evaluated using cell counting kit 8 (CCK-8) assay and (B–C) apoptosis was quantified using 
flow cytometry. (D) After 2 hr of infection with 10 MOI DEV-CSC, DEF cells were treated with 0 µM, 50 µM or 100 µM EDTA for 48 hr. The 
expression of UPR related proteins were then determined by Western blot. *: P<0.05, **: P<0.01, ***: P<0.001 vs. the 0 µM group.
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factor, which is activated by ATF6 and induces UPR and apoptosis by down-regulating bcl-2 [8]. GRP78 is encoded by the Hsp5a 
gene, and its expression is normally maintained at a low level. When cells are under stress, GRP78 is upregulated and promotes 
the activation of UPR [8]. In our study, ATF6, GRP78, and CHOP were all detected and the expressions of these proteins were 
all upregulated in response to DEV-CSC infection, illustrating that DEV-CSC infection can regulate UPR signaling pathways in 
a similar fashion to Ca2+. To explore whether Ca2+ can regulate UPR or not, EDTA was used to chelate Ca2+ in DEF cells. The 
results showed that cell viability, apoptosis, and the expression of key proteins (CHOP, GRP78, and ATF6) can be reversed by the 
addition of EDTA in DEV-CSC-infected cells, suggesting that changes in Ca2+ transport is critical for UPR in DEV-CSC infection. 
In homeostasis, the concentration of Ca2+ in the ER is never higher than that of the cytoplasm and Ca2+ pumps are closely 
regulated to facilitate the release and uptake of Ca2+ in ES. When the Ca2+ homeostasis is disrupted by DEV infection the cells 
respond by inducing UPR and apoptosis [24].

In this study, we have shown that high-dose DEV-CSC infections activate apoptosis via Ca2+-mediated ERS/UPR, and that this 
mechanism may be related to calreticulin. Further studies are needed to evaluate the role of calreticulin in Ca2+ homeostasis and 
ERS/UPR induction following DEV infection. We also plan to evaluate if other viral strains also affect the apoptosis of DEF cells 
through Ca2+-mediated ERS/UPR.
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