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The ongoing Goose astrovirus (GoAstV) epidemic, which primarily infects goslings causing severe liver damage,
has inflicted considerable damage on the poultry industry. Endoplasmic reticulum stress (ERS) is a significant
modulator of several viral infections, while severe ERS may result in apoptosis. This study examined the roles and
possible mechanisms of ERS and apoptosis in GoAstV-induced liver injury in goslings. Two hundred Xingguo gray
geese were chosen and randomly separated into two groups (Con and Dis). The Dis group received a subcu-
taneous injection of GoAstV genotype 2 (GoAstV-2) JX01 (2 x 10° TCIDs5¢/0.2 mL), whereas the Con group
received a subcutaneous injection of 0.2 mL physiological saline, both at 1 day of life. Subsequent analyses
demonstrate that the levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) increased
following GoAstV infection. Hematoxylin and eosin (HE) staining revealed swollen and ruptured hepatocytes,
with significant inflammatory cell infiltration. Electron microscopy revealed expansion of the endoplasmic re-
ticulum (ER) and aggregation of chromatin at the periphery. TUNEL testing further demonstrated an increase in
the quantity of positive cells. RT-qPCR and Western blot analyses indicated that GoAstV infection enhanced the
expression of ER Ca®* release channels (IP3R and RYR) and calmodulin-dependent protein kinase II (CaMKII),
while decreasing the expression of ER ca®t uptake channels (SERCA). Further, GoAstV infection activated ERS-
related factors, including GRP78, IREla, PERK, ATF6, elF2a, ATF4, CHOP, TRAF2, and JNK, induced the
expression of pro-apoptotic factors (Caspase-3, Caspase-9, and Bax), and inhibited the mRNA and protein
expression of the anti-apoptotic factor Bcl-2. Correlation analysis further revealed a potential relationship among
ERS gene expression, apoptotic gene expression, and liver injury. In summary, GoAstV infection can lead to liver
injury by interfering with ER Ca®" homeostasis, exacerbating ERS and inducing hepatocyte apoptosis.

Introduction

Goose astrovirus (GoAstV), a non-enveloped, single-stranded,
positive-sense RNA virus, is a novel avian astrovirus (Xu et al., 2023).
This virus was first reported in China in 2016, after which it rapidly
spread to other inland provinces (Zhang et al., 2017; Niu et al., 2018;
Yang et al., 2018; Li et al., 2024). GoAstV induces gout and death in
goslings within three weeks, and its associated symptoms include
depression, anorexia, and the discharge of white, watery stools. Patho-
logical changes are characterized by enlargement of the liver and kid-
neys and deposition of urate on the surfaces of the internal organs. The
virus can cause rapid death in goslings, with a mortality rate reaching as
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high as 50 %. This virus represents a significant risk to the poultry in-
dustry, as there are no available vaccines or effective therapeutic drugs
(An et al., 2020; Li et al., 2024; Zhu and Sun, 2022). As such, further
research on GoAstV is important to improve poultry performance. The
liver is a crucial metabolic organ in poultry, that plays a vital role in viral
infections (Zou et al., 2023). Recent research has indicated that GoAstV
infection can lead to hepatic damage in goslings. (Xu et al., 2023b).
However, detailed studies on the mechanisms underlying liver injury are
lacking.

Apoptosis is a complex process (Pistritto et al., 2016) which can be
triggered by the stimulation of external or internal pathways. The
extrinsic apoptosis pathway is predominantly mediated by the

0032-5791/© 2024 The Authors. Published by Elsevier Inc. on behalf of Poultry Science Association Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:xqguo20720@jxau.edu.cn
www.sciencedirect.com/science/journal/00325791
https://www.elsevier.com/locate/psj
https://doi.org/10.1016/j.psj.2024.104600
https://doi.org/10.1016/j.psj.2024.104600
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Lu et al.

stimulation of cell death receptors such as TNFR. In comparison, the
intrinsic apoptosis pathway is mainly driven by the disruption of the
mitochondrial membrane, leading to the release of cytochrome C
(Wong, 2011). When a viral infection occurs, the host undergoes a dual
response, eliminating the virus and hindering viral replication by trig-
gering apoptosis to reduce the spread of the virus to healthy cells.
However, the virus interferes with the normal function of host cells
through a variety of mechanisms and, in turn, manipulates host cell
apoptosis (Shen and Shenk, 1995; Roulston et al., 1999). For example,
the N protein of goat parainfluenza virus type 3 (CPIV3) has been shown
to enhance CPIV3 replication by activating the endogenous and exoge-
nous apoptosis pathways (Li et al., 2021). The V protein of Further,
Newcastle disease virus (NDV) inhibits apoptosis in a species-specific
manner to evade clearance by host cell defense mechanisms (Wang
et al,, 2018). Viruses can interact with apoptosis through various
mechanisms that are crucial for the progression of viral infections and
host immune response.

The endoplasmic reticulum (ER) is not only a major site of lipid
synthesis, but also of protein folding and maturation. Further, the ER
plays a crucial role in intracellular Ca?* storage and signaling, releasing
calcium ions through Ryanodine receptors (RyRs), inositol 1,4,5-tri-
sphosphate receptors (IP3Rs), and recycling calcium ions via proton-
pumped sarcoplasmic reticulum Ca’"-ATPase 2 (SERCA 2)
(Groenendyk et al., 2021). The unfolded protein response (UPR) and
endoplasmic reticulum stress (ERS) are caused by the disruption of ER
homeostasis, dysregulation of calcium metabolism, and increased ag-
gregation of aberrant proteins in the canaliculus lumen following the
stimulation of cells by endogenous and exogenous factors such as viruses
and hypoxia (Marciniak et al., 2022; Wu et al., 2023). To date, signifi-
cant evidence points to the critical function of the ER in viral develop-
ment and replication. Viral agents may use the host cell ER in several
ways to accelerate the disruption of correct protein folding, resulting in
ERS (Inoue and Tsai, 2013). For example, Coronaviridae viruses utilize
the ER as a site for glycoprotein synthesis and genome replication to
complete their life cycle (Leyssen et al., 2000; Oostra et al., 2007).
Japanese encephalitis viruses influence the folding of ER proteins by
altering the structure and number (Hase et al., 1992). Furthermore, the
host endoplasmic reticulum is hijacked by the porcine epidemic diarrhea
virus (PEDV) and coronavirus (SARS-CoV) to promote protein replica-
tion (DeDiego et al., 2011; Xu et al., 2013). Thus, ERS is of utmost
importance in viral infections. However, there is currently no published
evidence of an association between GoAstV infection and ERS.

Currently, research on goose astroviruses primarily focuses on the
isolation and identification of the virus, as well as the development of
vaccines, while reports on the pathogenic mechanism of GoAstV infec-
tion causing liver injury are scarce. In the present study, we developed
an animal model of GoAstV infection. Based on the liver function indices
and histological observations of liver pathology in geese, we explored
the mechanisms of ERS and apoptosis in GoAstV-induced liver injury.
The objective of this investigation was to offer a theoretical framework
for the prevention of GoAstV infection and advancement of vaccines.

Materials and methods
Virus

The GoAstV genotype 2 (GoAstV) strain, isolated by the Institute of
Animal Husbandry and Veterinary Medicine, Jiangxi Academy of Agri-
cultural Sciences, with the accession number MZ576222.1 on GenBank
(Lietal., 2023a, 2023b, 2023c), was used to establish an infected animal
model in this experiment. Virus samples were maintained in a laboratory
ultra-low temperature refrigerator.

Animal feeding and sample collection

All procedures were conducted in accordance with the Animal Ethics
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Table 1
qPCR Primer.

Gene Accession number Primer sequences (5' to 3)

GAPDH XM_013199522.2 F:GTGCTGCCCAGAACATTATCC
R:AGCAGCAGCCTTCACTACCCT

PERK XM_027455765.2 F:ATTCCCAACTAACCCGAAGGC
R:AACCGAAAGTGCTCCATTGCT

ATF6 XM_048080264.1 F:GGCACCTCCCAAAGGTCAAT
R:CCGTGACTGAAAGGCTGACT

IRE1 XM_048064614.1 F:GGGAACACCAGCTCAGTAAC
R:TCTGGAAGAAATGCTGGCTCTT

GRP78 XM_013188792.2 F:CAGGCTGGTGTTCTCTCTGG
R:GGGGACGCTCACCTTCATAG

TRAF2 XM_048053688.1 F:GGAATGCCGGAATCGCT
R:ACGTTCCTTTTCCTGGCACA

elF2u XM_048059477.1 F:TCGCTTCAGCGTAGCGAGT
R:TGTGCCATCTTTAGCAGTTTTCT

ATF4 XM_013181070.1 F:TAGGCAACACCATAGATAGCAGC
R:AGATTCAGGGAGATTGGTGATTAG

JNK XM_027459984.2 F: AGGCTTCTTCCCTGCATCTCC
R:ACCACCTACCTGAGCGACCAC

CHOP XM_048056158.1 F: GCAGTGGCGTAACAGCAAACA
R:GCGGAGATTCACTATGCGATTAA

IP3R XM_048050116.1 F: CCTGTGATGTTGAAGATTGGGAC
R:GTTAGGCACATCAGCAACAAAGA

RYR XM_048047903.1 F: AAGCAGCGATCAGAAGGAGAAA
R: ACTTCCTGAACTGATTGGTGCTA

SERCA2a XM_048073926.1 F: AAGACCGAAAGAGTGTTCAAAGG
R: CTTGTCTCCAACTGCCACTTCT

CaMKII XM_048073825.1 F: CGTGTTTGGGCAGTGTCCTT
R: GAAATCTGTAACTTCTGGCTGGTCT

Bax XM_013195902.2 F: AGGGCTCTTTGCTTGCTTGTG
R: TTCGGGGGATAATTTGTGCAT

Bcl-2 XM_048076100.1 F: CTGAGTTTGGTTCTGGTGGGA
R: TCCACGATAAACTGGGTGACTCTAC

Caspase-3 XM_048078360.1 F: TCATTCAGGCTTGTAGAGGGACT
R: GGAGTAATAGCCTGGAGCAGTAGA

Caspase-9 XM_048067305.1 F: CAGACAAGCCATAATCAGTTTCC

R: TGGATGAAGAAGAGTTTGGGTT

Committee of Jiangxi Agricultural University (Approval ID: JXAULL-
2017003). The Xingguo grey geese used in this investigation were
raised in accordance with established norms. One-day-old goslings (n =
200, gray geese, unvaccinated, GoAstV-negative, sex equally divided)
were randomly divided into either a control group (Con) or a GoAstV-
infected group (Dis), with 100 geese in each group maintained in two
different animal houses with the same conditions. The following day,
GoAstV-2 JX01 (2 x 10° TCIDs50/0.2 mL) was subcutaneously injected
into all geese in the Dis group, while the same quantity of saline was
administered to the Con group. To prevent cross-infection, feeders were
divided into two groups throughout the trial, and their clinical symp-
toms were tracked and examined daily. Eight geese were randomly
chosen from each group at 1, 3, 6, and 9 days after injection (fasted and
dehydrated for 12 h). After recording body weights and performing
blood collection, the animals were euthanized through inhalation of
COo, and their livers were aseptically removed and weighed for subse-
quent experiments.

Histological staining of the liver

Liver tissues were fixed in 4 % paraformaldehyde, dehydrated in
ethanol, and embedded in paraffin. Paraffin-embedded samples then
treated to remove the waxy substance and examined using hematoxylin
and eosin (H&E) staining to observe pathological alterations in the liver
using a light microscope.

Ultrastructural analysis

Liver tissues were fixed, dehydrated, embedded, sectioned, and
stained in strict accordance with protocols outlined in previous studies
(Tian et al., 2023). Finally, ultrastructural observation was performed
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Fig. 1. A-C. Changes of body weight, liver weight and liver coefficients in control and infected groups at 1, 3, 6, 9 dpi. D. Liver viral load. E. Necropsy at 6 dpi
showing significant gross pathological changes in the liver. F-G. Changes of AST and ALT activities in serum. All data are expressed as M =+ SE and then examined

utilizing an independent samples t-test. P < 0.05 (*). P < 0.01 (**).

by TEM (Hitachi Limited, Japan, HT7700).

RT-gPCR

The manufacturer’s instructions (Yeasen Biotechnology, Shanghai,
China) were followed to extract total RNA from the liver tissue, which
was subsequently reverse-transcribed into cDNA. Table 1 lists the
primers used for the target genes. Quantitative PCR was subsequently
conducted using cyclic parameters, using a reaction system configured
in strict adherence to the amplification system recommended by the RT-
gPCR kit (TransGen Biotech, Beijing, China). The mRNA expression
levels were determined using 2722¢T and standardized using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In addition, the
viral load in the livers of the goslings was determined based on a pre-
vious study (Li et al., 2023).

Western blot

Western blotting was performed in accordance with the methodol-
ogies described in our previous study (Li et al., 2022). After blocking,
membranes were stained with GAPDH, GRP78, IRE1, PERK, ATF6,
elF2a, ATF4, CHOP, JNK, CaMKII, SERCA2, Caspase-3, Caspase-9, Bax,
and Bcl-2 primary antibodies (1:1000, Wanlei Biotechnology, Shenyang,
China). The membranes were subsequently washed and incubated with
appropriate secondary antibodies. Finally, the ECL detection system
captured the images. The intensity of each protein band was quantified
using the ImageJ software.

Immunohistochemistry

Dewaxing, rehydration, and antigenic thermal repair were per-
formed following the preparation of paraffin-embedded liver slices.
Subsequently, 5 % bovine serum protein (Servicebio, Wuhan, China)
was added to 3 % Hy0,, and incubated for 1 h for blocking. The cells
were incubated overnight at 4 °C with the primary antibody against
IP3R (1:1000, Servicebio, Wuhan, China). After three washes in PBS, the
slices were incubated with the designated biotinylated secondary anti-
body (Servicebio, Wuhan, China) for one hour, and subsequently treated
with DAB chromogenic solution. Subsequently, the slices were re-
stained with hematoxylin solution, dried, mounted, viewed microscop-
ically, and analyzed using the ImageJ software.

TUNEL staining

After deparaffinization of liver paraffin sections in water, 20 pg/mL
proteinase K solution was added dropwise to cover the tissues, and
reacted at 37 °C for 15 min, followed by washing with PBS for 5 min and
repeated three times. The samples were subsequently treated with 1 %
Triton X-100, permeabilized for 3-5 min at room temperature, and
washed three times with PBS for 5 min each. The samples were then
blotted dry and the experimental samples were washed clean after
treatment with the reaction solution from the TUNEL kit (Servicebio,
Wuhan, China). Nonspecific coloration of the sections was avoided.
Nuclei were re-stained with DAPI (Servicebio, Wuhan, China), washed
with PBS, and observed under a fluorescence microscope.
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Fig. 2. Effects of GoAstV infection on liver histology and ultrastructure. A. Representative H&E stained sections of liver tissues of both groups at 6 dpi. 1: hepatocyte
swelling and rupture, 2: inflammatory cell infiltration, 3: steatosis; Scale bar: 20 um. B. Observation of the ultrastructure of liver tissues of both groups at 6 dpi. N:

nucleus, M: mitochondria, ER: endoplasmic reticulum; Scale bar: 1 pm.
Liver function indicators and tissue calcium content testing

The collected blood was centrifuged to obtain serum samples, after
which aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) levels were measured using a fully automated biochemical
analyzer (Hitachi 3100), in accordance with laboratory standards.
Following homogenization of the liver tissue, the hepatic calcium con-
centration was assessed according to the manufacturer’s instructions
provided by the kit (Jiancheng Bioengineering Institute, Nanjing,
China).

Statistical analysis

There were at least six independent samples in each group, and SPSS

25.0, an analytical software, was employed to conduct independent
sample t-test analysis for all test data. GraphPad Prism software (version
9.0) was used to generate graphical findings. P > 0.05 indicates no
statistically significant differences between the categories. A statistically
significant difference between the categories was indicated by P < 0.05
(*). P < 0.01 (**) indicates highly significant differences between cat-
egories. All data are presented as the margin of error (M + SE) .

Results

Effects of GoAstV infection on physical signs and liver function indexes in
goslings

As shown in Fig. 1, the body weight of the Dis group decreased
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Fig. 3. GoAstV infection induces hepatocyte apoptosis. A. Levels of hepatocyte apoptosis were detected by TUNEL method at 6 dpi. B. Expression levels of mRNA of
apoptosis-related genes (Caspase-3, Caspase-9, Bax, and Bcl-2). C. Heatmap indicates the level of change of apoptosis-related genes. D-E. Western blot detection of the
relative expression of Caspase-3, cleaved-Caspase-3, Caspase-9, Bax and Bcl-2 proteins. All data are expressed as M + SE and analyzed using independent samples t-
test. P < 0.05 (*). P < 0.01 (*¥).
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substantially at 6 and 9 dpi compared with that of the Con group.
Additionally, the liver weight and liver index of the Dis group increased
significantly at 6 and 9 dpi (P < 0.01 and P < 0.05, respectively)
(Fig. 1A-C). Additionally, dissection revealed that the liver was notice-
ably enlarged in the Dis group (Fig. 1E). The viral load in the liver
reached its highest point at 3 dpi, and progressively declined thereafter
(Fig. 1D). The liver function indices ALT and AST exhibited a substantial
increase at 1 dpi, with blood enzyme levels remaining elevated at 9 dpi.
(P < 0.01 or P < 0.05) (Fig. 1F-G).

Effects of GoAstV infection on liver histopathology in goslings

Histopathological analysis (Fig. 2A) revealed no significant changes
were seen in the Con group, while disorganization of the hepatic cord

arrangement, narrowing of the blood sinusoidal space, swelling and
rupture of hepatocytes, fatty deterioration, and inflammatory cell
infiltration were all observed in the Dis group. In addition, ultrastruc-
tural analysis revealed that the organelles were tightly connected, while
the endoplasmic reticulum was dilated after GoAstV infection. An un-
clear nuclear membrane structure was also observed; the nucleus so-
lidified, and the chromatin gradually gathered towards the periphery of
the nuclear membrane (Fig. 2B).

Effect of GoAstV infection on apoptosis of foie gras cells

To verify whether GoAstV infection could cause hepatocyte
apoptosis, TUNEL staining was conducted, showing that the apoptosis
rate in the Dis group was markedly elevated compared to that in the Con
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group (Fig. 3A). Subsequently, the genes and proteins associated with
apoptosis were identified. As presented in Fig. 3B-E, we the mRNA
expression levels of the pro-apoptosis-related genes Caspase-3, Caspase-
9, and Bax showed an overall increasing trend following GoAstV infec-
tion. In contrast, mRNA expression of Bcl-2, a gene associated with anti-
apoptosis, exhibited a substantial declining trend before returning to
normal levels at 9 dpi. Furthermore, relative to the Con group, the
protein expression of Cleaved-Caspase-3 in the Dis group was markedly
elevated at 3 dpi (P < 0.05), while the protein expression levels of
Caspase-9, Bcl-2, and Bax corresponded to their gene expression levels.

Effects of GoAstV infection on liver ER calcium in goslings

To examine the impact of GoAstV infection on ER homeostasis in the
gosling liver, we assessed hepatic calcium levels and the expression of
receptors associated with ER calcium channels. As presented in Fig. 4,
the calcium concentration in the Dis group was considerably higher at 3
dpi than in the control group (P < 0.01). No significant differences were
observed throughout the remainder of the study period (Fig. 4A). A
significant increase in the expression of ER calcium release-related genes
(IP3R and RYR3) was observed in the Dis group compared with the Con
group (P < 0.01 or P < 0.05). Following infection with GoAstV, there
was an increase in the mRNA and protein expression levels of calmod-
ulin kinase (CaMKII), as well as the ER calcium uptake protein SERCA2
(Fig. 4B-E). In addition, immunohistochemical analysis revealed a
marked elevation in the expression of IP3R protein in the Dis group
compared to the Con group (P < 0.01) (Fig. 4F-G).

Effects of GoAstV infection on ERS in the livers of goslings

To further investigate whether GoAstV infection induced ERS in the
livers of goslings, we analyzed the alterations in the mRNA and protein
levels of ERS-related genes. The results are illustrated in Fig. 5. At 3 or 6
dpi, the mRNA expression levels of GRP78, PERK, IRE1, and ATF6 in the
Dis group were significantly elevated compared to those in the control
group and subsequently returned to normal (P < 0.01, or P < 0.05)
(Fig. 5A-B). The gene expression levels of GRP78, PERK, IRE1, and ATF6
largely agreed with their protein expression levels (Fig. S5E and G).

Furthermore, the mRNA expression levels of the downstream genes
TRAF2, JNK, elF2a, ATF4, and CHOP were also detected. The results
revealed that the mRNA expression levels in the Dis group initially
increased, then decreased, and subsequently returned to normal over
time, in contrast to the control group (Fig. 5C-D). Furthermore, the
expression levels of JNK, elF2a, ATF4, and CHOP proteins were com-
parable to those of mRNA (Fig. 5F and H).

Correlation analysis

Subsequently, to further explore the relationship between GoAstV
and ERS-related genes, apoptosis-related genes, liver injury, and ER
injury, we plotted the correlation analysis with R4.3.2, the results of
which are shown in Fig. 6. Overall, AST levels were highly correlated
with the expression of ATF4 and Bax (P < 0.01). Further, ALT levels
showed a significant association with the expression of GRP78, PERK,
elF2a, TRAF2, and Caspase-9 (P < 0.01), whereas the calcium content
showed a robust link with the expression of Bax and Bcl-2 (P < 0.01).
GRP78 showed a strong positive association with JNK, CHOP, and
Caspase-3 mRNA expression, whereas PERK showed a significant posi-
tive correlation with CHOP and Caspase-3 mRNA expression. Addi-
tionally, Bax expression showed a pronounced negative correlation with
Bcl-2 mRNA expression.

Discussion

Recently, GoAstV has been reported in the inland provinces of China.
Owing to the lack of effective control strategies, it has caused consid-
erable economic damage to the geese industry in these regions. GoAstV
infection has been reported to causes urate deposition in goslings, while
the liver, the principal organ for uric acid synthesis, is believed to be
intricately linked to the virus’s pathogenesis (Dalbeth et al., 2021; Zhu
and Sun, 2022). The present study aimed to investigate the toxic effects
of GoAstV infection on the livers of goslings, focusing on investigating
the mechanisms underlying GoAstV infection in the livers of goslings. In
the present study, we conducted sectional observation and ultrastruc-
tural analyses, and detected hepatic calcium ion concentration levels
and levels of related gene proteins in GoAstV-infected goose liver tissues.
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The results demonstrated that GoAstV infection in geese leads to liver
ERS and hepatocyte apoptosis. These findings are important for
exploring the pathogenic mechanisms of GoAstV.

Apoptosis has previously been documented to be intricately linked to
several physiological and pathological conditions in the body. It
commonly occurs with characteristic morphological changes such as cell
volume shrinkage, perinuclear condensation of chromatin, nuclear
consolidation, DNA breakage, and fragmentation (Tinari et al., 2008;
Cavalcante et al., 2019). In the present study, we performed ultra-
structural analysis and TUNEL labeling of liver tissues, observing that
the Dis group exhibited the typical features of apoptosis. Moreover, the
incidence of apoptosis is largely dependent on the interplay between the
Bcl-2 gene family, tumor suppressor genes, and the caspase protease
family. The Bcl-2 protein family is crucial for controlling apoptosis. Bax
activation is a significant factor that causes mitochondrial MOMP and, in
turn, apoptosis. The demise in apoptotic cells is interrupted by the rise of
Bcl-2, which together determine cell survival and death (Tait and Green,
2010; Li and Dewson, 2015). Caspase-9 and Caspase-3 are
apoptosis-initiating and-executing enzymes, respectively, both of which
are closely associated with the mitochondrial apoptotic pathway (Del
Puerto et al., 2011; Li et al., 2017). Prior research has demonstrated that
NIBV induces apoptosis in chick-derived kidney cells by activating Bax,
Caspase-9, and Caspase-3, while inhibiting Bcl-2 expression activity
(Chen et al., 2022b). ISKNV infection induces the interaction of Bax and
Bcl-2 to activate signal transduction between Caspase-9 and Caspase-3,
resulting in the apoptosis of GF-1 cells (Chen et al., 2022a). Increasing
evidence suggests that viral infections, such as HIV and influenza virus
infections, can either directly or indirectly induce the activation of
Caspase-9 and Caspase-3, triggering apoptosis through multiple mech-
anisms (Mehrbod et al., 2019). The present study demonstrated that
following GoAstV infection, the mRNA and protein levels of Bax,
Caspase-3, and Caspase-9 were elevated, whereas Bcl-2 expression was
markedly reduced. It has further been suggested that infection with
GoAstV activates the mitochondrial apoptotic pathway, resulting in
apoptosis of liver cells. However, the exact mechanism underlying
apoptosis induction requires further investigation.

Prior research has shown that most positive-stranded RNA viruses
rely predominantly on the ER for replication and maturation of their
proteins during infection. Viruses create environments that support the
maturation of replicative complexes or viral particles, by inducing
changes in the ER structure and stimulating fatty acid synthesis
(Verchot, 2016). In the present study, disorganization of the ER struc-
ture in the Dis group was observed through electron microscopy, indi-
cating that ER function is impaired, or that ER homeostasis may be
disrupted. The balance of Ca®* concentration is an important condition
for maintaining homeostasis in the ER (Mekahli et al., 2011). Further-
more, there have been reports showing that viral infections are
commonly accompanied by disturbances in Ca®* concentration, result-
ing impaired cellular function (Olivier, 1996). The Dis group exhibited a
substantial increase in hepatic Ca®" content at 6 dpi compared to the
Con group, as indicated by our findings. This suggests that GoAstV
infection caused a disturbance in the Ca?" concentration in the liver
tissue of goslings. Under normal conditions, the cytoplasmic Ca" con-
centration is maintained at a low level, whereas the ER and extracellular
interstitial Ca®" concentrations are higher (Bagur and Hajnoczky,
2017). The SERCA pump is largely responsible for the absorption of
cytoplasmic Ca?" into the ER, whereas the IP3R and RyR channels
located in the ER membrane are primarily responsible for facilitating the
release of calcium ions from the ER lumen into the cytoplasm. Evidence
has demonstrated that some viruses can enhance the release of Ca®* by
upregulating RyR or IP3R expression. Research indicates that some vi-
ruses may enhance Ca®" release by elevating the expression of RyR or
IP3R while concurrently diminishing SERCA function, thereby aggra-
vating calcium ion imbalance in the endoplasmic reticulum and even-
tually facilitating viral replication (Mekahli et al., 2011). For example,
the presence of hepatitis C virus (HCV) and Borna disease virus (BDV)
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may result in a reduction in SERCA activity. (Benali-Furet et al., 2005;
Williams and Lipkin, 2006), whereas poliovirus (PV) and influenza A
virus (IAV) can cause an increase in IP3R or RYR activity (Hartshorn
et al., 1988; Guinea et al., 1989). In addition, infection with porcine
circovirus type 2 (PCV2) stimulates CaMKII expression by increasing
cytoplasmic Ca®" levels (Gu et al., 2016). They regulate the ER Ca®"
concentration, thereby creating favorable conditions for viral survival.
This illustrates the importance of ER Ca* regulation in viral infections.

The present work revealed that GoAstV infection triggered an in-
crease in the mRNA expression of IP3R, RYR3, and CaMKII, while
decreasing the mRNA activity of SERCA2aq, through the analysis of
calcium-related channel receptors on the ER membrane. In addition, a
notable elevation in CaMKII protein levels and a substantial reduction in
SERCA translation were observed. The positive expression of IP3R
observed in the immunohistochemical results generally agreed with the
aforementioned findings. In conclusion, these results demonstrate that
during GoAstV infection, damage to the ER structure of the goose liver
causes ER Ca?* depletion, resulting in an imbalance in the ER Ca®"
concentration.

Ca2t is one of the key factors ensuring the proper folding of ER
proteins, and the depletion of ER Ca" affects the folding ability of ER
proteins to some extent (Gaut and Hendershot, 1993). In addition,
previous studies have shown that ER Ca?" depletion robustly activates
ERS and the UPR (Hammadi et al., 2013). In a healthy physiological
state, GRP78 binds to PERK, ATF6, and IRE1 in an inactive state. When
ERS is triggered, PERK, ATF6, and IRE1 are activated and dissociate
from GRP78 to initiate the UPR. It has been reported that ERS triggered
by most viruses, including hepatitis B virus (HBV) and dengue virus
(DENV), can simultaneously activate the three transmembrane sensors
of the UPR. However, some viruses, such as SARS-CoV and flavivirus
(DENV), can only activate one or two branches of the UPR (Li et al.,
2015). In the present study, GoAstV was found to upregulate the mRNA
and protein levels of GRP78, PERK, IRE1, and ATF6 in geese, which
returned to normal levels post-infection. This result suggests that
GoAstV infection can cause hepatic ERS and UPR, activating the PERK,
IRE1, and ATF6 signaling axes.

The association between ERS stress and apoptosis is complex. Mild
ERS may activate adaptive responses for cell survival to protect the cells
from stress-induced damage. Conversely, severe ERS can interact with
and regulate apoptotic processes each other (Almanza et al., 2019).
Currently, several signaling mechanisms in the ER have been shown to
induce apoptosis, including the Caspase, CHOP, and JNK pathways (Li
et al., 2006). The activation of the eIF2a-ATF4-CHOP signaling pathway
is pivotal in initiating apoptotic processes in cells infected by human
astrovirus (Isobe et al., 2019). The expression of Bax or Bcl-2 genes can
further be altered to induce apoptosis through the up-regulation of
CHOP, either directly or indirectly (Ron, 2002; Oyadomari and Mori,
2004). Furthermore, increasing evidence suggests that viruses can
modulate the TRAF2-JNK signaling pathway through various mecha-
nisms to enhance their replication. JNK activation plays a crucial role in
the endogenous apoptotic pathway (Chen et al., 2021). The results of the
present study demonstrated a trend of up-regulation of mRNA levels of
elF2a, ATF4, CHOP, TRAF2, and JNK, as well as protein levels of ATF4,
elF2a, CHOP, and JNK in the infected group, indicating that infection of
goslings with GoAstV activates the IRE1-TRAF2 and PERK-elF2a-ATF4
signaling axes, and promotes the expression of JNK and CHOP.
Furthermore, correlation analysis revealed a strong positive association
between GRP78 and mRNA expression levels of JNK and Caspase-3.
Similarly, PERK expression exhibited a robust positive correlation
with the mRNA expression of CHOP and Caspase-3. Conversely, Bax
expression was found to be negatively correlated with Bcl-2 expression.
These data suggest that GoAstV infection amplifies the activation of
CHOP and JNK, which is possibly associated with the GoAstV-induced
apoptosis of hepatocytes. However, whether ERS is involved in
GoAstV-mediated goose hepatocyte apoptosis remains unclear.
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Fig. 7. ERS and apoptosis signaling in GoAstV infection.

Conclusion

In conclusion, our results indicate that GoAstV intensifies the
occurrence of ERS by interfering with the ER Ca®" balance, leading to
hepatocyte apoptosis in infected goslings. Furthermore, GoAstV infec-
tion induces apoptosis in gosling liver cells, which may be related to the
activation of the ERS pathway. Taken together, these findings provide
insight into the mechanism of liver injury caused by GoAstV infection.
Based on the results of the present study, the signal maps of ERS and
apoptosis were mapped (Fig. 7).
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