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ABSTRACT Goose astrovirus (GAstV)-2, a novel
pathogen identified in 2018, mainly causes visceral gout
in goslings, leading to approximately 50% mortality.
At present, no commercial veterinary products are
available to prevent and treat the disease. Our previous
studies showed that nitric oxide (NO) and inducible
NO synthase (iNOS) were markedly higher in the kid-
ney and spleen of goslings infected with GAstV-2, but
their effects during GAstV-2 infection remain unclear.
In the present study, goslings were intraperitoneally
injected with aminoguanidine (AG)—an iNOS inhibi-
tor—to examine the role of NO during GAstV-2
infection. AG significantly decreased the serum NO
concentration and iNOS mRNA expression in the kid-
ney. Moreover, AG reduced the mortality, serum uric
acid and creatinine content, and urate deposition in vis-
ceral organs and joints. Histopathological analysis
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demonstrated that AG reduced renal tubular
cell necrosis, inflammatory cell infiltration, glycogen
deposition in glomerular mesangium, and interstitial
fibrosis, suggesting alleviation of kidney lesions. Fur-
thermore, AG decreased the expression of renal injury
markers such as KIM-1 and desmin; inflammatory cyto-
kine-related genes such as IL-1b, IL-8, and MMP-9; and
autophagy-related genes and proteins such as LC3II,
ATG5, and Beclin1. However, quantitative real-time
PCR and immunohistochemistry showed that treat-
ment with AG did not affect the kidney and liver viral
load. These findings suggest that AG decreases the
mortality rate and kidney lesions in goslings infected
with GAstV-2 through mechanisms associated with
autophagy and inhibition of inflammatory cytokine
production in the kidney but not with GAstV-2
replication.
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INTRODUCTION

Goose astrovirus (GAstV)-2 is a nonenveloped virus
with a positive-sense, single-stranded RNA genome of
approximately 7.2 kb. GAstV-2 infection of 3 to 20 days
old goslings mainly leads to death, with a mortality rate of
20% to 50%, which causes serious economic losses to the
goose breeding industry. Goslings infected with GAstV-2
show deposition of urate in the viscera and joints, pale
and swollen kidneys, and vacuolar degeneration and
necrosis in the liver (Zhang et al., 2018a; Zhang et al.,
2018b; An et al., 2020; Wang et al., 2023). At present,
there are no commercial veterinary products (drugs or
vaccines) available to control the disease; therefore, it has
become imperative to identify strategies for the prevention
and treatment of GAstV-2-induced gout in goslings.
High uric acid levels are a characteristic feature of

GAstV-2 infection. Kidney is the major organ for uric
acid excretion and approximately two-thirds of the
body’s uric acid is excreted by the kidney (Lipkowitz,
2012). Therefore, well-functioning kidneys are impor-
tant for uric acid excretion. However, GAstV-2 infection
causes kidney damage including necrosis and autophagy
of renal tubular epithelial cells and a decrease in the
expression of the uric acid transporter protein MRP4
and ATPase activity (Wu et al., 2020; Huang et al.,
2021). Moreover, goslings that died from GAstV-2 infec-
tion often had significant urate deposition in the kidney,
whereas goslings that did not die from GAstV-2
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infection showed little or no urate deposition. Therefore,
reducing kidney damage and urate deposition in the vis-
cera may be a good strategy to decrease gosling death.

Nitric oxide (NO), a gaseous, nitrogen-centered, inor-
ganic radical, is produced endogenously in a number of
cells and tissues and is critically involved in nonspecific
and immunological host defense (Granger et al., 1988;
Nathan and Hibbs, 1991; Akaike and Maeda, 2000). NO
plays a key role in the pathogenesis of many viral infec-
tions. Notably, whether the overall effect of NO is positive
(antiviral) or negative (pathogenic) seems to be virus
dependent. NO inhibits viral replication via different
mechanisms. For example, NO inhibits dengue virus RNA
synthesis, limits encephalomyocarditis virus replication in
pancreatic b-cells by attenuating mitochondrial oxidative
metabolism, and inhibits coxsackievirus replication by S-
nitrosylation of cysteine residues of viral proteins (Granger
et al., 1988; Akaike and Maeda, 2000; Torre et al., 2002).
However, during HIV infection, excessive production of
NO is reported to be associated with active viral replica-
tion especially in the primary infection and in late stages of
the disease (Torre et al., 2002; Curcio et al., 2019). In addi-
tion, NO seems to have no effect on certain viruses such as
the highly pathogenic influenza A viruses (Perrone et al.,
2013). In our previous study, we found that NO and induc-
ible NO synthase (iNOS) levels were significantly higher
in the kidneys and spleens of GAstV-2-infected goslings
(Ding et al., 2021; Huang et al., 2021). However, the role of
NO in GAstV-2-infected goslings is unclear and needs to
be further investigated, which may provide valuable
insights into strategies to alleviate gout in goslings.

Aminoguanidine (AG), an irreversible inhibitor of
iNOS, has been used to inhibit NO production in various
studies (Lane et al., 1999; Ubol et al., 2001; Madhu et al.,
2016b; Song et al., 2017; Pasten et al., 2021). In the present
study, goslings were injected intraperitoneally with AG to
inhibit NO production, and the mortality rate, urate depo-
sition, serum uric acid and creatinine levels, inflammation
factors, autophagy, and viral load were assessed to investi-
gate the role of NO during GAstV-2 infection.
MATERIALS AND METHODS

Ethics Statements

All animal experiments were conducted in accordance
with the Guidelines for Experimental Animals of the
Ministry of Science and Technology (Beijing, China)
and were approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing Agricultural
University (protocol code PT20221027047).
Virus

The strain GAstV-2 (JSHA strain, GenBank:
MK125058) used in this experiment was isolated and pre-
served in our laboratory. The virus titer, as determined
by titration on goose kidney epithelial cells according to
the method of Reed and Muench, was 1 £ 104.25 50% tis-
sue culture infectious dose (TCID50)/mL.
Animal Experiments

One-day-old goslings were obtained from Nanjing
Sanhua goose Company Ltd. Before the experiments,
five 1-day-old goslings were euthanized by intravenous
injection of pentobarbital sodium. Autopsy revealed no
obvious lesions in any organ, and RT-PCR detected no
GAstV-2 RNA in the kidney, spleen, and liver. Then,
forty 1-day-old unvaccinated goslings were randomly
assigned to 4 groups: the control group, GAstV-2 group,
AG (5 mg/d) group, and AG (25 mg/d) group, with 10
goslings in each group. Each group of goslings was sepa-
rated by a negative-pressure isolator and provided with
sterilized water and antibiotic-free feed ad libitum. All
2-day-old goslings were orally challenged with 0.5 mL
GAstV-2 (0.5 £ 104.25TCID50/goose), except the control
group. The infection dosage of GAstV-2 was chosen
according to our previous studies (Wu et al., 2020; Ding
et al., 2021). In the control group, 0.5 mL PBS was
orally administered. For the next 7 d, goslings in the
control and GAstV-2 groups were intraperitoneally
injected daily with 0.5 mL PBS, and goslings in the AG
(5 mg/d) and AG (25 mg/d) groups were intraperitone-
ally injected daily with 0.5 mL of 10 mg/mL and
50 mg/mL AG (Sigma, St. Louis, MO, cat. no. 396494),
respectively. The dosages of AG were chosen according
previous studies (Benencia et al., 2003; Madhu et al.,
2016a). All geese were monitored daily for the occur-
rence of clinical signs including depression, excreting
white feces, stand disturbance and feed intake reduction
and death. Dead goslings were dissected, and pathologi-
cal changes were recorded immediately. At 8 d postinfec-
tion (dpi), all goslings were weighed, and blood samples
were taken from the wing vein; then, the goslings were
euthanized by intravenous injection of pentobarbital
sodium. The kidneys were collected and weighed, and
the relative weights of the kidney was calculated as the
ratio of kidney weight to gosling weight. A portion of
the kidneys was fixed in 4% paraformaldehyde for histo-
pathological examination. The rest of the kidney tissue
was stored at �80°C for further analysis. The experi-
mental scheme for GAstV-2 infection and AG treatment
in goslings was shown in Figure 1.
Serum Uric Acid (UA) and Creatinine (CRE)
Detection

Blood samples were collected from the wing vein and
centrifuged at 3,000 revolutions per minute (rpm) to
separate serum. Serum uric acid and creatinine levels
were measured by commercia kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China, cat. no. C012-
2-1 and C011-2-1) according to the manufacturer’s
protocols.
Histopathological Examination

After fixation in 4% paraformaldehyde, kidney sam-
ples were dehydrated in a graded series of alcohols,

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/laboratory-animal
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/institutional-animal-care-and-use-committee
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/institutional-animal-care-and-use-committee


Figure 1. Experimental scheme for goose astrovirus-2 (GAstV-2) infection and aminoguanidine (AG) treatment in goslings.
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cleared with xylene, and embedded in paraffin. The sam-
ples were then serially sectioned at 4 mm. The sections
were stained with hematoxylin and eosin (HE) using
routine methods. The stained sections were examined
under a light microscope (Carl Zeiss, G€ottingen, Ger-
many). The kidney pathological scores were assessed
according to our previous study (Huang, et al., 2021).
Periodic Acid-Schiff and Masson Trichrome
Staining

Sections were stained with the Masson trichrome and
periodic acid-Schiff (PAS) stains according to methods
described in our previous study (Huang, et al., 2021).
Collagen deposition was observed using Masson tri-
chrome staining, and renal fibrotic lesions were
determined by calculating the percentage of the colla-
gen-stained area (blue) in the whole image with ImageJ
software. The degree of glomerular mesangial expansion
was assessed by measuring the area of PAS-positive
mesangial matrix, and the percentage of mesangial
matrix occupying a glomerulus was computed using
ImageJ software. For each renal tissue samples, 5 ran-
dom, nonoverlapping fields at 400 £ magnification were
selected to assess the collagen deposition and glomerular
mesangial expansion.
Virus Determination

Viral RNA was extracted from kidney and liver sam-
ples using the RNeasy Isolation Kit (Vazyme, Nanjing,
China, cat. no. R701-01) and transcribed into cDNA
using the HiScript Q RT SuperMix Kit (Vazyme, Nanj-
ing, China, cat. no. R223-01). Then, viral loads were
determined using a SYBR Green I-based real-time PCR
method established in our previous study (Qiu, et al.,
2020).
Quantitative Real-Time PCR (qRT-PCR)
Analysis

RNA-easy Isolation Reagent was used to extract total
RNA from kidney samples. RNA was reverse-transcribed
into cDNA using the HiScript Q RT SuperMix Kit accord-
ing to the manufacturer’s instructions. Quantitative PCR
was performed using a thermal cycler (AB7300, Life Tech-
nologies). Primer 5.0 software was used to design specific
primers for genes including ATG5, Beclin1, KIM-1, des-
min, IL-1b, IL-8, TNF-a, MMP-9, and iNOS; the primer
sequences are shown in Table 1. Target gene mRNA
expression was quantified using the 2�DDCT method and
normalized to GAPDH expression. Each sample reaction
was performed in triplicate.
Western Blot

The BCA assay kit (Thermo, Waltham, MA, cat. no.
23225) was used to quantify total kidney protein
extracted with RIPA lysis buffer containing 1% phenyl-
methane sulfonyl fluoride. Equal amounts of protein
samples were mixed with 5 £ SDS loading buffer and
heated at 99°C for 10 min. Rabbit polyclonal anti-
GAPDH antibody (Abclonal, Wuhan, China, cat. no.
C001), rabbit polyclonal anti-LC3B antibody (Abclonal,
Wuhan, China, cat. no. A19665), and rabbit polyclonal
anti-Beclin1 antibody (Beyotime, Shanghai, China, cat.
no. AF5123) were used as primary antibodies, and horse-
radish peroxidase-conjugated goat antirabbit IgG
(Abclonal, Wuhan, China, cat. no. AS014) was used as
the secondary antibody. The samples were then ana-
lyzed by SDS-PAGE essentially as described in our pre-
vious study (Huang et al., 2017). After incubating the
membranes with Clarity Western ECL Blotting Sub-
strate, the protein bands were visualized using the
ChemiDoc Touch Imaging System (Bio-Rad, Hercules,
CA). Target protein expression levels were then



Table 1. Primers used in this study for real-time PCR.

Primer Accession number Primer sequences (50−30) Product length

GAPDH-F MG674174.1 TCAAGGCTGAGAATGGGAAAC 191 bp
GAPDH-R GGCGGAGATGATGACACG
Beclin1-F XM_013199763.1 CGCTGTGCCAGATGTGGAAGG 151 bp
Beclin1-R CAGAAGGAATACTGCGAGTTCAAGA
ATG5-F XM_013175657.1 CCGATTGGTTTGCTCTT 226 bp
ATG5-R ATCCCATCCACAGTTGC
desmin-F XM_038181897.1 AAGGGCACGAACGACTC 214 bp
desmin-R CCAGCAGCTTGCGGTA
KIM-1-F XM_013176053.2 ACCTCTACACAGACCTCAGC 124bp
KIM-1-R CTGAGGTGTTCAAGTGGGGAC
iNOS-F U34045.1 GAACAGCCAGCTCATCCGATA 103bp
iNOS-R CCCAAGCTCAATGCACAACTT
IL-1b-F JF505290.1 TCCGCCAGCCGCAAAGTG 136 bp
IL-1b-R CGCTCATCACGCAGGACA
MMP-9 -F XM_048050603.1 AAGACTCGCTATGGGAACGC 151 bp
MMP-9-R CGTAGGTCTTGTCGGCATCA
IL-8-F XM_013190618.1 GAACGGCAAACTTGGG 144 bp
IL-8-R TGAATAGATTTAGGGTGGATG
TNF-a-F EU375296.1 GAATGAACCCTCCTCCG 139 bp
TNF-a-R ATCTGGTTACAGGAAGG
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normalized to the amount of GAPDH and analyzed
using Image J software.
Immunohistochemical Analysis

Kidney sections were placed in a 65°C incubator for 1
h and deparaffinized and rehydrated with xylene and
alcohol. Then, the sections were treated with 3% H2O2
for 10 min for endogenous peroxidase inactivation and
exposed to citrate buffer at 100°C for 8 min for antigen
retrieval. The sections were blocked with 5% bovine
serum albumin for 30 min and then incubated overnight
at 4°C with rabbit anti-GAstV-2 cap protein polyclonal
antibody as the primary antibody. The sections were
incubated with secondary antibodies for 1 h at 37°C, fol-
lowed by diaminobenzidine staining and counterstaining
with hematoxylin for 8 min. Light microscopy was then
used to examine the stained sections. Semiquantitative
statistics of positive signals were performed using
Image-Pro Plus software.
Statistical Analysis

The data from different experimental groups in
respect to various parameters were analyzed statistically
by one way ANOVA, and variables are expressed as the
mean § Standard Error of the Mean (SEM). P < 0.05
was considered to indicate a statistical significance,
and P < 0.01 was considered to indicate a high degree of
significance.
RESULTS

AG Reduced the Mortality and Urate
Deposition of Goslings Infected with
GAstV-2

Goslings in the control group were in good health and
survived throughout the study period, whereas GAstV-2
infection resulted in a high mortality rate of 30% and
with 10% stand disturbance (leg joint enlargement, like
to lie down and unlike to stand). In contrast, there were
no deaths in the 25 mg/d AG group, and only 10% of
goslings in the 5 mg/d AG group died. However, no sig-
nificant difference was observed in stand disturbance;
there was one gosling with stand disturbance each in 5
and 25 mg/d groups (Figures 2A and 2B).
Autopsy results showed that the dead goslings exhib-

ited extensive urate deposition in the liver, kidney, gall-
bladder, and joint cavity, and 70% GAstV-2-infected
goslings had kidney swelling or hemorrhage; in the con-
trol group, no obvious pathological changes in kidneys
were observed. However, AG markedly alleviated kidney
lesions and decreased the urate deposition. Specifically,
50% of the goslings in the AG (5 mg/d) group had kid-
ney hemorrhage or swelling, whereas only 20% in the
AG (25 mg/d) group showed these symptoms. No urate
deposition in the ureter and joint cavities was observed
in the 25 mg/d group, and only 20% and 10% goslings in
the 5 mg/d group showed urate deposition in the ureter
and joint cavities, respectively (Figure 2B and Figure 3).
AG Reduced Relative Kidney Weight and
Serum UA and Creatinine in GAstV-2-
Infected Goslings

The relative kidney weight in GAstV-2 group was
higher than that in the control group, whereas the rela-
tive kidney weight in the AG-treated groups was lower
than that in the GAstV-2 group, with the 25 mg/d AG
group showing a statistically significant difference (P <
0.05; Figure 4A). The serum levels of uric acid and creat-
inine in the GAstV-2 group were higher than those in
the control group; however, the serum uric acid and cre-
atinine levels in the 5 and 25 mg/d AG groups were sig-
nificantly lower than those in the GAstV-2 group (P <
0.05; Figure 4B and 4C).



Figure 3. Gross morphological changes in organs in goslings infected with goose astrovirus-2 (GAstV-2) with or without aminoguanidine (AG)
injection.

Figure 4. Effect of goose astrovirus-2 (GAstV-2) infection with or without aminoguanidine (AG) injection on relative kidney weight (A), serum
uric acid (UA) concentration (B), and serum creatinine (CRE) concentration (C). Values are expressed as mean § SEM, n = 10, *P < 0.05; ***P <
0.001.

Figure 2. Aminoguanidine (AG) reduced mortality, kidney lesions and uric acid deposition in goslings infected with goose astrovirus-2
(GAstV-2).
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AG Attenuated Renal Histopathological
Lesions in GAstV-2-Infected Goslings

HE was used to evaluate the histopathological
changes in the kidney tissues. The kidney tissues of the
control goslings were histologically normal (Figure 5A);
in contrast, in the GAstV-2 group, inflammatory cell
infiltration, disrupted brush border of the proximal con-
voluted tubule, necrosis of tubular epithelial cells,
detached renal tubular epithelial cells, and protein casts
in the tubular lumen were observed (Figure 5B). In the
AG-treated groups (5 and 25 mg/d), the lesions of renal
tubules and the brush border and inflammatory cell infil-
tration was greatly reduced compared with the GAstV-2
group (Fig. 5C and D). Moreover, the histopathological
scores of the kidneys indicated severe lesions in the
GAstV-2 group, whereas the AG-treated groups (5 and
25 mg/d) showed a significant reduction in kidney
lesions compared with the GAstV-2 group (P < 0.01;
Figure 5E).

PAS staining is often used to visualize glomerular
basement membrane lesions. The results showed that
glycogen was deposited in the glomerular mesangium in
the GAstV-2 group, and the percentage of mesangial
Figure 5. Histopathological changes in the kidney in goslings infected w
treatment. Kidneys in the control group were normal (A); kidney damage w
cantly improved in the AG-treated groups (C and D). Black arrows indica
detached renal tubular epithelial cells and protein casts in the tubular lumen
low arrows indicate lymphocyte infiltration. The kidney histopathological sc
mean § SEM, n = 10, ***P < 0.001.
matrix occupying a glomerulus was significantly higher
in the GAstV-2 group than in the control group (P <
0.01). The AG-treated groups showed lower glycogen
deposition in the glomerular mesangium, and the per-
centage of mesangial matrix occupying a glomerulus was
significantly lower in both AG-treated groups than in
the GAstV-2 group (P < 0.01; Figures 6A−6E).
Masson staining is a classic connective tissue stain

that stains the basement membrane, thylakoid matrix,
and collagen blue; it is primarily used to visualize colla-
gen fiber proliferation in renal tissue. The results showed
a significantly greater tubulointerstitial fibrotic area in
the GAstV-2 group than in the control group (P <
0.01). However, the tubulointerstitial fibrotic area in the
25 mg/d AG group was significantly lower than that in
the GAstV-2 group (P < 0.01; Figures 6F−6J).
AG Reduced Renal KIM-1 and Desmin
Expression in GAstV-2-Infected Goslings

KIM-1 is a marker of renal proximal tubular epithelial
cell injury; KIM-1 synthesis is activated and its expres-
sion elevated in damaged tubular cells (van Timmeren
ith goose astrovirus-2 (GAstV-2) with or without aminoguanidine (AG)
as observed in the GAstV-2 group (B); and kidney damage was signifi-
te disrupted brush border of the proximal tubule; Blue arrows indicate
; White arrows indicate necrosis of renal tubular epithelial cells; and yel-
ores were computed using ImageJ software (E). Values are expressed as



Figure 6. Glycogen deposition and collagen fiber proliferation in the kidney of goslings infected with goose astrovirus-2 (GAstV-2) with or with-
out aminoguanidine (AG) treatment. Glycogen deposition in the glomerular mesangium in the control group (A), GAstV-2 group (B), 5 mg/d AG
group (C), and 25 mg/d AG (D) group were examined by periodic acid-Schiff staining, and the percentage of mesangial matrix in the glomerular
area was analyzed using ImageJ software (E). Interstitial collagen fibers in the control group (F), GAstV-2 group (G), 5 mg/d AG group (H), and
25 mg/d AG group (I) were visualized by Masson trichrome staining, and the percentage of tubulointerstitial fibrosis was analyzed using ImageJ
software (J). Values are expressed as mean § SEM, n = 10, ***P < 0.001.
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et al., 2007; Almaghrabi, 2023; Edosuyi, et al., 2023).
Desmin is the most sensitive marker of podocyte damage
in both acute and chronic glomerular damage (Gonlusen
et al., 2001; Funk et al., 2016). The mRNA expression of
KIM-1 and desmin was significantly higher in the
GAstV-2 group than in the control group (P < 0.05).
The mRNA expression of KIM-1 and desmin in the 5
and 25 mg/d AG groups was lower than that in the
GAstV-2 group; specifically, the mRNA expression of
desmin in the 25 mg/d AG group was significantly lower
than that in the GAstV-2 group (P < 0.05; Figure 7A
and 7B).
AG Reduced Renal Inflammatory Cytokine
Expression in GAstV-2-Infected Goslings

The mRNA expression of iNOS in the kidney and
serum NO concentration were significantly higher
in the GAstV-2 group than those in the control group

https://www.sciencedirect.com/topics/immunology-and-microbiology/collagen-fiber


Figure 7. KIM-1 (A) and desmin (B) mRNA expression in the kidney of goose astrovirus (GAstV)-2-infected goslings with or without amino-
guanidine (AG) injection. Values are expressed as mean § SEM, n = 10. *P < 0.05.
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(P < 0.05), whereas both were significantly lower in the
5 and 25 mg/d AG groups than those in the GAstV-2
group (P < 0.05; Figures 8A and 8F). The mRNA
expression of IL-1b, IL-8, MMP-9, and TNF-a in the
kidney was significantly higher in the GAstV-2 group
Figure 8. Changes in mRNA expression of iNOS (A), IL-1b (B), IL-8
(NO) concentration (F) in goose astrovirus (GAstV)-2-infected goslings wi
mean § SEM, n = 10. *P < 0.05; **P < 0.01; ***P < 0.001.
than in the control group (P < 0.05); however, the
mRNA expression of IL-1b, IL-8, and MMP-9 was signif-
icantly lower in 25 mg/d AG group than in the GAstV-2
group (P < 0.05; Figures 8B−8D). There was no statisti-
cally significant difference in TNF-a mRNA expression
(C), MMP-9 (D), and TNF-a (E) in the kidney and serum nitric oxide
th or without aminoguanidine (AG) infection. Values are expressed as
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between the AG-treated groups and the GAstV-2 group
(P > 0.05; Figure 8E).

AG Reduced Renal Autophagy in GAstV-2-
Infected Goslings

LC3II, Beclin-1 and ATG5 are key autophagy-related
molecules. Compared with the control group, the mRNA
expression of renal autophagy-related genes such as
ATG5 and Beclin1 was significantly higher in the GAstV-
2 group than in the control group (P < 0.05); notably, the
mRNA expression of these 2 genes was significantly lower
in the 5 and 25 mg/d AG groups than in the GAstV-2
group (P < 0.05; Figures 9A and 9B). Similarly, western
blotting results also showed that Beclin1 and LC3II pro-
tein expression in the kidney in the GAstV-2 group was
significantly higher than that in the control; remarkably,
both proteins showed a significantly lower expression in
the AG-treated groups (5 and 25 mg/d) than in the
GAstV-2 group (P < 0.05; Figures 9C−9E).

AG Did Not Affect Renal and Hepatic Viral
Load in GAstV-2-Infected Goslings

The qRT-PCR results showed that the GAstV-2
group showed significantly higher viral loads in the
Figure 9. Autophagy changes in the kidney in goose astrovirus (GAst
The mRNA levels of ATG5 (A) and Beclin1 (B) were determined by qRT-P
blot (C−E). Values are expressed as mean § SEM, n=10, *P < 0.05; **P < 0
kidney and liver than the control group (P < 0.01); there
was no significant difference in viral load between the
GAstV-2 group and AG-treated groups (P > 0.05;
Figure 10A). To further confirm these results, virus
localization was performed by an immunohistochemical
method using capsid antibody, and the number of posi-
tive signals was determined using Image-Pro Plus soft-
ware. As shown in Figure 8B, the virus was localized in
renal tubular epithelial cells and sloughed epithelial cells
of tubular lumen (Figure 10B). Semiquantitative analy-
sis of the positive signals showed that there was no dif-
ference between the GAstV-2 group and AG-treated
groups (P > 0.05; Figure 10C), similar to the results of
qRT-PCR.
DISCUSSION

Gosling gout has been detected in several goose flocks
in Eastern China since 2016; subsequently, it rapidly
spread to most provinces of China, and it remains a sig-
nificant threat to the health of goslings. In 2018,
GAstV-2 was identified as a pathogen causing gosling
gout. Because it is an emerging pathogen, there are cur-
rently no vaccines and drugs available to prevent and
treat the disease. In the present study, we found that
V)-2-infected goslings with or without aminoguanidine (AG) infection.
CR. The protein levels of LC3II and Beclin1 were measured by western
.01; ***P < 0.001.



Figure 10. Viral load change in goose astrovirus (GAstV)-2-infected goslings with or without aminoguanidine (AG) infection. Viral loads in the
kidney and liver were detected by quantitative real-time PCR (A); the virus location was detected by immunohistochemistry (B), and the mean opti-
cal density (MOD) was calculated using Image-Pro Plus (C). Values are expressed as mean § SEM, n = 10, ***P < 0.001.
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aminoguanidine, an iNOS inhibitor, decreased gosling
mortality and alleviated kidney lesions in goslings
infected with GAstV-2, indicating the potential use of
aminoguanidine as a drug to treat gosling gout.

NO, a signaling molecule produced by iNOS in many
cells, is involved in a wide range of physiological and
pathophysiological processes. It has been established
that NO plays a role in the pathogenesis of many viral
infections, especially in the inhibition of viral replication
(Lisi et al., 2021). Previous studies indicate that type 2
turkey astroviruses (TAstV-2) induced the production
of iNOS and NO in macrophages, and NO inhibited
TAstV-2 replication using NO donors and inhibitors in
turkey embryos (Koci et al., 2004). However, in the pres-
ent study, intraperitoneally injected AG had no effect on
GAstV-2 load in the liver and kidney in goslings infected
with GAstV-2, suggesting the different role of NO in
TAstV-2 and GAstV-2 infection. Although both
TAstV-2 and GAstV-2 belong to the genus Avastrovi-
rus, they exhibit significant differences in their genomes,
with only 64.35% homology (National Center for Bio-
technology Information database). In addition, TAstV-
2 is mainly localized in the intestine and causes diarrhea,
whereas GAstV-2 mainly invades the kidney and liver,
inducing kidney damage. Our results are similar to pre-
vious reports in influenza A virus and encephalomyocar-
ditis virus (Lee et al., 2009; Perrone et al., 2013). It is
reported that, following challenge with H5N1 and 1918
pandemic influenza viruses, iNOS-deficient mice exhib-
ited lower mortality and lung damage than wild-type
mice, but there was no difference in virus titers between
iNOS-deficient and wild-type mice (Perrone et al.,
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2013). Together, these findings suggest that the AG-
induced reduction in gosling death and kidney lesions is
not related to GAstV-2 replication.

Cytokine production is a host immune response to
viral infection and plays an important role in immune
regulation. GAstV-2 infection has been reported to
induce the production of NO and proinflammatory cyto-
kines such as IL-1b and TNF-a (Wang et al., 2021; Wu
et al., 2021b). Production of proinflammatory factors up
to a certain level has a promoting effect on limiting viral
infection; however, excessive production may lead to tis-
sue damage and worsening of symptoms (Macmicking et
al., 1995; Mokry et al., 2022). In the present study, AG
reduced the production of IL-1b, IL-8, MMP-9, and NO
in the kidney in goslings infected with GAstV-2, suggest-
ing that AG alleviated kidney lesions by decreasing pro-
inflammatory cytokine-induced kidney damage. NF-kB
is an inducible transcription factor typically activated
by proinflammatory cytokines and other specific stimuli
and is mainly involved in the regulation of inflammation.
iNOS is a key downstream molecule of the NF-kB path-
way. The NF-kB−iNOS signaling pathway is associated
with many inflammatory reactions; inhibition of this
pathway reduces cytokine production, further alleviat-
ing the progression of inflammation (Dijkstra et al.,
2002; Mendes et al., 2017). Therefore, we speculate that
AG decreased the IL-1b, IL-8, and MMP-9 production
by iNOS inhibition and thus alleviated kidney damage.
Previous studies also showed that NO reduced cytokine
production and alleviated tissue lesions in influenza A
virus, encephalomyocarditis virus, herpes simplex virus
type 1, and dengue virus infections (Lee et al., 2009; Per-
rone et al., 2013; Cheng et al., 2015; Orzechowski et al.,
2019).

Autophagy is a crucial biological process involved in
both physiological and pathological conditions. Under
physiological conditions, it is the degradation process of
proteins and organelles mediated by lysosomes, and it
participates in the regulation of cell metabolism and sur-
vival (Lin et al., 2019). In the present study, GAstV-2
infection induced an increase in LC3B and Beclin1, indi-
cating that GAstV-2 induced renal autophagy, which is
consistent with our previous finding that GAstV-2
caused renal epithelial cell autophagy (Huang et al.,
2021). It has been reported that autophagy is required
for renal tubular injury, and inhibition of autophagy
using 3-MA attenuated hyperuricemic nephropathy in a
hyperuricemia rat model (Livingston et al., 2016; Bao et
al., 2018; Wu et al., 2021a). Thus, these findings suggest
that AG reduced renal autophagy, which contributed to
the alleviation of kidney lesions in the study. A previous
study has also reported that inhibition of iNOS pro-
tected cardiomyocytes against coxsackievirus B3-
induced cell injury by suppressing autophagy (Qi et al.,
2017). Based on this information, it can be inferred that
inhibition of autophagy may be another mechanism
through which AG reduces gosling mortality and allevi-
ates kidney lesions in gosling infected with GAstV-2.

In conclusion, AG inhibits inflammatory cytokine pro-
duction and autophagy in the kidneys of goslings
experimentally infected with GAstV-2, which alleviates
kidney damage and reduces gosling mortality. These
results will help us prevent and treat gosling gout caused
by GAstV-2. However, the intraperitoneal injection of
AG is not convenient for clinical application, the oral
administration of AG should be further evaluated. In
addition, high protein feed and poor feeding manage-
ment can also increase the occurrence of gout in goslings,
therefore comprehensive prevention and control meas-
ures are needed in future.
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