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Goose astrovirus infection affects uric acid production and
excretion in goslings
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ABSTRACT In 2018, a new goose astrovirus (GAstrV)
was reported in China, which causes 2 to 20% deaths in
4- to 16-day-old goslings causing great damages to the
livestock industry. Gout is the typical feature of GAstrV
infection in goslings. However, the mechanism of gout
formation remains unclear. In the present study, 2-day-old
goslings were infected intramuscularly with GAstrV for
14 D. One quarter of the infected goslings died, and typical
gout pathological changes were found in the dead infected
goslings. Pathological changes were observed in the
morphology of the kidney and liver, such as degeneration,
necrosis, and inflammatory cell infiltration. Accordingly, a
high virus load was found in both organs. The serum level
of uric acid in the inoculated goslings was higher, whereas
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no differences were found in levels of creatinine, calcium,
and phosphorus. Moreover, the xanthine dehydrogenase
(XOD) and adenosine deaminase (ADA) activities and
the mRNA levels of xanthine dehydrogenase, adenosine
deaminase, phosphoribosyl pyrophosphate amido-
transferase, andphosphoribosyl pyrophosphate synthetase
1 in livers increased, wheres the multidrug resistance–
associated protein 4 mRNA level and Na-K-ATPase ac-
tivity in the kidneys decreased. These results showed that
GAstrV infection could cause lesions on the liver and kid-
ney and then increase the expression or activity of enzymes
related to uric acid production in the liver and decrease
renal excretion function, which contribute to hyperurice-
mia and gout formation.
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INTRODUCTION

Astroviruses are small, non-enveloped, single-stranded,
and positive sensed RNA viruses typically ,35 nm in
diameter. The polyadenylated genome of these viruses in
size range from 6.2 kb (human) to 7.7 kb (duck) and con-
sists of a 50-untranslated region followed by 3 open reading
frames (ORF), a 30-untranslated region and a poly-A tail
(Cortez et al., 2017). Based on their ability to infect avian
and mammalian species, astroviruses are divided into 2
main genera,mamastrovirus and avastrovirus. Avastrovi-
rus mainly infects turkeys, chickens, and ducks and can
cause different diseases in the different host, including
growth retardation, enteritis, kidney disease, visceral
gout, hatchability problems, “white chick” in chickens
(Smyth, 2017), and hepatitis in ducklings (Sandhu et al.,
1992; Todd et al., 2009). Until 2018, there were no
reports of goose infection with astroviruses. Recently,
several studies reported a new goose astrovirus
(GAstrV), which causes gosling visceral gout and results
in 2 to 20% death in 4- to 16-day-old gosling in China.
This virus was genetically distinct from known astrovi-
ruses, forming a distinct clade according to the amino
acid sequence of the full-length ORF2 protein (Zhang
et al., 2018a, 2018b; Jin et al., 2018; Niu et al., 2018;
Yang et al., 2018; Yuan et al., 2019). This new goose
astrovirus is a newly emerging pathogen that causes
great damage to the goose industry; therefore, more
attention should be paid to reducing the damage caused
by this virus to goslings. Visceral gout is the typical
characteristic in gosling infected with GAstrV. However,
the mechanism by which gout is induced by GAstrV is
unclear.

Gout is caused by the nucleation and growth ofmonoso-
dium urate crystals in tissues in and around the joints,
following long-standing hyperuricemia. Hyperuricemia
occurs as a result of overproduction of uric acid from he-
patic metabolism or renal underexcretion (Dalbeth
et al., 2016).The liver is themainly site of uric acid produc-
tion, which occurs via purine metabolism of exogenous
food sources and endogenous byproducts of cellular meta-
bolism, using a series of enzymes such as xanthine
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oxidoreductase and adenosine deaminase (ADA). Renal
excretion accounts for around two-thirds of urate excre-
tion inmammals (Mandal andMount, 2015), and this pro-
cess is controlled by a suite of apically and basolaterally
expressed secretory and reabsorptive molecules, such as
urate transporter 1, organic anion transporter 1
(OAT1), OAT2, OAT4, and multidrug resistance–
associated protein 4 (MRP4) (Nigam and Bhatnagar,
2018). Unlike in great apes, no significant facilitated reab-
sorption of urate was detected in chicken renal proximal
tubules (Gutman and Yu, 1972; Brokl et al., 1994;
Dudas et al., 2005). The ATP-driven secretory efflux
pump, MRP4, and OAT were considered as important
transport proteins in urinary secretion in avian systems
(Hasegawa et al., 2007; Bataille et al., 2008).

Based on above information that GAstrV infection
induced serious gout in goslings and that the liver and
kidney are responsible for uric acid production and secre-
tion, respectively, we hypothesized that GAstrV infec-
tion causes changes to enzymes related to purine
metabolism and secretory molecules. Hence, in the pre-
sent study, 2-day-old goslings were infected with
GAstrV to establish a gout model, and then the param-
eters associated with uric acid production in the liver
and transport proteins in kidney were investigated.
MATERIAL AND METHODS

Virus

The GAstV-JSHA isolate (GenBank accession no.
MK125058) was isolated from diseased goslings with
gout in Jiangsu province, China, following serial passage
in goose embryos and kept in our laboratory. The titer of
the GAstV-JSHA was 1 ! 104.25 50% tissue culture
infective dose (TCID50)/ml as determined by titration
on goose kidney epithelial cells according to the method
of Reed & Muench.
Animal Experiment

Before animal experiment, 5 1-day-old goslings were
euthanized with intravenous pentobarbital sodium. No
gross changes were found in all organs, and no GAstV
RNA was detected from kidneys and livers using RT-
PCR method. Then 20 two-day-old goslings were placed
in an animal isolator that were ventilated under negative
pressure without any immunizations. These goslings
were challenged with 0.5 mL GAstV by intramuscular
inoculation. Another 20 goslings were inoculated with
0.5 mL of phosphate buffered saline which served as
negative control group. All geese were monitored daily
for the occurrence of clinical signs for 14 D. During the
experiment, both infected and uninfected geese were
weighed, and blood samples from the wing vein were
collected at 7 and 14 d postinfection (dpi). At 14 dpi,
all the surviving goslings were euthanized with intrave-
nous pentobarbital sodium. The gross changes of heart,
liver, spleen, lung, kidney, intestine, pancreas, and brain
were examined and collected. A portion of these tissues
were fixed in 10% formaldehyde for histopathological
examination. The rest were stored at 280�C for further
experiments. All animal procedures were approved by
the Institutional Animal Care and Use Committee of
Nanjing Agricultural University.
Histopathological Examination

The tissue samples were fixed in 10% formaldehyde
and dehydrated by a series of alcohols, clarified in
xylene, and embedded in paraffin. Then samples were
sliced serially into 4 mm sections and stained with hema-
toxylin and eosin by routine methods. Stained sections
were examined with a light microscope.
Serum Uric Acid, Creatinine, Calcium, and
Phosphorus Detection

Blood samples were collected and centrifuged at
3,000 rpm to obtain serum. Levels of uric acid, creati-
nine, calcium and phosphorus in the serum were
measured using commercial kits (Beyotime Institute of
Biotechnology, Haimen, China) according to the manu-
facturer’s protocols.
Detection of xanthine dehydrogenase, ADA,
and Na-K-ATP Activities

Tissue weighing 0.1 g taken out from liquid nitrogen
was placed in 1 mL cold physiological saline and
grounded with a tissue pulping machine at 12,000 rpm
in an ice-water bath. The tissue homogenate was centri-
fuged for 10 min at 4�C and 3,000 rpm by Sorvall Biofuge
Strator centrifuge. The sediment was discarded, and the
supernatant was 10% tissue homogenate. The total pro-
tein concentrations of this homogenate was detected
with BCA protein assay kit (Thermo, Rockford, IL).
The activity of ADA, xanthine dehydrogenase (XOD),
and Na-K-ATPwas measured by commercial kits (Beyo-
time) according to the manufacturer’s protocols.
Detection of Transcripts of the ADA, XOD,
Phosphoribosyl pyrophosphate
amidotransferase, phosphoribosyl
pyrophosphate synthetase 1, and MRP4
Genes by Real-Time PCR

Total RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA), and reverse transcription of the RNA
was conducted using the HiScript Q RT SuperMix Kit
(Vazyme, China). A Thermocycler (AB7300; Life Tech-
nologies, Carlsbad, CA) was used for quantitative PCR.
Primer 5.0 software was used for the designation of the
related genes including ADA, XOD, phosphoribosyl py-
rophosphate amidotransferase (PRPPAT), phosphori-
bosyl pyrophosphate synthetase 1 (PRPS1), and
MRP4 (Table 1). RNA expression was normalized by
quantification of GAPDH as a housekeeping gene.
Each sample was prepared in 3 duplicate tubes. Specific
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gene expression was quantified using the 22DDCT

method.
Statistical Analysis

The differences between the control group and exper-
imental group were analyzed by Student t test. The re-
sults are expressed as the mean 6 standard deviation.
P , 0.05 was considered to indicate a statistical signifi-
cance compared with the control group, and P , 0.01
was considered to indicate a high degree of significance
compared with the control group.
RESULTS

Clinical Examination

Twenty 2-day goslings were injected intramuscularly
with 0.5 mL of GAstrV. No death or obvious clinical
signs were observed in the noninoculated control. How-
ever, a reduction in body weight was noted from 12 dpi
to the end of the experiment in the GAstrV-infected
birds. The average body weight in the infected group
at 12 and 14 dpi was significantly lower than that of con-
trol (12 dpi, 405.9 6 77.1 vs. 491.5 6 64.7; 14 dpi,
593.7 6 85.6 vs. 686.9 6 56.6) (P , 0.05). Moreover, 5
of the 20 infected goslings died during the experiment.
At autopsy, the organs in the control group were normal
(Figure 1A–D), whereas pathological changes typical of
gout were found in the dead infected goslings, such as
urate disposition on the surface of the liver, heart, and
kidney, and in bile sacs and articular cavity and swelling
and pale kidneys with white urate in the ureters
(Figure 1E–H). In addition, no gout-related pathological
changes, only swelling and pale kidneys, were found in
most surviving infected goslings.
Histopathological Changes to the Kidney
and Liver

Upon histopathological examination, the livers and kid-
neys from the non-inoculated control goslings appeared
histologically normal (Figure 2A–B). However, necrosis
and inflammatory cell infiltration were observed in livers
of the inoculated gosling (Figure 2C). The kidneys also
showed degeneration and necrosis of renal epithelial cells
and inflammatory cell infiltration (Figure 2D).
Table 1. Primers used in this study for real-time PCR

Primers Accession number Nucleotide se

XOD-F NM_205127.1 GGGGAAGATG
XOD-R ACGATGCGAT
ADA-F XM_013188525.1 CTGTCGCTTAC
ADA-R GACGCCTTCCT
PRPPAT-F XM_013172796.1 CAAACGCTGG
PRPPAT-R AGACTCTGGA
PRPS1-F XM_013183800.1 GAGCCTGCTG
PRPS1-R TTGTGAATGA
MRP4-F XM_013195781.1 GTGGTTCGCT
MRP4-R GGTGGTGGGT
Virus Load in Different Tissues

The same weight of organ samples (0.3 g) from
infected goslings and controls were used to detect viral
RNA using quantitative real-time PCR (qPCR) based
on the ORF2 sequence, as shown in Figure 3. No goose
astrovirus was detected in the control samples, whereas
the virus was found in the all detected tissues of the
infected birds, including the heart, liver, spleen, lung,
kidney, intestine, pancreas, and brain. Among these tis-
sues, the virus levels in the kidney and liver were higher
than in the other tissues.
Changes in Serum Uric Acid, Creatinine,
Calcium, and Phosphorus Levels

The serum levels of uric acid, creatinine, calcium, and
phosphorus were measured using commercial kits
(Figure 4). The serum level of uric acid in the inoculated
goslings was significantly higher than that in the con-
trols (P , 0.01) at 14 dpi, whereas there was no signifi-
cant difference at 7 dpi (P . 0.05). However, there were
no statistically significant differences in the levels of
creatinine, calcium, and phosphorus between the inocu-
lated and control goslings at 7 and 14 dpi (P . 0.05).
Change in XOD, ADA, PRPPAT, and PRPS1
in the Liver

The XOD and ADA activities in the liver were
measured using commercial kits. As shown in
Figure 5A, the XOD and ADA activities were signifi-
cantly higher in the infected birds than in the controls
at 7 and 14 dpi (P, 0.05). To further confirm this result,
the mRNA levels of the 2 genes were detected using
qPCR (Figure 5B). The mRNA levels of both genes
were significantly increased at 7 and 14 dpi compared
with those in the controls (P , 0.05). Phosphoribosyl
pyrophosphate amidotransferase and PRPS1 are 2
import enzymes involved in purine metabolism, which
are located upstream of XOD in the purine metabolism
pathway. The mRNA levels of PRPPAT and PRPS1
were measured (Figure 5C). The PRPPAT mRNA level
at 7 dpi and the PRPS1mRNA level at 7 and 14 dpi were
significantly higher than those in the controls
(P, 0.05), whereas there was no statistically significant
.

quence (50-30) Expected PCR productions size

GTGAGATGGA 81 bp
TTGATGGGAC
CGAGTTTC 120 bp
TCGCTTT

ATGTGGTA 174 bp
ACGGTGCT
TGCTGAAAT 121 bp
GGGCGAAGT
GTGCGTCTG 261 bp
GCTTGTTG



Figure 1. Gross lesions of dead goslings after inoculation with GAstV JSHA. No changes were observed in the controls (A–D), whereas dead inoc-
ulated gosling displayed uric acid deposition on the surface of the heart, liver, kidney, and articular cavity (E–H).

Figure 2. Histopathological changes in goslings experimentally infected with GAstV JSHA strain. All tissues from the control goslings appeared
histologically normal (A–B). However, the inoculated gosling showed degeneration and necrosis of renal epithelial cells, deposition of uric acid, and
inflammatory cell infiltration (C); and necrosis and inflammatory infiltration in liver (D).
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Figure 3. Virus load in organs in goslings experimentally infected with GAstV JSHA strain at 14 dpi. A 10-fold serial dilution of a known concen-
tration of GAstrV ORF2 plasmid was measured using qPCR, and the standard curve and regression equation were established. The x-axis shows the
GAstrV ORF2 plasmid copy number as a log 10 value, and the y-axis indicates the corresponding cycle threshold (Ct) value (A). The viral load in
different organs was measured using qPCR (B). GAstrV, goose astrovirus; ORF, open reading frame.
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difference for the PRPPAT mRNA level at 14 dpi
compared with that of the control (P . 0.05).
Change in MRP4 Expression and
Na-K-ATPase Activity in the Kidney

The MRP4 mRNA level was measured using qPCR.
As shown in Figure 6A, the mRNA levels of MRP4 at 7
and 14 dpi were significantly lower than those of the
controls (P , 0.05). The Na-K-ATPase activity was
determined using a commercial kit. As shown in
Figure 4. Changes in serum uric acid, creatinine, calcium, and phosphorus
expressed as mean 6 SD, n 5 10. **P , 0.01.
Figure 6B, the Na-K-ATPase activities at 7 and 14 dpi
were also significantly lower than those of the control
(P , 0.05).
DISCUSSION

In the present study, 20 two-day-old goslings were
injected intramuscularly injected with GAstV. About
25% of the infected goslings died, and typical gout
pathological changes were found in the dead
infected goslings, which were similar to the clinic
in goslings at 7 and 14 dpi after inoculation withGAstV JSHA. Value are



Figure 5. Changes inXODandADAactivities, and themRNAlevels ofXOD,ADA,PRPPAT,andPRPS1 in the liver at 7 and14dpi after inoculation
with GAstV JSHA. Value are expressed as mean6 SD, n5 10. *P, 0.05; **P, 0.01. XOD, xanthine dehydrogenase; ADA, adenosine deaminase.
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symptoms of gout and the results of previous studies
(Zhang et al., 2018a, 2018b; Niu et al., 2018),
indicating that the gosling gout model was successfully
established.
Figure 6. Changes inMRP4mRNAandNa-K-ATPase activities in kidney
as mean 6 SD, n 5 10. *P , 0.05. MRP4, multidrug resistance–associated
Urate is the major nitrogenous waste in birds, and
gout is caused by monosodium urate crystals in presence
of hyperuricemia. Our results showed that serum uric
acid levels increased obviously after the goslings were
at 7 and 14 dpi after inoculation withGAstV JSHA.Value are expressed
protein 4.
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infected with GAstV, indicating that virus infection
might cause damages to the liver that induces purine
metabolism dysfunction. This hypothesis was consistent
with the determined virus load, and the histopatholog-
ical changes observed in the different tissue examined.
The livers of the infected goslings had the second highest
virus load of all the examined organs and displayed
obvious necrosis. Uric acid is the final metabolite of pu-
rine metabolism, which involves many enzymes.
Xanthine dehydrogenase, which is highly expressed in
the liver, is responsible for the synthesis of uric acid
and oxidizes xanthine and hypoxanthine into uric acid;
ADA, PRPPAT, and PRPS1 can promote the produc-
tion of xanthine and hypoxanthine (Borges et al., 2002;
Maiuolo et al., 2016). In the present study, the XOD
and ADA activities and the mRNA levels of XOD,
ADA, PRPPAT, and PRPS1 increased significantly in
the GAstV-infected gosling compared with those in the
controls. These results demonstrated that GAstV infec-
tion promotes purine metabolism by enhancing the
activities of enzymes associated with uric acid produc-
tion. Similarly, nephropathogenic infectious bronchitis
virus could infect chickens to cause visceral gout and
increased renal xanthine oxidase mRNA transcription
in broilers (Lin et al., 2015).
Hyperuricemia is not only associated with the produc-

tion of uric acid but also related to excretion from the
kidneys. It is reported that reduced excretion of urate
is the predominant cause of hyperuricemia in human
gout (Maiuolo et al., 2016). Creatinine is mainly filtered
through the renal glomerulus; thus, the concentrations
of creatinine in the plasma could reflect the glomerular
filtration function. In the present study, no change was
found in the serum level of creatinine after infection
with GAstV at 7 and 14 dpi, demonstrating that
GAstrV infection might not damage the renal glomer-
ulus. This was consistent with the observed in histopath-
ological changes of the kidney; no lesions were found in
the renal glomerulus, whereas renal tubules lesions
were observed after GAstV infection. Degeneration
and necrosis of renal epithelial cells and inflammatory
cell infiltration were observed in the kidneys. In addition,
kidney had the highest virus load in all the examined or-
gans after GAstV infection. Secretion and reabsorption
coexist along the length of the proximal renal tubule,
and urate transporter 1 is believed to be the main
contributor to urate reabsorption in humans; however,
no similar sequence is present in the avian system
(Bataille et al., 2011; Dalbeth, 2016). Currently, it is
believed that MRP4 and OAT proteins are 2
important uric acid transport-related proteins in avians.
Multidrug resistance–associated protein 4, which is
located in the apical membrane of the renal proximal tu-
bule epithelium, is believed to the main apical membrane
exit pathway for uric acid from cells to the lumen (Dudas
et al., 2005; Bataille et al., 2008). Organic anion
transporter 1 and OAT3 are responsible for urate
transport across the basolateral membrane, relying on
the generation of a sodium gradient by Na-K-ATPase
(Dudas et al., 2005; Hediger et al., 2005). In the
present study, both the mRNA level of MRP4 and the
Na-K-ATPase activity were significantly lower in the
infected goslings compared with those in the control,
indicating that GAstV infection decreased the secretory
function of the kidneys. Unfortunately, no OAT mRNA
sequences have been reported in geese; therefore, the
changes in OAT expression or activity after GAstrV
infection remain to be investigated.

In conclusion, aGAstrV infection-induced gosling gout
model was successfully established; GAstV infection
resulted in increasedXODandADAactivities in the liver
and decreased MRP4 and Na-K-ATPase activities in the
kidneys, which might contribute to hyperuricemia and
gout formation.
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