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ABSTRACT

1.The objective of the experiment was to analyse serum profiles of goslings with visceral gout and
compare them with those of healthy individuals to identify differentially-abundant metabolites as
potential biomarkers.

2.Untargeted gas chromatography and time-of-flight mass spectrometry (GC-TOF-MS) metabolomic
profiling was used to compare the serum metabolome of 15 goslings (Anser cygnoides) with gout and
15 healthy goslings (control).

3.Goslings with gout had a metabolic profile distinct from that of the controls, with 45 metabolite levels
differing significantly (VIP > 1; P < 0.05) between both groups. Nine metabolites (hydrocortisone, glucose,
trans-4-hydroxy-L-proline, galactose, 2-deoxy-D-galactose, beta-mannosylglycerate, d-glucoheptose,
zymosterol, and hypoxanthine) were selected through receiver operating characteristics (ROC) analysis
(area under curve (AUC) score =0.85) as potential biomarkers. Pathway analysis revealed that metabolites
with differing levels were mainly involved in galactose, arginine and proline and purine metabolisms.
4.These results provided new insights into the pathogenesis of gout. Increased xanthine and hypox-
anthine with decreased hydrocortisone provide promising biomarkers for gosling gout diagnosis. The
findings suggested that hepatic metabolic disorders frequently occur in the development of avian
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gout.

Introduction

Visceral gout is a common metabolic disorder involving
purines, which causes abnormal urate accumulation in
domestic birds (Guo et al. 2005; Zhang et al. 2018). Young
goslings are at high risk of visceral gout, because they lack the
urate oxidase enzyme, which oxidises poorly-soluble uric
acid (UA) to water-soluble allantoin, resulting in an eleva-
tion of blood uric acid (UA;Guo et al. 2008; Bi 2016). Since
2016, the Chinese goose industry has experienced severe
widespread outbreaks of visceral gout in young goslings,
that resulted in serious gosling mortality and economic
losses (Jin et al. 2018; Zhang et al. 2018). For goslings, this
disease usually occurs between seven and 15 days after
hatching (Lingping and Hengmin 1995; Guo et al. 2005;
Gaba et al. 2010) and typically manifests as urate accumula-
tion in the kidneys, on the serosal-surfaces of the heart, liver,
mesenteries and air sacs. In severe cases, lesions can be
observed on muscle surfaces and the synovial sheaths of
joints (Rahimi et al. 2015; Smyth 2017). The induced factors
of gout in goslings, however, are yet not completely under-
stood, although it has been proposed that they may be related
to pathogens (Jin et al. 2018; Zhang et al. 2018), nutrition (Li
et al. 2019; Xi et al. 2019b) and/or environmental conditions.
Further research into the factors responsible for visceral gout
is required in order to develop prophylactic and remedial
measures.

The disruption to blood chemistry induced by high blood
UA is one of the most identifiable factors in the development
of avian gout (Desai et al. 2017). Trends in blood metabolites

are used for the diagnosis and in the control of gout. For
example, studies have shown that serum urea and creatinine
(Cr) concentrations are significantly elevated in growing
layers with visceral gout; which may qualify them as diag-
nostic indices (Guo et al. 2005, 2008). However, it has been
found that, because the elevation of serum UA and Cr usually
are usually evident in the advanced stages of avian gout
(Lingping and Hengmin 1995; Hainer et al. 2014; Xi et al.
2019b), these biomarkers have limited value for the early
detection of the disease. Meanwhile, studies on key blood
metabolites associated with avian gout are lacking (Xi et al.
2019a). Xanthine oxidase (XOD), a member of the molybde-
num hydroxylase flavoprotein family, plays a vital role in the
conversion of xanthine to UA. An increase in XOD activity
may cause most of the damage to kidney function that is
associated with hyperuricemia (Lin et al. 2016). Although it
is known that serum XOD activity becomes elevated during
avian gout (Hainer et al. 2014; Lin et al. 2016; Xi et al. 2019b),
changes in its substrates (which include xanthine and hypox-
anthine) have received far less attention. Therefore, despite
much research, there are still gaps in the understanding of
avian gout pathogenesis, and it remains challenging to treat
this disease in goslings.

New biomarkers for gout are needed to improve the
diagnosis of gout. High-throughput techniques used to iden-
tify biomarkers, such as metabolomic profiling, can deepen
the understanding of disease pathogenesis and may even-
tually lead to new therapeutic targets (Yang et al. 2018; Jia
et al. 2019; Lai et al. 2019). In the present study, untargeted
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GC/MS metabolomic analyses were performed to compare
the serum profiles of goslings with gout to those of healthy
individuals. The objectives were to identify key metabolites
involved in gout pathogenesis, and to identify potential diag-
nostic biomarkers for gout.

Material and methods
Animals and sample collection

Thirty goslings (Anser cygnoides, 10-14 day-old) with
suspected visceral gout were collected from several
goose farmers in the vicinity of Nanjing, China, from
Oct 2017 to Jun 2018. Twenty-five healthy goslings of
similar ages were selected as controls and subjected to
routine serum metabolite analysis along with the diseased
birds. The blood samples (5 ml per gosling) were col-
lected from all goslings using vacuum blood-collection
tubes without anticoagulant. The blood samples were
incubated at 37°C for 2 h and then centrifuged at
1500 x g for 15 min. The separated serum was stored in
0.6 ml Eppendorf tubes at —80°C for further analysis. The
concentrations of serum UA, Cr and urea nitrogen (UN)
were determined using enzymatic colorimetry in
a microplate spectrophotometer (Promega Corporation,
Madison, WI, USA) with reagents purchased from
Jiancheng Bioengineering Institute (Nanjing, China).
Through routine serum examination, 15 samples from
diseased and 15 samples from healthy goslings, including
nine females and six males, were selected for the further
study.

As part of the selection standards, all the diseased
goslings had gross kidney lesions and high serum UA
(>500 umol/l) (Xi et al. 2019a). The typical predominant
gross lesions of kidneys were pale, mottled, and swollen.
Renal tubules and ureters were distended with excess
urates. In healthy individuals, the blood-UA concentra-
tion was 357 pumol/l for female and 416 umol/l for male,
which was considered dangerously high, given that the
UA-saturation threshold in biological fluids is
416.5 umol/l (Shi et al. 2003). In addition, the animals
received no drug treatment. The study protocol was
approved by the Ethics Committee of Jiangsu Academy
of Agricultural Sciences.

Serum metabolite extraction

Samples of 10 pl from each serum collection (15 from each
group) were pooled to use as the quality control (QC) sam-
ple. An aliquot of 50 pl of serum sample was transferred into
1.5 ml Eppendorf tubes, extracted with 0.2 ml methanol,
mixed with 5 pl of L-2-chlorophenylalanine (1 mg/ml stock
in distilled water) as internal standard, and vortexed for 30 s.
The samples were subjected to ultrasound for 5 min in ice
water and centrifuged for 15 min at 12 000 rpm at 150 x g and
4°C. The supernatant (0.2 ml) was transferred into a fresh
1.5 ml Eppendorf tube and dried completely in a vacuum
concentrator without heating. A volume of 30 pl of methoxy
amination hydrochloride (20 mg/ml in pyridine) was added
and the mixture incubated for 30 min at 80°C. Next, 40 ul N,
O-Bis trimethylsilyl trifluoroacetamide (BSTFA-TMCS) with
trimethylchlorosilane, (99:1 v/v) was added to each sample
and the mixture incubated for 1.5 h at 70°C. A volume of 5 pl
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fatty acid methyl esters (FAME) in chloroform was added to
the QC sample whilst cooling at room temperature. All
samples were analysed using a gas chromatograph system
coupled with a Pegasus HT time-of-flight mass spectrometer
for further analysis.

Gas chromatography time-of-flight mass spectrometry
(GC-TOF-MS) analysis

GC-TOF-MS analysis was performed using an Agilent 7890
gas chromatography system coupled with a Pegasus HT
time-of-flight mass spectrometer. The system utilised
a DB-5MS capillary column coated with 5% diphenyl cross-
linked with 95% dimethylpolysiloxane (30 m x 250 pum
inner diameter, 0.25 um film thickness; J&W Scientific,
Folsom, CA, USA). A 1 ul aliquot of the analyte was
injected in splitless mode. Helium was used as the carrier
gas; the front inlet purge flow was 3 ml/min and the gas
flow rate through the column was 1 ml/min. The initial
temperature was kept at 50°C for 1 min, then raised to 310°
C at a rate of 20°C/min, then kept for 6 min at 310°C. The
injection, transfer line, and ion source temperatures were
280, 280, and 250°C, respectively. The energy was —70 eV in
electron impact mode. The mass spectrometry data were
acquired in full-scan mode with the m/z range of 50-500 at
a rate of 20 spectra per second after a solvent delay of
4.7 min. The procedure described by Li et al. (2017) was
followed.

Data preprocessing and annotation

Chroma TOF 4.3X software and the LECO-Fiehn Rtx5 data-
base (LECO Corporation) were used for raw peak extraction,
data baseline filtering, and calibration of the baseline, peak
alignment, deconvolution analysis, peak identification and
integration of the peak area (Kind et al. 2009). Both the
mass spectrum and retention index matches were considered
in metabolites identification. Peaks that were detected in
<50% of QC samples or RSD >30% in QC samples were
removed (Dunn et al. 2011).

Data processing

The resulting metabolite data, following normalisation and
minimum value imputation, were loaded into SIMCA14.1
software (V14.1, Sartorius Stedim Data Analytics AB, Umea,
Sweden) for principal component analysis (PCA) and ortho-
gonal projections to latent structures discriminate analysis
(OPLS-DA). The PCA showed the distribution of the original
data. To obtain a higher-level group separation and to better
understand the variables responsible for classification, super-
vised OPLS-DA was applied. Based on the variable importance
on the projection (VIP) scores, we screened metabolites that
differed significantly (i.e. those with VIP >1.0) between the
gout and control groups. The screened metabolites were ana-
lysed using the Student’s t-test (unpaired, two-tailed) in
Microsoft SPSS 17.0 (IBM), with a significance threshold of
P <0.05. Hierarchical clustering analysis was performed on the
significantly expressed metabolites using Euclidean correla-
tion as the distance measure, based on the Ward clustering
algorithm. Receiver operating characteristic (ROC) curves
were constructed using an Excel add-in, Multibase
(Numerical Dynamics, Japan). Graphs were constructed
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using the gplot and ggplot2 packages in R. The KEGG (http://
www.genome.jp/kegg/) and MetaboAnalyst 4.0 (http://www.
metaboanalyst.ca/) commercial databases were used to iden-
tify metabolic pathways.

Results

Figure 1 shows the Spearman correlation analysis between
the metabolic indicators and the comparison of levels
between the two groups; which were closely associated with
occurrence visceral gout in the goslings. Serum UA, Cr, and
UN levels in the gout group were significantly higher than
those in the control group. The diseased and control goslings
were of similar age and there were no statistically significant
differences in age (control vs. gout: 12.14 + 1.25 vs.
11.27 + 1.94 days) or gender (nine females and six males,
both in control and gout groups).

In GC-TOF-MS analysis, an overview of the metabolic
characteristics of gout in the goslings is illustrated in
Figure 2. A total of 465 peaks were detected, and 306 meta-
bolites were retained using interquartile range de-noising,
for the 15 healthy and the 15 gout goslings. PCA supported
the observation (R*X(cum) = 0.508) that the metabolomic
profile of those with gout separated well from that of the
controls (Figure 2(b)). In OPLS-DA analysis, the parameters
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for classification from the software were R*Y (cum) = 0.228
and QY (cum) = 0.948, which were stable and provide good
fitness and prediction (Figure 2(c)). Seven-fold cross valida-
tion was used to estimate the robustness and predictive
ability of the model; a permutation test was used to further
validate the model. The R and Q intercept values were (0,
0.77) and (0, —0.87), respectively, after 200 permutations.
The low values of the Q intercept indicate the robustness of
the models, indicating a low risk of overfitting, which were
reliable (Figure 2(d)). A volcano plot for these differential
analyses was constructed to display the differences between
the healthy and diseased groups (Figure 2(e)).

A total of 45 metabolites differed significantly (VIP > 1 and
P < 0.05) between gout-afflicted and healthy goslings, with most
metabolites downregulated in the gout-afflicted group (Table S1).
The heatmap for the two groups (Figure 3) was developed based on
normalised data using auto-scale features for standardisation.

The majority of the differentially expressed metabolites
were detected at lower concentrations in serum samples
from goslings with gout; these comprised galactinol, mannose,
glucose, conduritol B epoxide, hydrocortisone, 5-alpha-
dihydroprogesterone, d-glucoheptose, and galactose. Only
four metabolites (xanthine, itaconic acid, hypoxanthine, and
gentiobiose) were upregulated in the gout-afflicted group rela-
tive to the control group. More importantly, there were nine
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Figure 1. Analysis of uric acid (UA), creatine (Cr) and urea nitrogen (UN) in serum samples from goslings with gout and healthy individuals. a-c: Correlation
analyses of serum samples comparing UA and Cr (a), UA and UN (b), and Cr and UN (c) levels. d: Differential analysis of selected serum variables between the

control and gout-afflicted group (n = 15).


http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/

BRITISH POULTRY SCIENCE (&) 261

1.26+008
a b
A —
164008 A A S
) E— - o
- ~ i =19
8e4007 1 A | ' S— = »
—— o
. - x - ‘, ——
664007 1 o I = -
' — &
2 5 S — &
4e+007 h
i\ L
2 u ) ] P Py [0)
X AL A R e o
T . vk T c .
264007 n L ! - \ag
reyns| ¥ Yo
n 5 33 Ara ‘U’h‘“—-—/\—- — R2X(cum)=0.508
L " L N ot = F3
AT U (e o TR PC(1]
Tme (minutes) 5 6.66667 831333 10 11.6667 133333 15 16.6667 183333 20
c d e
= w0 R p— °
OPLS-DA -+ Status
-— = * °
_____.-——-"—!"'I l"' f - ° © domn-reguiated
[ -7 ° ot significant
10 - -
P - o @ up-regulated
- .o, o vIP
. 4 e ® 00
b "] é L | A ; . 'ty
Q! H ] | d o 4 ° @2
= - i « ] 3 1y 2 . .3
§ - L ‘? % H Po
Z . e
Pl 3 . ° .
7
1 P = 1
s A . "
// ® R2Y(cum)
» u Q2(cum)
R2X(cum)=0.228 R2Y(cum)-0.948 Q2(cum)=0.775 ' Intercepts: R?Y(cum) = (0, 0.77), Q%(cum) = (0, -0.87) .
N P " o % == = = - - = -
Corelation Coefficient log; Fold Change

Figure 2. Data modeling and selection of differentially expressed metabolites in healthy and gout-afflicted goslings. (a) lon base peak intensity chromatogram of
serum samples from gout-afflicted goslings. (b) PCA (principal component analysis) of the normalized peak areas of individual metabolites. (c) OPLS-DA
differentiation of the control and gout groups. (d) Validation of OPLS-DA results based on 200 permutation tests. OPLS-DA: orthogonal projections to latent
structures-discriminate analysis. PCA and OPLS-DA analysis were measured with SIMCA14.1 software (V14.1, Sartorius Stedim Data Analytics AB, Umea, Sweden).
(e) Volcano plot of the differences in metabolite abundance between healthy and gout-afflicted goslings. N = 15. Gout-afflicted vs. Control.

-I(aconic acid

Gentiobiose
hypoxanthine
xanthine 1
~ Galactinol
myo-inositol
21-hydroxypregnenolone
2-Deoxy-D-galactose
Zymosterol
[E L-homoserine
glucose
L-Threose
methionine
trans-4-hydroxy-L-proline
glutamic acid
oxoproline
Deoxyadenosine monophosphate
conduritol b epoxide
'd-Glucoheptose
hydrocortisone
2-hydroxybutanoic acid
4-aminobutyric acid
p-cresol
Pelargonic acid
adipic acid
Citraconic acid
Elaidic acid
.alpha—Tocopherol
‘androsterone
arachidonic acid
mannose

:3-Hydroxynorvaline
thymidine

S
|
e
-

galactose
‘N-Methyl-L-glutamic acid
‘5-Aminovaleric acid

i
I—

maltose

~ 5-alpha-Dihydroprogesterone
guanylic acid
beta-Mannosylglycerate
Diglycerol
Threitol

| D-erythronolactone

_ Tartronic acid

noo
noo
noo |
noo |
noo

Figure 3. Heat map and hierarchical clustering of differentially expressed metabolites in healthy and gout-afflicted goslings. Red: upregulation; blue: down-
regulation. Hierarchical clustering analysis was performed on significantly expressed metabolites, using Euclidean correlation as the distance measure, based on

the Ward clustering algorithm. N = 15 Gout-afflicted vs Control.

differentially expressed metabolites (hydrocortisone, glucose,
trans-4-hydroxy-L-proline, galactose, 2-deoxy-D-galactose,
beta-mannosylglycerate, d-glucoheptose, zymosterol, and
hypoxanthine), with AUC scores 285% for the ROC

(Figure 4). Relative abundances of these serum metabolites
between the two groups are shown in Figure 4.

To explore the systemic relationship between disease
occurrence and serum metabolites in goslings, the association
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between the abundance of marker metabolites and concentra-
tions of serum UA, Cr and UN were analysed (Figure 5(a)).
A negative correlation was observed between serum indices
and the average abundances of hydrocortisone, glucose, trans-
4-hydroxy-L-proline, galactose, 2-deoxy-D-galactose, beta-
mannosylglycerate, d-glucoheptose, and zymosterol, whereas
hypoxanthine exhibited a positive correlation. Interestingly,
these marker metabolites were more closely associated with
the changes in serum UA. Differentially abundant metabolites
in gout-afflicted and healthy goslings were compared to iden-
tify which pathways and biological functions were potentially
impacted (Figure 5(b)). The most affected pathways included
those related to galactose metabolism, starch and sucrose
metabolism, arginine and proline metabolism, butanoate
metabolism and purine metabolism. Based on the amounts
of metabolites that matched the databases, those metabolites
involved in the pathways, including galactose metabolism
(galactose, 2-deoxy-D-galactose, D-glucose, D-mannose,
myoinositol, and galactinol), arginine and proline metabolism
(trans-4-hydroxy-L-proline, gamma-aminobutyric acid, and
L-glutamic acid), and purine metabolism (xanthine, deoxya-
denosine monophosphate, guanosine monophosphate, and
hypoxanthine) were selected for further discussion.

Discussion

This study was conducted to apply metabolomic approaches
and elucidate blood metabolic changes during the develop-
ment of avian visceral gout. A total of 306 metabolites were
identified, including 45 that were differentially abundant in
gout-afflicted and healthy goslings. PCA and OPLS-DA ana-
lysis of these metabolites identified a clear separation
between the control and the gout-afflicted groups. Goslings
with gout were characterised by a distinct metabolomic pro-
file. Although most of the metabolites identified were present
in both groups, it was postulated that a subset of differentially
abundant metabolites may serve as potential biomarkers for
gout, providing new insights into its pathogenesis in birds.
Gout has clear characteristics of purine metabolic disor-
der both in birds (Guo et al. 2005; Zhang et al. 2018) and
humans (Reginato et al. 2012; Desai et al. 2017), in that it
causes abnormal accumulation of urates. The current data
revealed a significant alteration in metabolite levels in purine
metabolism, whereby xanthine and hypoxanthine were upre-
gulated in the gout-afflicted group. Hypoxanthine had an
area under the ROC curve equal to 85%, demonstrating its
potential for diagnosing gout. In humans, levels of xanthine
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represents pathway impact and the y-axis represents pathway enrichment. Each node marks a pathway, with larger sizes and darker colours representing higher
pathway enrichment and higher pathway impact values, respectively. (c) Schematic overview of the major metabolic pathways in goslings with gout. Avian gout

could be believed as an aggregation of multiple metabolic disorders.

and hypoxanthine (precursors of UA) have been elevated in
gout patients with hyperuricemia and are presumed to be
biomarkers for gout (Wang et al. 2019a). Moreover, they may
be more helpful than serum UA for early diagnosis of gout,
because in approximately 50% of cases, and particularly in
acute attacks of gout, the disease occurs without hyperurice-
mia (Schlesinger 2010). In addition, most damage to kidney
function associated with hyperuricemia is considered to be
closely related to the increase in XOD (Lin et al. 2016), which
can catalyse hypoxanthine to xanthine and then to UA. For
birds, changes in purine metabolism associated with gout
have not yet been reported; however, the physiological pro-
cesses of purine metabolism are similar in birds and humans,
because both lack urate oxidase (Guo et al. 2005, 2008; Xi
et al. 2018). Therefore, using xanthine and hypoxanthine can
be recommended, which are representative metabolites of
purine metabolism, as biomarkers in the early diagnosis of
avian gout.

Some workers have considered that alterations in gluco-
corticoid hormone metabolism are not a significant factor in
gout (Marinello et al. 1985). Hydrocortisone (cortisol) is
a steroid hormone - a glucocorticoid - that is released
from the adrenal glands, which is responsible for a number
of physiological and behavioural effects (Gormally et al.
2019). In the present study, it was found that serum levels
of hydrocortisone (AUC = 1) in the gout-afflicted group were
significantly decreased and negatively correlated to serum
UA, Cr, and UN concentrations, which may have been due
to serious kidney injury in gout-afflicted goslings. In glomer-
ular disease patients, many blood proteins are excreted from
the body in the urine, which can lead to hypoproteinemia
and the decrease of corticosteroid-binding globulin, thus
lowering the plasma cortisol (Palermo et al. 2000; Raff et al.
2008). In an earlier study, it was found that glomerular
hypertrophy and basement membrane thickening occurred
in goslings with gout (Xi et al. 2019a), which might be an
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important factor contributing to decreased cortisol in serum.
Moreover, in human medicine, hydrocortisone has been
used as a common drug for treatment of gout because of its
anti-inflammatory action, which can relieve intra-articular
exudation, oedema, congestion, and leukocytic phagocytosis
in the early stages of acute gout (Yagnik and Hills 2018).
However, it was suspected that this is not the sole mechanism
of action of hydrocortisone in the treatment of gout, because
an external supplement of glucocorticoid hormone directly
promotes in vitro cell proliferation of renal tubular epithelial
in a noninflammatory environment (Huang et al. 2005).

In the present study, many metabolites in galactose
metabolism were differentially expressed between the gout-
afflicted and control groups. In particular, galactose
(AUC = 0.89) and 2-deoxy-D-galactose (AUC = 0.88)
levels showed a strong negative correlation with renal
injury. It has been reported that abnormal concentrations
of galactose causes degeneration of multiple organs, ageing
(Cui et al. 2004) and liver diseases (Barretina et al. 2019),
and causes a large release of reactive oxygen species and
superoxide anion free radicals (Barretina et al. 2019). The
liver is the main site of enzymic conversion of galactose to
glucose (Schuler et al. 2018). In cancerous human liver
tissue, galactokinase and galactose-1 phosphate uridylyl
transferase genes are significantly upregulated relative to
their levels in normal liver tissues (Barretina et al. 2019).
Although no direct evidence of the link between galactose
metabolism and avian gout has been reported so far, con-
sidering that goslings with gout usually experience liver
injury (Jin et al. 2018; Zhang et al. 2018), it was speculated
that abnormal galactose metabolism associated with gout
may be related to liver lesions. In addition, utilisation of
galactose requires a close interplay of metabolic enzymes,
as mis-regulation or malfunction of individual components
can lead to the accumulation of toxic intermediate com-
pounds (Schuler et al. 2018). It was found that 2-deoxy-
D-galactose can be considered a marker for gosling gout. It
is known that 2-deoxy-D-galactose may induce hepatotoxi-
city owing to inhibition of uridine triphosphate-dependent
macromolecule biosynthesis by uridine phosphate deple-
tion (Veillon et al. 2010), and thus might be involved in the
development of gout. It was not the intention in this study
to clarify the mechanisms of galactose metabolism in gosl-
ings with gout; however, this field is important for future
studies into avian gout. In addition, the other metabolites
produced during glycometabolism (Figure 4), including
glucose (AUC = 0.99) and d-glucoheptose (AUC = 0.87),
reflect the close relationship between gout and glycometa-
bolic disorders. It is known that the liver is a primary
organ in glycometabolism (Ding et al. 2019), and altera-
tions in glycometabolites suggest the existence of liver
injuries that can be induced by gout in goslings. In this
regard, the use of metabolomic analysis in this study
helped to demonstrate a novel link between gout and
liver injury.

The experiment showed that the arginine and proline
metabolic pathways were affected in avian gout. In parti-
cular, trans-4-hydroxy-L-proline (AUC = 0.92) was as an
effective marker metabolite for diagnosing gout in gosl-
ings. Upon cellular uptake of arginine, it is metabolised to
proline (Wang et al. 2019b). Trans-4-hydroxy-l-proline is
a valuable chiral intermediate compound for this meta-
bolic process, the product of the most abundant human

posttranslational modification (Levin et al. 2017). It has
been reported that animals with chronic hepatitis have
significantly lower serum trans-4-hydroxy-1-proline con-
centrations than healthy individuals, possibly as a result of
disturbance of amino acid metabolism in the liver
(Lawrence et al. 2019). Thus, it can be proposed that the
decrease of serum trans-4-hydroxy-L-proline in goslings
with gout in the current study might be closely-related to
severe gout-induced liver injury.

Conclusions

Goslings with gout experienced a significant shift in serum
metabolite profiles. This experiment successfully used
a metabolomics approach to identify nine marker metabo-
lites involved in purine, galactose, arginine, proline metabo-
lism. Increased xanthine and hypoxanthine, with decreased
hydrocortisone, proved to be promising biomarkers for diag-
nosing gout in goslings, which provided new insights into
gout pathogenesis. Moreover, various metabolic pathways in
the liver, particularly those for galactose, arginine, and pro-
line metabolism, are usually disrupted during development
of gout in goslings. Therefore, more attention needs be paid
to liver health, which has been long-overlooked in avian
gout. This work not revealed a new dimension for studying
the pathogenesis of gout in goslings and provided a research
basis for exploring methods for early diagnosis of avian gout.
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