Lipidomics analysis reveals new insights into the goose fatty liver formation
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ABSTRACT Our previous study described the mecha-
nism of goose fatty liver formation from cell culture and
transcriptome. However, how lipidome of goose liver
response to overfeeding is unclear. In this study, we used
the same batch of geese (control group and corn flour
overfeeding group) to explore the lipidome changes and
underlying metabolic mechanisms of goose fatty liver for-
mation. Liquid chromatography-mass spectrometry
(LC-MS) was provided to lipidome detection. Liver lipi-
domics profiles analysis was performed by principal com-
ponent analysis (PCA), partial least squares-
discriminant analysis (PLS-DA) and orthogonal partial
least squares-discriminant analysis (OPLS-DA), differ-
ent lipids were identified and annotated, and the enriched
metabolic pathways were showed. The results of PCA,
PLS-DA, and OPLS-DA displayed a clear separation
and discrimination between control group and corn flour

overfeeding group. Two hundred and fifty-one different
lipids were yielded, which were involved in triglyceride
(TG), diglyceride (DG), phosphatidic acids (PA), phos-
phatidylinositols ~ (PI), phosphatidylethanolamines
(PE), phosphatidylcholines (PC), lyso-phosphatidyl-
cholines  (LPC), monogalactosylmonoacylglycerol
(MGMG), sphingolipids (SM), ceramides (Cer), and
hexaglycosylceramides (Hex1Cer). Different lipids were
enriched in glycerophospholipid metabolism, glycerolipid
metabolism, phosphatidylinositol signaling system, inosi-
tol phosphate metabolism, glycosylphosphatidylinositol
(GPI)-anchor biosynthesis and sphingolipid metabo-
lism. In conclusion, this is the first report describing the
goose fatty liver formation from lipidomics, this study
might provide some insights into the underlying glucoli-
pid metabolism disorders in the process of fatty liver
formation.
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INTRODUCTION

With the continuous advancement of biological tech-
nology, a substantial progress has been made in the
study on the formation mechanism of fatty liver in goose
from the physiological level to the genome and transcrip-
tome level. It is generally considered that the formation
of fatty liver in goose is primarily due to the imbalance
between lipids synthesis, transport and fatty acids g-oxi-
dation in the liver, which leads to excessive lipids deposi-
tion in the liver and promotes hepatocytes proliferation.
This process is closely associated with endoplasmic retic-
ulum stress, insulin resistance (IR) as well as hepatocyte
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growth and proliferation (Geng et al., 2015; Geng et al.,
2016b; Wei et al., 2022b). A recent study suggests that
the large amount of fat stored in goose liver results from
an imbalance between the storage and secretion of exog-
enous and de novo synthesized endogenous lipids, as
well as an absence of leptin gene homologs due to posi-
tive selection (Lu et al., 2015). As the goose liver capac-
ity for and tolerance to severe hepatic steatosis, gut
microbiota, adiponectin and liver fatty acids composi-
tion play important role. In overfed goose, complement
system was suppressed due to the increasing levels of
blood lactic acid produced by the enriched Lactobacillus,
and TNFa was suppressed by the lactic acid via
HNF1a/C5 pathway (Liu et al., 2016b). Adiponectin
and its receptor have anti-inflammatory, insulin sensiti-
zation and anti-apoptotic effects in goose fatty liver for-
mation (Geng et al., 2016a). Unsaturated fatty acids
(UFA) could inhibit saturated fatty acids (SFA)-
induced elevation of ceramides and inflammation, the
level of UFA increased significantly after overfeeding,
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specially (n-3) polyunsaturated fatty acids (Wei et al.,
2022a). However, in the process of goose fatty liver for-
mation, the changes of liver lipidomics profiles have not
been elucidated.

Non-alcoholic fatty liver disease (NAFLD) is a meta-
bolic dysfunction histologically characterized by hepatic
fat accumulation (hepatic steatosis) in the absence of
heavy alcohol consumption. Lipidomics, as a widely
used analytical technique to analyze lipid metabolism, is
helpful to search for NAFLD-related biomarkers
(Vvedenskaya et al.; 2021). Numerous liver diseases
have been found to cause changes in plasma lyso-phos-
phatidylcholines (LPC) levels, making LPC a potential
biomarker for NAFLD (Akerele and Cheema, 2015;
Zhu et al., 2022). The ratio of phosphatidylcholines
(PC) to phosphatidylethanolamines (PE) is a determi-
nant of cell membrane integrity and a predictor of
NAFLD (Li et al., 2006). Goose has an excellent capac-
ity to accumulated lipid in liver. There are many similar-
ities between goose fatty liver and nonalcoholic fatty
liver. Thereby, not only can goose be used as a model
organism, and also goose fatty liver can be treated as a
unique model of hepatic steatosis for studying NAFLD.
Overfed geese were fed a regular diet within a 20-d
period of recovery, and the migratory bird after energy
consumption of stored lipids, their liver was restored to
the original state, and the entire process was reversible
and caused neither cirrhosis nor necrosis in the liver
(Davail et al., 2000; Xia et al., 2016). It suggested that
waterfowl has developed a mechanism to protect its liver
from the harms caused by severe hepatic steatosis in the
process of adaptation. Autophagy can inhibit inflamma-
tion, and PE mediated the autophagy pathway
(Song et al., 2019). However, whether these lipids medi-
ated anti-inflammation or not is unclear during goose
fatty liver formation.

Our previous study had confirmed overfeeding
induced lipid accumulation in goose fatty liver; serum
parameter detection showed that the level of glucose, tri-
glyceride (TG), total cholesterol (T-CHO), very low-
density lipoprotein (VLDL) and very high-density lipo-
protein (VHDL) significantly after overfeeding (control
group vs. corn flour overfeeding group); liver transcrip-
tome analysis shown that the highest enrichment signal
pathways related to differentially expressed genes
(DEGs) (control group vs corn flour overfeeding group)
in fatty acid metabolism, unsaturated fatty acid synthe-
sis (biosynthesis of unsaturated fatty acids), peroxisome,
steroid biosynthesis, and fatty acid elongation; liver
fatty acids composition comparison also shown that the
content and proportion of unsaturated fatty acids signif-
icantly increased after overfeeding with corn flour
(Wei et al., 2022a). In this study, the same batch of geese
(control group and corn flour overfeeding group) was
used to investigate the changes in the lipidome, identify
the potential biomarkers and metabolic pathways and
reveal underlying metabolic mechanism of goose fatty
liver formation. It will provide not only another possible
perspective in further researching mechanism of goose

fatty liver formation, but also some theoretical basis for
the diagnosis and treatment of NAFLD.

METHODS AND MATERIALS
Ethics Statement

All procedures in the present study were subject to
approval by the Institutional Animal Care and Use
Committee (IACUC) of Sichuan Agricultural Uni-
versity (Permit No. DKY-B20141401), and carried
out in accordance with the approved guidelines. All
efforts were made to minimize the suffering of the
animals.

Sample Collection

In this study, the liver samples came from the same
batch of geese (control group and corn flour overfeeding
group)  which  came from  previous study
(Wei et al.,2022a). The overfeeding procedure and sam-
pling were performed as this previously study. In brief,
forty 13-wk-old male Tianfu Meat Geese which came
from Experimental Farm for Waterfowl Breeding at
Sichuan Agricultural University (Ya’an, China), were
randomly divided into control groups and corn flour
overfeeding group on average. All the experimental
geese were reared in cages with a density of 3 birds / m?,
the temperature was controlled at about 25°, and light
was provided at night. Birds had free access to water at
all times. The geese of control group were normally fed
with raw (uncooked) corn flour (ad libitum). The geese
of corn flour overfeeding group were overfed with corn
flour. Overfeeding lasted 3 wk. During overfeeding, the
daily feed intake gradually increased. The daily feed
intake reached 1,600 g corn flour (4 meals a day; corn
flour: water = 1:0.75) on the 6th day. The feed formula
of the diet for experiment was provided in Supplement
materials 2: Table S1. After 12 h of fasting, 6 ganders of
each group were anesthetized with intraperitoneal injec-
tion of sodium pentobarbital (60 mg/kg), and then
killed; the liver was collected immediately for determina-
tion of liver lipidome.

Determination of Liver Lipidome

Six liver samples which came from control group and
6 liver samples which came from treatment group were
provided to lipidome detection. Lipid extraction was
performed as below. (1) transferred 100 mg of each
sample into 2 mL centrifuge tubes, added 750 uL of
chloroform methanol mixed solution (2:1) (precooled
at —20°C) and 2 steel balls (The insufficient sample
size is reduced to an equal scale); (2) ground the sam-
ples by a high flux organization grinding apparatus for
60 s at 60 Hz; (3) put samples on the ice for 40 min,
added 190 uL. L ddH20 and vortex mixed for 30 s, and
still put on the ice for 10 min; (4) centrifuged the sam-
ples at 12,000 rpm for 5 min at room temperature and
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transferred 300 uL lower layer fluid into a new centri-
fuge tube; (5) added 500 uL of chloroform methanol
mixed solution (2:1) (precooled at —20°C) and vortex
mixed for 30 s; (6) centrifuged the samples at
12,000 rpm for 5 min at room temperature and trans-
ferred 400 wL lower layer fluid into the same centrifuge
tube above. Samples were concentrated to dry in vac-
uum; (7) samples were dissolved with 200 uL isopropa-
nol, and the supernatant was filtered through 0.22 um
membrane to obtain the prepared samples for LC-MS;
(8) take 20 uL from each sample to the quality control
(QC) samples (these QC samples were used to monitor
deviations of the analytical results from these pool mix-
tures and compare them to the errors caused by the
analytical instrument itself); (9) the rest of the samples
were used for liquid chromatography-mass spectrome-
try (LC-MS) detection.

Chromatographic separation was accomplished in an
Thermo Vanquish system equipped with an ACQUITY
UPLC BEH C18 (100 x 2.1 mm, 1.7 um, Waters) col-
umn maintained at 50°C. The temperature of the auto-
sampler was 8°C. Gradient elution of analytes was
carried out with acetonitrile: water = 60:40 (0.1% formic
acid +10 mM ammonium formate) (A2) and isopropa-
nol: acetonitrile = 90:10 (0.1% formic acid +10 mM
ammonium formate) (B2) at a flow rate of 0.25 mL /min.
Injection of 2 uL of each sample was done after equili-
bration. An increasing linear gradient of solvent A (v/v)
was used as follows: 0 to 5 min, 70 to 57% A2; 5 to
5.1 min, 57% to 50% A2; 5.1 to 14 min, 50% to 30% A2;
14 to 14.1 min, 30% A2; 14.1 to 21 min, 30% to 1% A2;
21 to 24 min, 1% A2; 24 to 24.1 min, 1% to 70% A2; 24.1
to 28 min, 70% A2.

The ESI-MSn experiments were executed on the
Thermo Q Exactive Focus mass spectrometer with the
spray voltage of 3.5 kV and —2.5 kV in positive and neg-
ative modes, respectively. Sheath gas and auxiliary gas

were set at 30 and 10 arbitrary units, respectively. The
capillary temperature was 325°C. respectively. The
Orbitrap analyzer scanned over a mass range of m/z 150
to 2000 for full scan at a mass resolution of 35000. Data
dependent acquisition (DDA) MS/MS experiments were
performed with HCD scan. The normalized collision
energy was 30 eV. Dynamic exclusion was implemented
to remove some unnecessary information in MS/MS
spectra. Lipidome determination and analysis was per-
formed by Suzhou PANOMIX Biomedical Tech Co.,
LTD (Jiangsu, China).

Statistical Analysis

According to the flowchart lipidome analysis was per-
formed (Figure 1). The LipidSearch software (V4) was
applied to study the lipidome profile difference between the
control group and corn flour overfeeding group. Results
were expressed by mean 4+ SD. We considered P < 0.05 as
statistically significant. Cluster analysis, correlation analy-
sis, principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA) and orthogonal
partial least squares-discriminant analysis (OPLS-DA)
was performed by R. The significantly different lipid was
screened from the OPLS-DA model (VIP > 1.0 and P <
0.05). The heat map of data normalized by Z-score was gen-
erated using TBtools. Then, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) was used to search for the
related KEGG pathways of the lipids. Annotation of lipid
classes and species were performed as below: Glycerolipids
were referred to triglyceride (TG), diglyceride (DG),
monogalactosyldiacylglycerol> (MGDG) and monogalac-
tosylmonoacylglycerol (MGMG); glycerophospholipids
and lyso-glycerophospholipids were referred to phospha-
tidic acids (P A), phosphatidylinositols (PI), PC, PE, lyso-
phosphatidylcholines (LPC); sphingolipids were referred
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Figure 1. Goose live lipidome analysis flow diagram. OPLS-DA, orthogonal partial least squares - discriminant analysis; PCA, principal compo-

nent analysis; PLS-DA, partial least squares - discriminant analysis.
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to ceramides (Cer), hexaglycosylceramides (Hex1Cer)
and sphingomyelins (SM). MetaboAnalyst5.0-pathway
analysis part (https://www.metaboanalyst.ca/) was used
for pathway analysis and visualization.

RESULTS

Identification of Significantly Different Lipid
in Goose Liver Samples

The LipidSearch software (V4) was applied to study
the lipidome profile difference between the control group
and overfed group. Multivariate statistical analysis
methods were implemented to analyze the lipidome
data. The significantly different lipid was screened from
the OPLS-DA model (VIP > 1.0 and P < 0.05). We
observed 251 different lipids. The different lipids
involved in TG, SM, PI, PE, PC, MGMG, DG, LPC,
Cer, BisMePA, deMePE, MePC, and Hex1Cer catego-
ries were shown in Supplement materials 1: Figure S1-
Figure S14 and in Z-score plot (Figure S15). In SM, SM,
Cer and Hex1Cer elevated after overfeeding (P < 0.05).
In PC and PE, the different lipids increased after over-
feeding (P < 0.05). In PI, the different lipids decreased
after overfeeding (P < 0.05); there was no significant dif-
ference between control group and corn flour overfeeding
group in the PC/PE ratio (0.968 £ 0.116 vs. 1.075 &
0.031) (P < 0.05). In dMePE, dMePE(18:1 20:3),
dMePE(16:0_22:5), and dMePE(16:0_22:6) increased
after overfeeding (P < 0.05). In MGDG and MGMG,
MGDG(30:2¢), MGDG(32:3¢), MGDG(34:0e), MGDG
(36:0e), MGDG(36:3), MGMG(30:0), MGMG(36:0),
MGMG(37:0), MGMG(38:0), and MGMG(38:1)
increased after overfeeding (P < 0.05). In LPC, LPC
(20:4), LPC(20:5), LPC(22:4), LPC(22:5), LPC(22:6),
and LPC(18:2) increased after overfeeding (P < 0.05).
In MePC, MePC(19:4e), MePC(30:0), MePC(31:1),

1

1

MePC(32:3), MePC(33:1), MePC(33:4), MePC(34:1¢),
MePC(34:2), MePC(35:0e), MePC(35:1e), MePC
(35:2e), MePC(35:3¢), MePC(36:1), MePC(36:2¢),
MePC(37:0), MePC(37:0e), MePC(37:1e), MePC(37:2),
MePC(37:2¢), and MePC(37:5) increased after overfeed-
ing (P < 0.05). In DG, DG(28:0e), DG(30:0e), DG
(30:1e), DG(30:3¢), DG(16:0_16:1), DG(32:1e), DG
(32:3¢), DG(32:4e), DG(18:0_16:0), DG(16:1_18:1),
DG(18:0_18:1), and DG(18:0_20:1) decreased after
overfeeding (P < 0.05). In TG, TG(18:0_6:0 10:0), TG

(16:1_9:0_14:0), TG(16:1_9:0_16:1), TG
(16:0 _10:0_16:0), TG(16:0 _14:0 14:0), TG
(16:1_10:0_18:2),  TG(11:0_16:0_181), TG
(9:0_18:1_18:1), TG(16:0_14:1_16:0), TG
(16:0_12:1 18:1),  TG(16:1_14:1 16:1), TG
(16:0 _13:0_18:1), TG(11:0_18:1 18:1), TG
(16:0_16:0_16:1),  TG(16:1_16:1_17:1), TG
(18:0e_16:0_16:0),  TG(16:0_16:1_18:2), TG
(18:0 16:0 17:0),  TG(16:1_17:1_181), TG
(18:1e 16:0 18:1),  TG(16:0 182 18:3), TG
(18:1 17:1 18:1), TG(18:1e_18:1 18:1), TG
(18:0_16:0_20:5),  TG(18:1 182 18:3), TG
(18:0_18:1 19:0), and TG(20:0_18:1 18:1) increased

after overfeeding (P < 0.05). TG(18:0e_18:1 20:1), TG

(20:1_18:1 18:1),  TG(18:0_18:0_20:3), TG
(20:1_18:1_18:2),  TG(18:0_18:0 20:4), TG
(16:0 _18:1 22:5), TG(18:0 _19:0 20:1), TG
(16:0_18:1_23:0), TG(18:1_18:1 21:0), TG
(18:0_16:0 24:1),  TG(16:0 181 24:1), TG
(18:0_20:4_20:4),  TG(18:0 181 23:0), TG
(18:1_18:1 23:0),  TG(18:0 181 24:0), TG
(25:0 _18:0 18:1), TG(25:0 18:1 18:1), TG
(26:0_18:0 18:1), and TG(26:1 18:0 18:1) decreased

after overfeeding (P < 0.05). Subsequently, to further
investigate the distinct characteristics of the signifi-
cantly different lipids, a hierarchical clustering heat map
was plotted (Figure 2).
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Figure 2. Hierarchical clustering analysis for the significantly different lipids (control group vs overfeeding group). C, control group (n = 6);

Corn, corn flour overfeeding group (n = 6).
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Figure 3. Lipidome profile principal component analysis (PCA). A, PCA loading plots; B, PCA score plots. Red plot represents control group

(n = 6), yellow plot represents corn flour overfeeding group (n = 6).

Lipidomics Profiles Analysis of Goose Fatty
Liver Formation

The comparison results of the two groups all showed
obviously separation. In order to further reveal the dif-
ferences in lipidomics profiles between control group
and corn flour overfeeding group, PCA, PLS-DA, and
OPLS-DA were performed to analyze lipidomics data.
The PCA loading plots was shown in Figure 2A. The
PCA score plots showed the overall changes in lipidome
under the effects of overfeeding (Figure 3). In order to
better understanding the classification and higher level
of group separation, the PLS-DA and OPLS-DA model
were used to clarify the different lipidomic patterns
(Figure 4). The clear separation and discrimination
were found in the PLS-DA and OPLS-DA score plot
for comparison. In PLS-DA model R2Y and Q2 inter-
cept values were 0.58 and —0.02. The low values of the
Q2 Intercept represent that the robustness of the model
presents a low risk of overfitting and reliability. The Q2
values are all less than 0 in our tests, thereby indicating
that the PLS-DA model can identify the differences
between groups and be utilized in downstream analysis
(Figure 4A). Further permutation tests were performed

to validate the OPLS-DA model (R2Y = 0.91,
Q2 = —0.22). In OPLS-DA score plot, the comparison
results of the two groups were more obviously sepa-
rated (Figure 4B). The result of PLS-DA and OPLS-
DA indicated that the overall changes in lipids after
overfeeding.

Different Lipids Responded to Overfeeding

The correlation analysis between different lipids was
presented as a chordal graph (Figure 5) and a correla-
tion heatmap (Supplement materials 1: Figure S-16).
The line represented the Pearson correlation informa-
tion of expression values among the lipids, red represents
positive correlation, green represents negative correla-
tion, and the darker the color or thicker the line repre-
sented higher correlation intensity. TG was positively
correlated with DG; SM were positively associated with
the Cer and Hex1Cer. DG was significantly negatively
correlated with PC and PE. In order to further explore
the significantly different KEGG metabolic pathways in
the formation of fatty liver, the significantly different
lipids were imported into KEGG database (https://
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Figure 4. Lipidome profile analysis of the livers in geese for control
group and corn overfeeding group. A, PLS-DA score plots; B, PLS-DA
corresponding validation plots. C, OPLS-DA score plots; D, OPLS-DA
corresponding validation plots. Red plot represents control group
(n = 6), yellow plot represents corn flour overfeeding group (n = 6).

www.genome.jp/kegg/). After annotation, these key
KEGG pathways mainly involved in Glycosylphosphati-
dylinositol  (GPI)-anchor biosynthesis, glycerolipid
metabolism, glycerophospholipid metabolism,

sphingolipid metabolism, alpha-linolenic acid metabo-
lism, sphingolipid signaling pathway, inositol phosphate
metabolism, phosphatidylinositol signaling system, lino-
leic acid metabolism, arachidonic acid metabolism, met-
abolic pathways, biosynthesis of secondary metabolites,
choline metabolism in cancer, necroptosis, autophagy,
tuberculosis, pathogenic escherichia coli infection, sal-
monella infection, kaposi sarcoma-associated herpesvi-
rus infection, lipoarabinomannan (LAM) biosynthesis
and retrograde endocannabinoid signaling (Supplement
materials 2: Table-S2). The highest enrichment signal
pathways were shown in Figure 6.

DISCUSSION

As one of the main branches of metabolomics, lipido-
mics aims to study lipids in body fluids, tissues and cells
by various methods, explore changes in lipid metabolism
under different diseases or drug interference states, and
study the possible disease occurrence mechanisms and
drug action from the perspective of lipid metabolic net-
work, search for key lipid biomarkers that can character-
ize disease or pharmacological interventions. However,
little was known if and how fat accumulation during the
process of goose fatty liver formation gradually altered
the liver lipidome, particularly in membrane and signal-
ing complements. In current study, liver lipidome analy-
sis was performed. The OPLS-DA model indicated that
overfed geese liver metabolite profiles changed notice-
ably. Two hundred and fifty-one different lipids were
yielded and were involved in TG, SM, PI, PE, PC,
MGMG, DG, LPC, Cer, BisMePA, deMePE, MePC,
and Hex1Cer. The significantly different lipids were
enriched in these metabolic pathways in order: glycero-
phospholipid metabolism, glycerolipid metabolism,
phosphatidylinositol signaling system, inositol phos-
phate metabolism, glycosylphosphatidylinositol (GPI)-
anchor biosynthesis and sphingolipid metabolism.

Phospholipids are the most important component of
biofilms, accounting for 40% of erythrocyte membrane
lipids and 95% of mitochondrial membrane lipids, divided
into glycerophospholipids and sphingolipid. PC, PE, and
PI are the main glycerol phospholipids. PC is the most
widely distributed and is the main component of various
cell membrane structures. The PC/PE molar ratio is a
determinant of cell membrane integrity and a predictor of
NAFLD. Previous study had demonstrated that a
decrease in the PC/PE ratio in phosphatidylethanolamine
N-methyltransferase knockout mice (Pemt—/—) led to a
loss of membrane integrity, followed by hepatic damage
(such as ballooning) and progression to non-alcoholic
steatohepatitis (NASH) (Li et al., 2006). In the process
of goose fatty liver formation, lots of fat accumulated in
hepatocytes, and hepatocytes volume increased several
times. Cell membrane integrity lost, hepatocytes would
burst, thus leading to liver injuries and more advanced
pathological stages, for example, cirrhosis nor necrosis
and even fibrosis. However, goose severe hepatic steatosis
could develop without overt injury. In this study, there
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was no significant difference between control group and
corn flour overfeeding group in the PC/PE ratio (0.968 +
0.116 vs. 1.075 £ 0.031), which suggested that cell mem-
brane integrity did not lose when excessive lipids depos-
ited in liver. From the KEGG annotation results, PE
mediated the autography pathway. Autophagy degrades

intracytoplasmic components in lysosomes to ensure nor-
mal cell function, which be regarded as a self-protection
mechanism (Wang et al., 2019). In current study, the PE
level significantly increased after overfeeding. Dysregula-
tion of autophagy is widely involved in the pathophysiol-
ogy of NAFLD. Autophagy is enhanced in the liver at
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Figure 6. Lipidome view map of significant metabolic pathways — enrichment analysis. This view map was generated from MetaboAnalyst5.0.
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the early stage of NAFLD, and is gradually inhibited as
the disease progresses to the later stage. The results of
autophagy flux analysis also showed that autophagic syn-
thesis and degradation occurred in the early stage and
were gradually inhibited afterwards (Ding et al., 2020).
LPC can be used as a potential biomarker for the risk of
developing liver disease, and low LPC level indicated
inflammatory and oxidative stress (Wang et al., 2017). In
current study, LPC(20:4), LPC(20:5), LPC(22:4), LPC
(22:5), LPC(22:6), and LPC(18:2) significantly increased
after overfeeding. LPC (20:4) induced Fas and TNFa
pathways, resulting in apoptosis and thus playing a
tumor suppressive role (Paul et al., 2022). As said above,
the changes of liver phospholipids responded to overfeed-
ing contributed to shape the goose liver tolerance to
severe hepatic steatosis.

Sphingolipids are the main structural components of
lipid bilayer of cell membrane and regulate important
physiological functions of cells. Sphingomyelin consists
of sphingosine, fatty acids, phosphate group and nitroge-
nous bases. De novo synthesis of sphingosine starts with
the synthesis of Cer. Thereby, intracellular sphingolipid
metabolism is centered on Cer, which is the production
and breakdown of Cer and the synthesis of complex
sphingolipids from Cer (Choi et al., 2021). Overfeeding
increased the levels of SM, Cer, and Hex1Cer, which par-
tially reflected the relationship between SM, Cer, and
Hex1Cer. The base in sphingomyelin is usually choline,
formed from Cer and phosphatidylcholine. The reaction
is catalyzed by sphingomyelin synthase. Sphingomyeli-
nase catalyzes sphingomyelin degradation to Cer and
phosphocholine (Hannun and Obeid, 2018). Therefore,
sphingomyelin is not only an important membrane phos-
pholipid, but also a Cer reservoir. Their metabolic
abnormalities are closely related to a variety of chronic
diseases. In this current study, the levels of SM, Cer, and
Hex1Cer were increased after overfeeding, which was
consistent with previous report that sphingolipid metab-
olism disorders were characterized by sphingolipids ele-
vation such as Cer in tissue accumulation and
circulation (Chaurasia and Summers, 2021). In addition,
increased lipids included Cer in both the blood and livers
of NAFLD patients (Gorden et al., 2015), as well as
dihydroceramides which are basic markers of de novo
Cer synthesis (Apostolopoulou et al., 2018). As such,
murine models had shown that hepatic steatosis
decreased when levels of liver Cer were lowered by dele-
tion of dihydroceramide desaturase or increasing acid
ceramidase activity (Xia et al., 2015). Many cellular
stress inducers, such as inflammation activation, excess
saturated fatty acid intake, and chemotherapy, have
been shown to increase ceramide synthesis rates. Cur-
rent study showed that overfeeding elevated the liver
Cer levels. As said above, the capacity for and the toler-
ance to severe hepatic steatosis without overt liver inju-
ries in overfed goose. These findings suggested that
existence of protective mechanism contributed to the
inhibition of inflammation induced by Cer in goose fatty
liver. Adiponectin can activate ceramidase and promote
ceramide  degradation.  Adiponectin  levels are

significantly decreased in obesity and related pathologi-
cal states (Reibe-Pal and Febbraio, 2017). However, the
mRNA levels of adiponectin receptorsl/2 (Adiporl/2)
were increased in overfeeding-induced fatty livers of
geese (Geng et al., 2016a).

Glycerolipids are referred to TG and DG. After over-
feeding, the geese or duck received high energy, as a
result of which the substrates for fatty acid synthesis
(glucose) increased substantially in the liver. Meanwhile,
the content of TG produced far exceeded the transport
capacity of apolipoproteins, and the fatty acid produced
far exceeded the degraded fatty acid by B-oxidation,
thus leading to the accumulation of lipids in the liver
(Wei et al., 2020). In current study, overfeeding
increased liver TG level, which consisted with the liver
weight and liver slice results reported by previous study
(Wei et al., 2022a). DG and inositol phosphate are the
second messenger in phosphoinositol signaling pathway.
DG activates protein kinase C (PKC), and activated
PKC causes the substrate phosphorylation to trigger a
cellular response; 1,4, 5-triphosphate inositol (IP3)
induces cellular responses by mobilizing intracellular cal-
cium into the cytoplasmic matrix and elevating cyto-
plasmic free Ca®" concentrations; (Shi et al., 2019).
PI3K/Akt pathway is the classical phosphoinositol sig-
naling pathway. Fork head transcription factor 1
(FoxO1), a major target of Akt, is a transcription factor
negatively regulated by insulin signaling. Our previous
researches had confirmed that PI3K/Akt/mTOR path-
way regulated cell proliferation and lipid metabolism via
mediating insulin signaling pathway and FoxO1 in goose
primary hepatocytes (Han et al., 2015; Han et al., 2016;
Liu et al., 2016a; Wei et al., 2022b). Akt directly inhib-
ited FoxOl and reduced glucose levels in serum
(Yang et al., 2018). Activation of Akt inhibited
mTORC1 to reduce lipid and protein production
(Kenerson et al., 2011). Increased DG levels induced by
excessive FFA oxidation cut off the PI3K/Akt pathway
and exacerbated IR in liver (IKKhan et al., 2019). In cur-
rent study, the levels of DG and PI decreased after over-
feeding, which may help us to understand a fact that IR
was not observed in waterfowl (Davail et al., 2003;
Gontier et al., 2013; Geng et al., 2015; Pioche et al.,
2020).

CONCLUSION

In summary, this is the first report describing the goose
fatty liver formation from lipidomics. Lipidome change
responded to overfeeding, and significantly different lipids
and metabolic pathways were identified during the forma-
tion of goose fatty liver. Different lipids cooperatively pro-
moted the formation of fatty liver during overfeeding, the
different lipids jointly shaped the goose liver capacity for
and tolerance to severe hepatic steatosis. Although, the
interaction between different lipids and metabolic path-
ways needs further verified, our present work could pro-
vide a relatively comprehensive lipidomics landscape for
goose fatty liver formation mechanism.
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