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ABSTRACT Fatty liver hemorrhagic syndrome
(FLHS) is a metabolic disease that causes decreased egg
production and even death in laying hens, which brings
huge economic losses to the poultry industry. However, the
pathogenesis of FLHS is unclear. The purpose of the pres-
ent study was to identify the changes in lipid profile and
the lipid species related to FLHS. In the present study, the
FLHS disease model in Chinese commercial Jing Fen laying
hens was induced by a high-energy low-protein diet. A lipi-
domics approach based on ultra-performance liquid chro-
matography-mass spectrometry coupled with multivariate
statistical analysis was performed for the qualitative and
quantitative analyses of the liver lipids. The results showed
that a total of 29 lipid subclasses, including 1,302 lipid spe-
cies, were detected and identified. Among them, the pro-
portions of phosphatidylserine (Control/FLHS, 33.1% vs.
29.1%), phosphatidylethanolamine (22.7% vs. 15.5%),
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phosphatidylcholine (15.7% vs. 11.7%) and phosphatidyli-
nositol (7% vs. 6%) were reduced, while triacylglycerol
(7.1% vs. 18.3%) and diglyceride (3.9% vs. 11.7%) were
increased. Between the Control and FLHS groups, distinct
changes in lipid profile were observed in the score plots of
principal component analysis and orthogonal partial least
squares discriminant analysis. Twelve differential lipid spe-
cies mainly involved in glycerophospholipid metabolism
and linoleic acid metabolism were identified and considered
to be related to the pathogenesis of FLHS. Fatty acid chain
length and unsaturation were reduced, while the mRNA
levels of elongation of very long chain fatty acids-2
(ELOVL2) were increased in the liver of laying hens with
FLHS. Collectively, this study characterized the liver lipid
profile and explored the changes in lipid species related to
FLHS, which provided insights into the pathogenesis of
FLHS from the view of lipid metabolism.
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INTRODUCTION

Fatty liver hemorrhage syndrome (FLHS) is the most
non-communicable disease of laying hens. There is a
prevalence of FLHS of up to 16% worldwide, which
affects feed intake, egg production, egg weight, and even
laying hen mortality, resulting in huge economic loss for
the layer industry (Rozenboim et al., 2016; Cheng et al.,
2022). Previous studies indicated that FLHS is a kind of
nutritional and metabolic disease, and the main manifes-
tation of FLHS is excessive lipid deposition in the liver.
Notably, lipid accumulates excessively in the liver cells
of the laying hens with FLHS, damaging the normal
function of the liver. It even leads to the rupture of hepa-
tocytes, which eventually leads to intrahepatic bleeding
and the death of laying hens (Shini et al., 2019). How-
ever, the lipid metabolic changes caused by FLHS have
not been fully identified and characterized. As the pri-
mary organ for lipid metabolism, the liver contains
numerous classes of lipids. These lipids possess diverse
biological functions such as cellular signaling, energy
metabolism, and regulation factor of diseases (Meikle
et al., 2014). Therefore, the comprehensive investigation
of lipid species in the liver may provide new evidence
and perspective for elucidating the pathogenesis of
FLHS.
Lipidomics uses high-throughput analysis technology

to analyze the structure and function of lipids in cells,
tissues or organisms, which can promote the understand-
ing of the multiple biological functions of lipids. As a
powerful methodology, lipidomics is widely applied in
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many metabolic disease pathogenesis, diagnosis, and
drug development, such as fatty liver disease, diabetes,
and cardiovascular disease (Yang et al., 2016; Ding and
Rexrode, 2020). The researchers found that diacylgly-
cerol, triacylglycerol (TG), and hepatic free cholesterol
increased significantly, while total phosphatidylcholine
decreased in the patients with nonalcoholic fatty liver dis-
ease (NAFLD) and nonalcoholic steatohepatitis
(NASH) via lipidomics studies (Puri et al., 2007). With
the application of comprehensive lipid analysis in the
liver, Chiappini et al. found 32 lipid features discriminat-
ing NASH from normal liver and nonalcoholic fatty liver,
which might be the potential biomarkers for NASH diag-
nosis (Chiappini et al., 2017). Hepatic lipidomics analysis
also provided evidence that cereal b-glucan could improve
lipid metabolic patterns and regulate 13 lipid species
(most of which related to glycerophospholipids metabo-
lism and glycerolipid metabolism) in NAFLD mice
induced by a Western diet, which elucidated the underly-
ing mechanisms of cereal b-glucan on NAFLD prevention
(Liu et al., 2021). These studies indicated that lipidomics
is an attractive power approach and can be employed to
determine and identify lipid biomarkers. However, as far
as we know, there are no reports about the lipid metabo-
lism associated with FLHS in laying hens with the appli-
cation of lipidomics.

Nuclear Magnetic Resonance (NMR), gas chroma-
tography coupled to mass spectrometry (GC-MS), and
liquid chromatography coupled with mass spectrometry
(LC-MS) are the three main detection methods of the
lipidomics platforms. NMR does not damage the biologi-
cal samples and has good repeatability (Li et al., 2017).
However, its low sensitivity, low resolution, and high
cost limit its use in experiments (Emwas et al., 2019).
Although GC-MS has high sensitivity and high resolu-
tion, its samples need to be derivatized, leading to longer
sample preparation time (Eylem et al., 2022). Compared
with the above detection methods, LC-MS has higher
sensitivity and resolution and is not restricted by deriva-
tization, volatility, and other conditions (Gika et al.,
2014). Electrospray ionization (ESI), an ionization tech-
nology, has been widely used to LC-MS analysis and
employed in lipidomics studies recently. Through
hepatic lipidomics, Feng et al. investigated the underly-
ing mechanism of tangeretin in antiobesity and choles-
terol-lowering, and found that some lipid biomarkers
such as fatty acids, ceramides, and cholesteryl esters
were responsible for the beneficial effects such as the
reduction of weight gain and cholesterol and the
improvement of liver steatosis (Feng et al., 2020). With
the application LC-ESI-MS based lipidomics, Wang et
al. found that the development of NASH from NAFLD
was closely related to the aberrant metabolism of phos-
pholipids (Wang et al., 2021). Therefore, lipidomics is
an essential tool for investigating the dysregulation of
lipid metabolism. However, so far, no study applied lipi-
domics in the pathogenesis of FLHS.

The present study aimed to identify the changes in
liver lipid profile and lipid species related to FLHS in
laying hens. Lipids associated with FLHS were screened
and investigated through the application of UHPLC Q-
Exactive MS-based liver lipidomics combined with mul-
tivariate statistical analysis and pathway analysis.
These findings were helpful for us to understand FLHS
and provide new insights into the pathogenesis of FLHS
from the perspective of lipid metabolism.
MATERIALS AND METHODS

Chemicals

Methanol, acetonitrile, and isopropanol of mass-grade
were purchased from Thermo Fisher Scientific (Massa-
chusetts). Formic acid was obtained from Fluka (Stein-
heim, Germany). Ammonium formate and Tert-butyl
methyl ether (MTBE) were purchased from Sigma-
Aldrich (St. Louis, MO). The internal standard of
SPLASH LIPIDOMIX MASS SPRC STANDARD was
from Avanti Polar Lipids Inc (Alabama, AL).
Experiment Animals

The experimental procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee of Hebei Agricultural University (Approval
No. 2021066) and carried out in accordance with the
Guidelines of the Care and Use of Laboratory Animals
of China. In the present study, twenty healthy 90-day-
old Chinese commercial Jing Fen laying hens were used.
All the laying hens were in cages (2 hens per cage) with
ad libitum access to water and feed. The hens were
housed at 22 § 3℃, and the relative humidity was con-
trolled at 50% § 10%. The lighting time was maintained
daily from 6:00 am to 10:00 pm. FLHS was induced by
the high-energy low-protein (HELP) diet in laying hens
according to previous studies (Gao et al., 2019; Meng
et al., 2021). All the laying hens had a 2-wk adjustment
period before the experiment. The hens were randomly
divided into 2 treatment groups (10 laying hens for each
treatment, n = 10): the Control group, in which the lay-
ing hens were fed with a standard diet; the FLHS group,
in which the laying hens were fed with HELP diet. The
detailed composition and nutritional level of the stan-
dard diet and HELP diet were provided in Supplemen-
tary Table 1. The laying hens in the FLHS group were
administrated with the HELP diet for 48 successive
days. At the end of the experiment, all the laying hens
were fasted for 12 h and then euthanized. Blood samples
were collected and separated by centrifugation (4,000 g,
for 10 min at 4°C) to obtain serum for lipid parameters
analysis including total cholesterol (TCH), TG, alanine
transaminase (ALT), aspartate aminotransferase
(AST), low-density lipoprotein (LDL) and high-density
lipoprotein (HDL). The liver samples were fixed with
formalin, embedded in paraffin, cut into 5 mm slices, and
then subjected to standard hematoxylin and eosin
(H&E). Frozen liver sections were stained with oil red O
to examine lipid droplets. The histopathological changes
were observed by CX31 biological microscope (Olympus
Corporation, Tokyo, Japan). Meanwhile, parts of the
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liver tissue were snap-frozen in liquid nitrogen and
stored at �80°C for lipidomic analysis.
Quantitative Real-time PCR (qRT-PCR)
Analysis

The liver tissue of laying hens was taken out of the
refrigerator at �80°C, and the total RNA was isolated
from the liver tissue by TaKaRa kit (Beijing, China). A
PrimeScript RT reagent kit (TaKaRa, Beijing, China) is
used to reverse-transcribe it into cDNA. Gene expression
levels of carnitine palmitoyltransferase-1 (CPT1), fatty
acid desaturase-like 1 (FADS1), elongation of very long
chain fatty acids-2 (ELOVL2), and elongation of very
long chain fatty acids-5 (ELOVL5) were detected by
qRT-PCR in a CFX Connect Real-Time System
(CFX96, Bio-Rad, CA) with the SYBR Green Premix.
The relative expression of each gene was calculated by
the 2�DDCT method. The primers of the detected genes
were provided in Supplementary Table 2.
Liver Sample Preparation for Lipidomic
Analysis

For lipid extraction, the lipids in the liver were
extracted according to the methyl tert-butyl ether
(MTBE) method (Matyash et al., 2008). Six liver sam-
ples harvested from the Control and FLHS groups were
randomly selected and thawed at room temperature,
and then accurately weighed. In EP tubes, the liver sam-
ples (30 mg) were spiked with 20 mL internal lipid stand-
ards, and then 200 mL water and 240 mL methanol were
added. After mixing, the samples were homogenized by
an MP homogenizer (24£2, 6.0 M/S, 60 s, twice). Then,
800 mL of MTBE was added and the mixture was soni-
cated for 20 min at 4°C followed by sitting still for
30 min at room temperature. The mixtures were subse-
quently centrifuged at 14,000 g for 15 min at 10°C. Next,
the upper layer was obtained and dried under nitrogen.
After drying, the lipid extracts were reconstituted in 200
mL of 90% isopropanol/acetonitrile, and the reconsti-
tuted samples were centrifuged at 14,000 g for 15 min.
Finally, the supernatant was collected and 3 mL of the
sample was injected into UHPLC Q-Exactive MS for lip-
idomics analysis. Three quality control (QC) samples
were prepared by pooling 10 mL of each sample and ana-
lyzed under the same procedure to assess the method
repeatability and system stability.
Lipidomics Data Acquisition and Processing

Lipidomic analysis of liver samples was carried out
with the application of a Nexera UHPLC LC-30A sys-
tem (Shimadzu Corporation, Japan) coupled to Q-Exac-
tive Plus mass spectrometer (Thermo Fisher Scientific).
The separation was performed on a reverse phase CSH
C18 column (1.7 mm, 2.1 mm £ 100 mm, Waters) at a
flow rate of 300 mL/min under 45°C. Mobile phase A
consisted of acetonitrile−water (6:4, v/v) with 0.1%
formic acid and 0.1 mM ammonium formate, and mobile
phase B was acetonitrile−isopropanol (1:9, v/v) with
0.1% formic acid and 0.1 mM ammonium formate. The
mobile phase gradient was as follows: 0 min, 30% B; 0 to
2 min, 30% B; 2 to 25 min, 30 to 100% B; 25 to 35 min,
5% B for equilibrating. The autosampler temperature
was set at 10°C.
Mass spectra data were acquired by Q-Exactive Plus

mass spectrometer with ESI source operated in positive
and negative modes, respectively. ESI parameters were
optimized as follows: source temperature, 300°C; capil-
lary temperature, 350°C; the ion spray voltage, 3000 V;
S-Lens RF Level, 50%; sheath gas flow rate 45 arb; aux
gas flow rate15 arb; sweep gas flow rate 1 arb and the
scan range, 200 to 1800 mass-to-charge ratio (m/z). To
further identify lipids, mass charge ratio of lipid species
and lipid fragments was collected. Tandem mass spec-
trometry (MS/MS) scan was carried out to acquire ten
fragments of lipid species after a full scan using higher
energy collisional dissociation. The resolution of MS was
70,000 at m/z of 200 and that of MS/MS was 17 500 at
m/z of 200.
Multivariate Data Analysis, Pathway Analysis
and Statistical Analysis

For the raw data, LipidSearch software (Version 4.2,
Thermo Scientific) was used to extract and identify the
peaks of lipids with the main parameters as follows: pre-
cursor tolerance, 5 ppm; product tolerance, 5 ppm and
product ion threshold, 5%. Peak alignment, retention
time correction and extraction of peak area were also
performed by LipidSearch software. Meanwhile, the ion
peak with a value of >50% missing from the group was
removed. After normalization and integration using the
Perato scaling method, the final dataset was imported
into SIMPCA (version 16.1, Umetrics, Umea, Sweden)
for a multivariate statistical analysis. Principal compo-
nent analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were carried
out to visualize the distribution and the grouping of the
liver samples from the Control and FLHS group (n = 6).
In order to evaluate the robustness of the OPLS-DA
model, the permutation test with 200 times was con-
ducted. After that, the value of variable importance in
the projection (VIP) from OPLS-DA models was calcu-
lated. The comparison of the variables between the Con-
trol and FLHS group was carried out by student’s t-test
followed by SPSS 16.0 (Version 16.0, SPSS Inc., Chi-
cago), and the P-value was obtained. With VIP > 1 and
P-value < 0.05, the lipid species were considered signifi-
cant and selected. Hierarchical clustering, correlation
analysis, and heatmap analysis were performed and visu-
alized by the R package. Pathway analysis of the lipid
species was carried out using MetaboAnalyst 5.0 with
the using of the pathway library of Gallus gallus in the
KEGG database (Pang et al., 2022).
The data were presented as the mean § standard

deviation (SD). Statistical analysis was performed using



Table. 1. Lipid subclasses of liver from laying hens analyzed by
lipidomics.

Number of
identified lipid
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SPSS 16.0 (SPSS Inc., Chicago, IL). Statistical differen-
ces between the Control group and FLHS group was
analyzed using Student’s t test. P < 0.05 was considered
statistically significant.
Lipid subclass Abbreviation molecules

Acyl Carnitine AcCa 5
Ceramides Cer 43
Monogylcosylceramide CerG1 34
Diglycosylceramide CerG2 11
Cardiolipin CL 72
Coenzyme Q Co 2
Diglyceride DG 18
Fatty acid FA 12
Monosialodihexosylganglioside GM3 24
Lysophosphatidic acid LPA 2
Lysophosphatidylcholine LPC 29
Lysophosphatidylethanolamine LPE 26
Lysophosphatidylglycerol LPG 10
Lysophosphatidylinositol LPI 8
Lysophosphatidylserine LPS 9
Monogalactosyldiacylglycerol MGDG 20
Phosphatidic acid PA 5
Phosphatidylcholine PC 231
Phosphatidylethanolamine PE 196
Phosphatidylglycerol PG 27
Phytosphingosine phSM 2
Phosphatidylinositol PI 31
Phosphatidylinositol-4-phosphate PIP 6
Phosphatidylserine PS 64
Sphingomyelin SM 62
Sphingosine So 5
Sulfoquinovosyldiacylglycerol SQDG 6
Triacylglycerol TG 233
Wax exters WE 9
RESULTS

Hepatic Lipid Composition

In order to validate the FLHS disease model, serum
lipid parameters analysis and liver pathological exami-
nation by HE and oil red O staining were firstly carried
out. The results of blood lipids and hepatic histopathol-
ogy were provided in Supplementary Table 3 and Sup-
plementary Figure 1 (Meng et al., 2021). Compared
with the Control, the levels of TCH, TG, ALT, AST,
and LDL in serum were significantly increased (P <
0.01), while HDL was decreased (P < 0.01). In addition,
hepatic steatosis and lipid accumulation were obviously
found in the liver cells from the laying hens in the FLHS
group, which were absent in those of the Control group
(Supplementary Figure 1). These results indicated that
the FLHS model was successfully established by the
HELP diet in laying hens.

The typical base peak chromatograms of liver samples
in positive and negative modes were shown in Supple-
mentary Figure 2. It was observed that lipids compo-
nents were generally detected and separated with the
current method. A total of 1,302 lipid species, catego-
rized into 29 different lipid subclasses, were identified
and annotated from the analyzed liver samples (Table 1).
The subclass of TG had the highest number of lipid spe-
cies at 233, followed by phosphatidylcholine (PC, 231)
and phosphatidylethanolamine (PE, 196). The content
percentages of 29 lipid subclasses in the liver from laying
hens in Control and FLHS groups were obtained
through the application of absolute quantities of lipids.
As shown in Figure 1, it was found that TG, phosphati-
dylserine (PS), PE, PC, phosphatidylinositol (PI), and
diglyceride (DG) were the predominant fraction in the
liver of laying hens, around 91% of the total lipid. Com-
pared with the Control group, the proportions of PS
(Control versus FLHS, 33.1% vs. 29.1%), PE (22.7% vs.
15.5%), PC (15.7% vs. 11.7%), and PI (7% vs. 6%) were
reduced in the FLHS group, while TG (7.1% vs. 18.3%)
and DG (3.9% vs. 11.7%) were increased in the laying
hens with FLHS (Figure 1).
Lipid Profile of FLHS

In order to visualize the group separation and distin-
guish lipid profile differences, unsupervised PCA was
carried out on the liver samples between the Control
group and the FLHS group. It was found that the three
QC samples were tightly overlapped in the PCA score
plot (Figure 2A), indicating the good stability and reli-
ability of the lipidomics analytical method. Moreover,
PCA analysis found that the liver samples in the FLHS
group were distinguished from those in the Control
group, indicating the different patterns of the lipid
profiling. To achieve a clear separation and obtain the
variables responsible for classification, supervised
OPLS-DA was performed (Figure 2B). For the OPLS-
DA model, R2 and Q2 indicate the explanatory power
and predictive ability of the model, respectively. The
parameters for the generated OPLS-DA model between
the Control and FLHS groups were as follows:
R2X = 0.60, R2Y =0.91, and Q2 = 0.61. It was observed
that the FLHS group was clearly separated away from
the Control group in the OPLS-DA score plot
(Figure 2B), suggesting there was a disorder of lipid
homeostasis in laying hens in the FLHS group caused by
the HELP diet. Moreover, in order to avoid the overfit-
ting of the OPLS-DA, the permutation test (200 times)
was conducted. The OPLS-DA model robustness is
reflected by the intercept value of Q2, and there is no
risk of overfitting as the Q2 value is less than zero
(Wang et al., 2021). In Figure 2C, the intercept value of
Q2 was �0.68, which indicated that the OPLS-DA
model was reliable without overfitting. Results of PCA
and OPLS-DA provided evidence that there was a
remarkable difference in the lipid metabolic pattern of
the laying hens in the Control group and the FLHS
group.
Identification of Lipid Species and Pathway
analysis

To determine the significantly changed lipid species in
the liver of the FLHS group, the lipids were screened



Figure 1. Stacked bar plot of differential lipid features between the Control group and the FLHS group.
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based on VIP-value >1 and P-value (<0.05). In total, 12
lipid species with significant differences were screened
out, which could be served as potential biomarkers asso-
ciated with FLHS (Table 2). Compared with the Control
group, the level of DG (18:1/18:1) was significantly
increased in the FLHS group (P < 0.05), while the PE
(P-16:0/18:1) (P < 0.01), PE (P-18:0/18:1), PE (18:0/
18:1), PS (16:0/18:1), PG (18:1/18:1), PC (16:0/16:1),
PS (16:0/20:4), PI (18:1/18:2), PI (18:0/20:3), cardioli-
pin (CL) (18:2/18:2/18:2/16:1), and CL (18:2/16:1/
18:2/18:1) were significantly reduced (P < 0.05)
(Figure 3A). In addition, a heatmap with hierarchical
clustering analysis of the 12 individual lipid species was
plotted to effectively visualize the relationship and var-
iations in the content from different liver samples. Con-
sistent with the results of PCA and OPLS-DA, it was
found that the liver samples from the Control group and
FLHS group were gathered into 2 clusters in the dendro-
gram of the vertical axis in the heatmap (Figure 3B). In
Figure 2. Analysis of the lipid profile in liver of the laying hens with FLH
groups; B: OPLS-DA score plots of the liver lipid profile in the Control an
R2Y = 0.91, and Q2 = 0.61; C: Verification of the OPLS-DA model based on
of the OPLS-DA model.
addition, the lipid species involved in the same subclass
were clustered together such as the PE, PI, and PS in
the horizontal axis.
The selected lipid species were introduced to Metab-

oAnalyst 5.0 for pathway analysis, which could provide
clues to the affected biochemical pathways that the lip-
ids species involved. The results of the pathway analysis
were shown in Figure 3C and Supplementary Table 4,
and the bubble size and color represent the impact value
of topology analysis and P-value of enrichment analysis,
respectively (Jia et al., 2021). With the impact value
above 0.10 and P-value less than 0.05, the bubbles of
glycerophospholipid metabolism and linoleic acid
metabolism had the largest size and the deepest color,
which might be responsible for the disorders in lipid
metabolism related to FLHS. Moreover, the association
analysis between serum lipid parameters and lipid spe-
cies was performed. In Figure 3D, it was observed that
serum TG, TCH, ALT, AST, and LDL exhibited a
S. A: PCA score plots of the liver lipid profiles in the Control and FLHS
d FLHS groups. The parameters of the OPLS-DA model: R2X = 0.60,
permutation test. The intercept of Q2 was −0.68, indicating the robust



Table 2. Identification of the differential lipid species in liver from laying hens with FLHS.

Lipid name Formula Ion type m/z (measured) RT (min) VIP P-value FC Trend

PE (P-16:0/18:1) C39H76O7NP [M-H]� 700.5287 11.75 1.46 0.0053 0.34 #**
PE (P-18:0/18:1) C41H80O7NP [M-H]� 728.5600 12.76 1.17 0.0299 0.29 #*
PE (18:0/18:1) C41H80O8NP [M-H]� 744.5549 12.19 3.24 0.0467 0.50 #*
PS (16:0/18:1) C40H76O10NP [M-H]� 760.5134 10.12 1.57 0.0271 0.20 #*
PG (18:1/18:1) C42H79O10P [M-H]� 773.5338 9.52 1.80 0.0134 0.35 #*
PC (16:0/16:1) C40 H78O8 NP [M+HCOO]� 776.5447 10.00 1.13 0.0210 0.44 #*
PS (16:0/20:4) C42H74O10NP [M-H]� 782.4978 9.13 1.70 0.0360 0.20 #*
PI (18:1/18:2) C45H81O13P [M-H]� 859.5342 9.34 1.01 0.0311 0.32 #*
DG (18:1/18:1) C39H72O5 [M+NH4]

+ 638.5718 13.00 11.21 0.0414 4.54 "*
PI (18:0/20:3) C47H85O13P [M-H]� 887.5655 10.66 2.09 0.0441 0.13 #*
CL (18:2/18:2/18:2/16:1) C79H140O17P2 [M-H]� 1421.9493 16.42 1.41 0.0109 0.16 #*
CL (18:2/16:1/18:2/18:1) C79H142O17P2 [M-H]� 1423.9650 17.31 1.04 0.0225 0.13 #*

*P < 0.05.
**P < 0.01.CL, Cardiolipin; DG, diglyceride; FC, fold change, FLHS group versus Control group; PE, phosphatidylethanolamine; PS, phosphatidylser-

ine; PG, phosphatidylglycerol; PC, phosphatidylcholine; PI, phosphatidylinositol; RT, retention time; Trend, FLHS group versus Control group; VIP,
variable importance in the projection.
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positive correlation with DG (18:1/18:1), and a negative
correction with the remaining 11 lipid species such as
PE (P-18:0/18:1), PC (16:0/16:1), PG (18:1/18:1) and
CL (18:2/18:2/18:2/16:1). In contrast, serum HDL was
negatively related to the changes of DG (18:1/18:1), and
positively related to the other lipid species.
Lipid Chain Unsaturation and Length
Analysis

For the lipid species, the degree of unsaturation (num-
ber of double bonds) and chain length (carbon atom in
the fatty acid chain) were analyzed. Compared with the
Control group, it was found that the content of acyl car-
nitine (AcCa) with 1 and 2 unsaturations was signifi-
cantly reduced in FLHS laying hens (P < 0.05)
(Figure 4A). Meanwhile, lysophosphatidylserine (LPS)
with 3 unsaturations and PE with 1 unsaturation in the
liver of laying hens from FLHS group were also signifi-
cantly reduced than those in the Control (P < 0.05). In
regard to carbon chain length, the contents of AcCa at
the chain lengths of 9, 14, and 18 were observed to
decreased significantly in the FLHS group in comparison
with Control (Figure 4B). Meanwhile, CL with the chain
lengths of 66, 68, and 70, PA with chain length of 36, PE
with chain length of 32, and PS with chain lengths of 32
and 34, were significantly reduced to varying degrees (P
< 0.05 or P < 0.01) in the liver of laying hens with
FLHS. Interestingly, these results indicated that both
lipid chain unsaturation and length showed a decreased
trend in the liver of the laying hens with FLHS.

In order to further study the changes in unsaturation
and length of the lipid chain, the mRNA levels of CPT1,
FADS1, ELOVL2, and ELOVL5 were measured
(Figure 4C). Compared with the Control group, the
level of ELOVL2 in the liver of the laying hens with
FLHS was significantly increased (P < 0.01). In addi-
tion, it was observed that the mean expression levels of
CPT1 and ELOVL5 were increased in the FLHS group
than those in the Control, while the FADS1 was
decreased, but the differences of CPT1, ELOVL5 and
FADS1 were not significant.
DISCUSSION

As a metabolomic disease, FLHS is naturally occurred
in old high-yield laying hens. Rozenbopm et al. found
that the young hens are more sensitive to HELP diet
than the old hens, that the pathological changes such as
the liver fat content and liver hemorrhagic score were
more obvious in the young hens than the old hens under
the treatment of HELP (Rozenboim et al., 2016). In the
present study, serum lipid analysis and liver histopatho-
logical examination showed increased blood lipid level
and lipid deposition, which indicated the FLHS model
was successfully established. In addition, the modeling
method of FLHS used in this study was consistent with
the previous reports (Gao et al., 2019; Zhuang et al.,
2019; Xing et al., 2020). With the application of the
FLHS model, the lipidomics approach was further
applied to reveal the lipid perturbation in the liver of
laying hens.
Liver lipid metabolism is involved in many physiologi-

cal processes such as energy supply, inflammation, and
cellular signaling, which plays a key role in fatty liver
disease (He et al., 2020). Massive lipid hoarding is an
outstanding characteristic of FLHS. To our best knowl-
edge, the lipid metabolism in the liver from FLHS laying
hens was reported in the present study with the applica-
tion of LC-based lipidomics analysis for the first time. In
this study, we analyzed lipid composition including lipid
classes and molecular species, and investigated the
changes in lipid profile in the liver from the FLHS laying
hens followed by multivariate statistical analysis. In
addition, the different lipid species were screened and
the involved metabolic pathways were identified. More
importantly, it was found that the lipid chain length
and unsaturation were reduced, while the expression
level of ELOVL2 was increased in the liver by FLHS.
These results contributed to the understanding of the
pathogenesis of FLHS from the perspective of lipid
metabolism.
Many studies have demonstrated that TG is a risk fac-

tor for fatty liver disease (Ullah et al., 2019). Hepatic
TG homeostasis is affected by many physiological pro-
cesses such as TG synthesis, LDL secretion, and fatty



Figure 3. Quantitative measurement, heatmap and pathway analysis of the lipid species related to FLHS (n = 6). A: Quantitative measurement
potential lipid species in the liver of the laying hens in the Control group and FLHS group, *P < 0.05, **P < 0.01. B: Hierarchical clustering heatmap
of the identified lipid specie. C: Pathway analysis results of the lipid species related to FLHS. D: Spearman’s correlations between serum lipid param-
eter and lipid species related to FLHS in laying hens. The red and blue color represent a positive or negative correlation, respectively, *P < 0.05, **P
< 0.01.
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acid uptake and oxidation (Kawano and Cohen, 2013).
Miao et al. verified that the hepatic TG content was sig-
nificantly increased in the laying hens with FLHS
induced by the HELP diet (Miao et al., 2021). Consis-
tent with the previous study, the lipidomics results
found that the contents of TG and DG were increased in
the liver of FLHS laying hens than the Control. Con-
sumption of the HELP diet can increase fatty acid
intake and further enhance lipid synthesis, which results
in the accumulation of TG and DG in the liver (Choi



Figure 4. Changes of lipid unsaturation and lipid length in liver of FLHS laying hens (n = 6). A: Results of lipid chain unsaturation analysis.
AcCa: Acyl carnitine; LPS: Lysophosphatidylserine; PE: Phosphatidylethanolamine. The X-axis indicates the degree of unsaturation, *P < 0.05. B:
Results of lipid chain length analysis. AcCa: Acyl carnitine; CL: Cardiolipin; PA: Phosphatidic acid; PE: Phosphatidylethanolamine; PS: Phosphati-
dylserine. The X-axis indicates the number of carbon atom, *P < 0.05, **P < 0.01. C: Relative expression level of FADS1, CPT1, ELOVL2 and
ELOVL5, **P < 0.01.
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et al., 2012). As lipotoxic molecules, TG and DG accu-
mulation can directly or indirectly induce metabolic
stress such as oxidative stress, mitochondrial dysfunc-
tion, and insulin resistance (Ullah et al., 2019), which
may be the pathogenic factors for FLHS development. It
has been reported that the majority of PE, PC, and PI
were decreased with the increasing severity of liver stea-
tosis in humans (Ooi et al., 2021). Our findings were par-
alleled with the previous results that the levels of four
glycerophospholipids including PS, PE, PC, and PE
were reduced in the liver from the laying hens with
FLHS. In mammalian cells, PE and PC are the most
abundant glycerophospholipids. A large number of stud-
ies have suggested that inhibition of PE and PC synthe-
sis can impair hepatic phospholipid composition, induce
the disorder of energy production in mitochondria and
damage the secretion of LDL. And these are closely asso-
ciated with fatty liver disease (van der Veen et al.,
2017). Recent studies have demonstrated that PS can
improve HDL functionality, inhibit inflammation and
modulate blood coagulation (Darabi and Kontush,
2016). The decreased levels of PS, PE, PC and PE in
liver samples of FLHS laying hens suggested that the
glycerophospholipid metabolism was down-regulated,
which might be involved in the pathogenesis of FLHS.
In the present study, the PCA and OPLS-DA score

plots revealed that the lipid profile of FLHS laying hens
was differed from those in the Control, which suggested
that the lipid profiles were profoundly affected by the
HELP diet. Furthermore, the liver lipidomic analysis
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identified 12 lipid species including 3 PEs, 2 PSs, 2 CLs,
2 PIs, 1 PG, 1 DG as well as 1 PC. The pathway analysis
revealed that the metabolism of glycerophospholipid
and linoleic acid were altered with FLHS. Investigation
of the content changes of these lipid species and their
biological function can assist in revealing the pathogene-
sis of FLHS in laying hens.

By the action of diglyceride acyltransferase, DG is con-
verted to TG through the addition of fatty acid (Greene
et al., 2015). It was noted that the level of DG (18:1/
18:1) in FLHS laying hens was 4.54-fold higher than the
Control, which might be responsible for the TG accumu-
lation in the liver. In addition, the soybean oil used in this
experiment is rich in polyunsaturated fatty acid (PUFA).
Tian et al. found that PUFA could significantly increase
the level of TG in the mice liver (Tian et al., 2018). There-
fore, the high PUFA diet also might be one of the reasons
for the increase of TG. As a mitochondrial specific phos-
pholipid, the decline of CL can lead to mitochondrial dys-
function and impair the activities of carrier proteins in
the electron transport chain, resulting in the reduced pro-
duction of ATP (Gasanoff et al., 2021). In this study, CL
(18:2/18:2/18:2/16:1) and CL (18:2/16:1/18:2/18:1)
were significantly reduced in the liver from FLHS laying
hens, which suggested the disorder of energy metabolism
was accompanied by the pathogenesis of FLHS. In accor-
dance with the decreasing tendencies of PEs and PC
found in the present study, Feng et al. observed that the
levels of PE and PC species were significantly lower in
the liver of mice fed with a high-fat western-style diet
than those in the control group (Feng et al., 2018). It is
well known that PI is a key cell membrane constituent,
and as the primary source can be metabolized into arachi-
donic acid by the enzyme phospholipase A2. In our previ-
ous study, we found that the arachidonic acid
metabolism was disturbed that the concentration of
arachidonic acid was reduced in the liver in laying hens
with FLHS (Meng et al., 2021). Therefore, it was specu-
lated that the reduction of PI (18:1/18:2) and PI (18:0/
20:3) might contribute to the arachidonic acid decrease,
which provided evidence for understanding the metabolic
imbalance of arachidonic acid in the pathogenesis of
FLHS. Moreover, as the main component phospholipid of
cell membrane, insufficient synthesis of PI, PS, PE, and
PC can damage the membrane integrity of hepatocyte,
which is tightly linked to the pathogenesis of FLHS
(Chiappini et al., 2017).

Lipid unsaturation degree and chain length can affect
the mechanical properties of cell membrane such as flu-
idity and thickness. It is involved in the process of
inflammation, oxidation, and energy production. Several
studies have proved that desaturation and elongation of
fatty acids are the pathogenesis of NAFLD (Notarnicola
et al., 2017; Li et al., 2022). Through the lipidomic anal-
ysis, we observed that the chain unsaturation and length
of lipid species were reduced in the liver from FLHS lay-
ing hens, suggesting that the alterations in the lipid
structure were potential causes for FLHS.

It has been reported that the fatty acid b-oxidation
was impaired and decreased in laying hens with FLHS
(Miao et al., 2021). CTP1 is the rate-limiting enzyme of
fatty acid oxidation, which regulates the entry progress
of fatty acid into mitochondria. Gao et al. reported that
CPT1 was significantly down-regulated in the liver of
450-day-old Hy-Line Brown laying hens feeding with
HELP for 90 d (Gao et al., 2021). However, no signifi-
cance of CTP1 was observed in the present study, which
might be caused by animal age, the HELP consumption
time and the metabolic energy provided by the diets. As
the essential enzyme in polyunsaturated fatty acid pro-
duction, FADS1 was demonstrated to be decreased in
liver disease such as NAFLD (Li et al., 2020). The
expression of FADS1 in the FLHS group had a decreas-
ing tendency, which might be one of the reasons for the
decreased degree of fatty acid unsaturation in the FLHS
group. ELOVL2 and ELOVL5 are highly expressed in
the liver of laying hens (Gregory et al., 2013), and par-
ticipate in the extension of long chain fatty acid. In a
previous study, it was reported that a high fat diet feed-
ing could induce high expression of ELOVL2 in the liver
of C57BL/6 mice both at mRNA and protein levels
(Zhou et al., 2018). Consistent with the previous study,
we found that the FLHS laying hens showed signifi-
cantly increased ELOVL2 level in the liver than the
Control. However, the result of ELOVL2 was discrepant
from the findings by the lipidomics analysis that the
lipid chain length was reduced by FLHS. Lipid unsatu-
ration and chain length are affected by many biological
factors such as lipid metabolic enzymes and lipid satura-
tion receptors (Wang et al., 2006), and more in-depth
research is needed to explore the mechanism of changes
in lipid unsaturation and chain length related to FLHS.
The strength of the present study is that UHPLC Q-

Exactive MS based deep and comprehensive liver lipido-
mic analysis provides an overview of liver lipidome in
laying hens. The pathogenesis in FLHS was explored by
the lipidomics method for the first time. As a pilot study,
it was important to note that the small sample size was
the limitation of the present work. However, significant
changes in lipid profile were found in FLHS laying hens
even with a small number of liver samples, which need
to be further evaluated and verified in more studies with
large sample capacities. In addition, the lipid profile of
FLHS laying hens in this study was not related to other
pathogenic factors of FLHS such as inflammation, oxi-
dative stress, and cell apoptosis. To date, there have
been very few studies about the detailed biological func-
tion of the particular lipid species. Therefore, an integra-
tive and systematic study of the role of lipids may
facilitate the understanding of the pathophysiology of
FLHS in laying hens.
In conclusion, the global lipid profile in the liver asso-

ciated with FLHS was investigated with the application
of LC-MS based lipidomics approach. In this study, 29
different lipid subclasses including 1302 lipid species
were identified. Different lipid composition changes in
the liver, such as increased levels of DG and TG, and the
decrease of PS, PE, PC and PI, may be related to FLHS
or the high PUFA diet. The lipid profile was also altered
in the liver in FLHS laying hens, and 12 potential lipid
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species were found to explain the pathogenesis of FLHS.
Furthermore, lipid chain length and unsaturation degree
were found to be reduced by FLHS. This study provides
new insights for understanding the role of lipid metabo-
lism in FLHS, and also suggests that lipidomics was a
powerful tool to explore the pathogenesis of FLHS.
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