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Effect of JAK-STAT pathway in regulation of fatty liver  
hemorrhagic syndrome in chickens

Yaling Zhu1,2,3,a, Huirong Mao1,a, Gang Peng1, Qingjie Zeng1, Qing Wei1, Jiming Ruan1,*, and Jianzhen Huang1,*

Objective: To explore the molecular mechanisms of fatty liver hemorrhagic syndrome (FLHS) 
in laying hens, an experiment was conducted to reveal the differences in histopathological 
observation and gene expression between FLHS group and normal group.
Methods: We compared the histopathological difference using hematoxylin and eosin 
staining and proceeded with RNA sequencing of adipose tissue to search differentially 
expressed genes and enriched biological processes and pathways. Then we validated the 
mRNA expression levels by real-time polymerase chain reaction and quantified protein 
levels in the circulation by enzyme-linked immunosorbent assay.
Results: We identified 100 differentially expressed transcripts corresponding to 66 genes 
(DEGs) were identified between FLHS-affected group and normal group. Seven DEGs were 
significantly enriched in the immune response process and lipid metabolic process, including 
phospholipase A2 group V, WAP kunitz and netrin domain containing 2, delta 4-desaturase 
sphingolipid 2, perilipin 3, interleukin-6 (IL-6), ciliary neurotrophic factor (CNTF), and 
suppressor of cytokine signaling 3 (SOCS3). And these genes could be the targets of immune 
response and be involved in metabolic homeostasis during the process of FLHS in laying 
hens. Based on functional categories of the DEGs, we further proposed a model to explain 
the etiology and pathogenesis of FLHS. IL-6 and SOCS3 mediate inflammatory responses 
and the satiety hormone of leptin, induce dysfunction of Jak-STAT signaling pathway, leading 
to insulin resistance and lipid metabolic disorders. Conversely, CNTF may reduce tissue 
destruction during inflammatory attacks and confer protection from inflammation-induced 
insulin resistance in FLHS chickens. 
Conclusion: These findings highlight the therapeutic implications of targeting the JAK-
STAT pathway. Inhibition of IL6 and SOCS3 and facilitation of CNTF could serve as a 
favorable strategy to enhance insulin action and improve glucose homoeostasis, which are 
of importance for treating obesity-related disorders for chickens.

Keywords: Fatty Liver Hemorrhagic Syndrome; RNA-Seq; JAK-STAT Pathway; Differentially 
Expressed Genes; Chicken

INTRODUCTION 

Fatty liver hemorrhagic syndrome (FLHS) is a lipid metabolism disorder, which is mostly 
observed in commercial laying hens. FLHS causes a dramatic drop in egg production, even 
leads to an increase in mortality and results in considerable economic losses in the poultry 
industry [1]. For FLHS affected hens, the most obvious changes are enlarged and yellowish, 
putty-colored livers with various degrees of hemorrhages and an excessive amount of ab-
dominal fat. Several factors have been implicated in the cause of FLHS, including nutrition, 
environment, heredity, toxic substances and hormones [2,3]. The major cause of FLHS is 
nutrition, as 97% of the affected birds were found to have large fat depots or were obese 
[4]. In modern poultry industry, an excessive intake of dietary energy is the major cause 
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of FLHS. Recently, a high-energy low-protein (HELP) diet 
induced FLHS model has been successfully established [5].
 The metabolic disorders such as obesity and liver steatosis 
often result from the disruption of lipid homeostasis and over-
activation of immune pathways. And these damages are 
commonly localized around expanding volumes of adipose 
tissue, and in particular visceral adipose tissue [6]. Adipose 
tissue is an important endocrine organ that controls energy 
hemostasis by storing excess energy in the form of triacylg-
lycerol (TAG) and releasing energy in the form of free fatty 
acid. Excessive lipid storage in adipose tissue results in obe-
sity and ultimately its related complications including insulin 
resistance, non-alcoholic fatty liver disease and other lipid 
metabolic diseases [7]. Alternatively, adipose tissue is cur-
rently considered as a hormonally active system in the control 
of metabolism, not only as a store of excess energy. It has been 
accepted there is a close link between chronic low-grade 
inflammation in adipose tissue and metabolic disorders [8]. 
Accumulated evidence indicates that adipose tissue can release 
hormones and adipokines which affect glucose homeostasis, 
lipid metabolism, and inflammation. For example, inter-
leukin-6 (IL-6) is a multifunctional cytokine that plays a 
major role in regulating immune responses, acute phase 
reactions and hematopoiesis in chicken and human [9]. An 
adipocyte-derived hormone of leptin can activate the JAK-
STAT signaling pathway through the chicken leptin receptor 
(chLEPR) to regulate energy homeostasis [10], and suppress-
ing cytokine signaling 3 (SOCS3) plays an essential role in 
affecting systemic inflammation, insulin resistance, and 
leptin resistance [6]. Thereby, a better understanding of the 
endocrine function of adipose tissue may shed insights into 
the lipid metabolic disorders and the importance of inflam-
mation as a pathogenic pathway in the development of many 
hallmarks of the metabolic syndrome including insulin resis-
tance, leading to more rational therapy for these increasingly 
prevalent disorders.
 To date, as far as we know, systematic studies to detect the 
transcriptomic changes in abdominal adipose tissue from 
FLHS affected (experimental) hens in comparison with healthy 
(control) individuals are rare. To this end, we explored the 
RNA sequencing technology to compare gene expression 
profiling in the abdominal fat tissue from FLHS experimen-
tal and control chickens, and to identify candidate genes 
and pathways functionally related to FLHS in chickens.

MATERIALS AND METHODS 

Ethics and consent
All the tested animals are raised in compliance with the care 
and use guidelines of experimental animals established by 
the Ministry of Agriculture of China. This study was approved 
by the ethics committee of Jiangxi Agricultural University 

(Approval number: JXAULL-20190019). 

Experimental animals and tissue collection 
All animal experiments were approved by the Jiangxi Agri-
cultural University Animal Care and Use Committee. Ninety 
healthy 155-day-old Hyline Brown layers with an average 
body weight of 1.5 kg were chosen in this study. All layers 
were acclimatized for 7 days before the start of the experiment. 
These layers were randomly divided into the experimental 
and control groups, and each group contained 45 layers with 
3 replicates. These chickens were fed the same basal diet that 
was formulated to meet the nutritional requirements of layers 
[11]. Layers in the control group were fed basal diet, and 
layers in the experimental group were fed ‘HELP’ diet (Sup-
plementary Table S1). On experimental day 60, the livers 
were harvested from the tested chickens after they were sac-
rificed humanely. Portions of the fresh liver samples were 
stored at –80°C until further use. 

Histopathological examination 
Fresh liver samples were dissected, rinsed with saline and 
fixed in 10% neutral buffered formalin. The subcutaneous 
fat was immersion-fixed in 4% formaldehyde solution for 
24 h, then dehydrated and embedded in paraffin using a 
standard procedure [12]. The formalin-fixed samples were 
routinely processed, embedded in paraffin, stained with 
hematoxylin and eosin (H&E). The stained sections were 
observed using an optical microscope, and photographs 
were taken. Diameters of adipocyte staining were determined 
using Image-Pro Plus 6.0 software.

Statistical analyses
Phenotypic values were presented as mean±standard devia-
tion (mean±SD). Statistical comparisons of phenotypic values 
between the experimental and control groups were conducted 
by Student t-test. The statistical difference was considered as 
significant at p≤0.05 and highly significant at p≤0.01.

RNA extraction and sequencing
Total RNA was extracted from 100 mg of adipose tissue from 
three FLSH experimental individuals and three control indi-
viduals using the RiboPure kit (Ambion, Austin, TX, USA) 
according to the manufacturer's protocol. RNA integrity was 
assessed by an Agilent Bioanalyser 2100 and RNA Nano 
6000 Lab chip kit (Agilent Technologies, Santa Clara, CA, 
USA). Sequencing libraries were generated using the NEB-
Next Ultra Directional RNA Library Prep Kit (Illumina, San 
Diego, CA, USA) following the manufacturer’s recommen-
dations, and index codes were added to attribute sequences to 
each sample. Then the paired-end sequencing of the libraries 
was constructed on a Hi-Seq 4000 platform (Illumina, USA) 
via Novogene (Novogene, Beijing, China). 
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Mapping, assembling and annotation of sequence reads
First, the RNA-seq reads were discriminated based on the 
indexing adaptors. Low-quality reads and those containing 
poly-N were then removed from raw data using FastQC v0.11.7 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). Next, 
the filtered reads were mapped against the chicken reference 
genome Gallus_gallus-5.0 (Ensembl) using STAR-2.5.3a, a 
fast splice junction mapper for short and long RNA-seq reads 
to a reference genome using uncompressed suffix arrays. Pa-
rameters of STAR were set to allow only unique alignment 
to the reference genome. Transcripts were assembled and 
quantified by Stringtie-1.3.3b [13]. In addition, we explored 
S-MART (http://urgi.versailles.inra.fr/Tools/S-MART) to 
calculate the distribution of reads mapped to exons, introns 
and 1 kb upstream/downstream of the annotated genes. To 
count the number of reads that uniquely mapped to an exon, 
featureCounts was used with ‘gene’ as feature and not strand-
specific [14]. Since low expressed genes are more vulnerable 
to measurement errors, we removed low expressed genes 
whose counts were lower than 2 in 90% samples. And then 
FPKM (expected number of Fragments Per Kilobase of tran-
script sequence per Millions base pairs sequenced) of each 
gene was calculated based on the length of the gene and read 
count mapped to this gene. FPKM considers the effect of se-
quencing depth and gene length for the read counts at the 
same time, and is currently the most commonly used method 
for estimating gene expression levels from RNA-seq data [15]. 

Differential gene expression analyses
Differential expression analyses of the FLHS experimental 
and control groups was performed using the DESeq2 R pack-
age [15]. It provides statistical routines for determining 
differentially expressed genes (DEGs) from digital gene ex-
pression data using a model based on the negative binomial 
distribution. The resulting p-values were adjusted using the 
Benjamini and Hochberg’s approach for controlling the false 
discovery rate. Genes with adjusted p-values (Padj) of less 
than 0.05 and fold changes of greater than 1.2 were assigned 
as DEGs. 

Gene ontology and pathway enrichment analyses
DAVID (https://david-d.ncifcrf.gov/) and PANTHER (http:// 
www.pantherdb.org/) were executed to identify over-repre-
sented gene ontology (GO) terms and pathways of the 66 
DEGs with a log2(fold change) higher than 1.2 and Padj (false 
discover rate) less than 0.05 between control and FLHS chick-
ens. GO terms with corrected p-value less than 0.05 were 
considered significantly enriched by DEGs. Kyoto encyclo-
pedia of genes and genomes (KEGG) is a database resource 
for understanding high-level functions and utilities of the 
biological system, such as the cell, the organism and the 
ecosystem, from molecular-level information, especially 

large-scale molecular datasets generated by genome sequenc-
ing and other high-through put experimental technologies 
(http://www.genome.jp/kegg/). We used the KOBAS soft-
ware (http://kobas.cbi.pku.edu.cn) to test the statistical 
enrichment of DEGs in KEGG pathways.

Quantitative real-time polymerase chain reaction
RNA was reverse-transcribed into first-strand cDNA with 
Moloney Murine Leukemia Virus transcriptase (Promega, 
Madison, WI, USA) and oligo (dT) (TaKaRa, Purwokerto, 
Japan) using 2 μg of total RNA. The expression of IL-6, SOCS3, 
and ciliary neurotrophic factor (CNTF) genes were quanti-
fied by real-time polymerase chain reaction (RT-PCR) using 
a LightCycler 480 instrument with the LightCycler 480 SYBR 
Green I Master Mix (Roche, Santa Clara, CA, USA). For 
RT-PCR amplification, cDNA was pre-denatured at 95°C 
for 10 min, followed by 40 cycles of 95°C for 30 s, and 60°C 
for 1 minute. The relative expression level of the target gene 
was normalized to that of the housekeeping gene β-actin by 
the 2–ΔΔCT method.

Enzyme-linked immunosorbent assay 
Blood samples were collected from healthy group and FLHS 
group respectively, and sera were separated by centrifuga-
tion at 1,000×g for 20 minutes and the supernatants carefully 
collected and stored at –20°C until use. The enzyme-linked 
immunosorbent assay (ELISA) of IL-6, SOCS3, and CTNF 
used the Chicken Interleukin 6 ELISA Kit (Catalog #MBS 
037319), chicken suppressor of cytokine signaling 3 ELISA 
Kit (Catalog #OKEH03978) and chicken ciliary neurotrophic 
factor ELISA Kit (Catalog #MBS260527) respectively. The 
detailed protocols were obtained from https://cdn.mybiosource.
com/ and https://www.biocompare.com/. ELISA results were 
determined for each serum sample in duplicate. Cut-off 
point of an experimental sample was set to be at least two 
times higher than that of the control sample.

RESULTS AND DISCUSSION 

Pathological and histopathological observation of the 
liver and adipose tissues from experimental and control 
individuals
 Compared with healthy hens (Figure 1A), FLHS affected 
individuals showed large, friable and soft livers that varied in 
color from yellow to orange (Figure 1B), which is consistent 
with previous reports [1,10]. As to the difference of biochemi-
cal parameters between these two groups, we found that there 
was no statistical difference in body weight of hens, but the 
liver index in the experimental group was significantly (p< 
0.01) higher than that in the control group. There were similar 
change trends for (appear in) the hepatic triglyceride (TG) 
and total cholesterol (TC) (Table 1) i.e. the concentration of 
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hepatic TG and TC in experimental individuals were much 
higher (p<0.01) than that in control individuals. As revealed 
by the H&E staining, FLHS affected animals also had path-
ological changes in the liver, including lesions and micro-
vesicular fatty change (liver cells were filled with multiple 
fat droplets) (Figure 1D), although they displayed regular 
hepatic sinusoids and normal hepatic cords (Figure 1C).
 To confirm that lipid accumulation in adipose tissue was 
enhanced in FLHS affected chickens, we performed micro-

scopic examinations on the adipose tissue from the two groups 
of animals. We found that adipocytes were smaller and more 
compact in the adipose tissue of normal chickens (Figure 1E) 
relative to FLHS affected chickens (Figure 1F). Similarly, the 
sizes of lipid droplets in FLHS affected chickens were signifi-
cantly bigger (p<0.001) than those in normal broiler chickens 
(Figure 1G).

Mapping and annotation of RNA sequencing reads
We obtained about 40 million (M) of 150bp paired-end reads 
for each sample (Supplementary Figure S1A). After ambigu-
ous mapping (allowing for multi-hits) via STAR-2.5.3a [16], 
a total of ~36 M reads for each sample were mapped against 
the chicken reference genome Gallus_gallus-5.0 (Ensembl), 
and only ~4 M were classified as improper pairs (Supplemen-
tary Figure S1B). Among the mapped reads, 80% of these 
reads were mapped to exonic regions, 14% to intergenic re-
gions, and 6% to intronic regions (Supplementary Figure S1B). 
The rest (4 M) fell into either one of these categories: reads 
without a mapped mate pair or mate was multiple mapped. 

Figure 1. Anatomical and histopathological images of the liver in chickens. (A) Livers of normal chickens; (B) Livers of fatty liver hemorrhagic syn-
drome (FLHS) affected chickens; (C) Histopathological observation of the liver in normal chickens. (D) Histopathological observation of the liver in 
FLHS affected chickens. Scale bars = 100 μm; (E-F) Subcutaneous fat sections stained with haematoxylin and eosin from control (E) and experimental 
animals (F). Scale bars = 100 μm. (G) Based on sections in (E) and (F), the sizes of lipid droplets (LDs) were calculated from 100 adipocytes in each 
group. LDs in FLHS chickens were significantly larger than those in control chickens (p<0.001).

Table 1. Effect of fatty liver hemorrhagic syndrome on liver index, 
hepatic triglyceride and hepatic total cholesterol in chickens

Parameters Control Experimental

Liver index1) (‰) 14.12 ± 0.70A 20.03 ± 0.68B

Hepatic TG (mmol/g) 4.22 ± 0.29A 9.44 ± 0.43B

Hepatic TC (mmol/g) 1.64 ± 0.15A 3.30 ± 0.31B

Values are presented as the mean ± standard deviation (n ≥ 10). 
TG, triglyceride; TC, total cholesterol.
1) Liver index (‰) =  humid weight of liver/body weight. 
AB Values with different superscripts show highly significant difference 
between different groups (p < 0.01).
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One reasonable explanation of the amount of improperly 
mapped reads is the poor quality of the chicken genome as-
sembly. In addition, any situation where the distance between 
the mates is larger than the confidence interval of the insert 
size distribution could be interpreted as trans-splicing events, 
structural variants or simply mapping artifacts [17].

Identification of differentially expressed genes between 
experimental and control chickens
In total, 100 differentially expressed transcripts correspond-
ing to 66 genes (DEGs) were identified between experimental 
and control animals with a log2(fold change) higher than 1.2 
at Padj (false discover rate) <0.05 (Supplementary Figure S2). 
Among these transcripts, 83 were up-regulated and 17 were 
down-regulated in FLHS affected animals (Supplementary 
Table S2). The top ten up- and down-regulated genes with 
higher log2(fold change) value are listed in Table 2, including 
phospholipase A2 group V (PLA2G5) [18], delta 4-desaturase 
sphingolipid 2 (DEGS2) [19], IL-6 [20], solute carrier family 
9 member a2 (SLC9A2) [21], wap kunitz and netrin domain 
containing 2 (WFIKKN2) [22], perilipin 3 (PLIN3) [23], alpha 

associated neural protein (PIANP) [24], phospholipid phos-
phatase 1 (PLPP1) [25], which have been reported to be 
involved in the regulation of inflammatory system process 
and lipid metabolic process. Given the unknown function of 
the 34 novel transcripts, we proceeded with hierarchical clus-
tering of 66 annotated DEGs to show the differential gene 
expression profile between normal and FLHS affected chickens 
(Figure 2).

Gene annotation and gene ontology analyses of 
differentially expressed genes
We first adopted PANTHER (http://www.pantherdb.org/) to 
understand gene ontology and function of the 66 DEGs in 
more detail. These genes are involved in multiple function 
terms, such as lipid metabolic process (GO: 0006629; DEGS2, 
PLIN3), fatty acid metabolic process (GO: 0006631; immune-
responsive gene 1, phospholipid metabolic process (GO: 
0006644; sulfatase 1, PLA2G5) and immune system process 
(GO: 0002376; WFIKKN2, solute carrier family 11 member 
1 (SLC11A1) (Supplementary Table S3). These genes are also 
participated in multiple biological processes, such as "cellular 
process", "metabolic process", "response to stimulus", "bio-
logical regulation", "immune system process", etc. (Figure 3), 
indicating that these processes could be triggered during the 
development of FHLS in chickens. Intriguingly, four genes 
including DEGS2, PLIN3, PLA2G5, and WFIKKN2 exhibit-
ed the noteworthy log2(fold change) value with 5.91-fold, 
1.87-fold, 7.03-fold, and 2.73-fold (p<0.01) respectively in 
the FLHS affected samples (Table 2) during the biology pro-
cess of lipid metabolic process and immune system process, 
which were explored for further analyses. To further search 
for significantly overrepresented gene ontology terms in-
volving 66 DEGs, functional annotation was also performed 
with the DAVID bioinformatics resources 6.7 (https://david-
d.ncifcrf.gov/). Similar biological processes and interleukin 
regulation terms were significantly enriched (Supplementary 
Table S4), which was in accordance with the result of PAN-
THER. Besides, inflammatory related genes including IL6, 
CNTF, angiopoietin like 4, netrin 1, CD9 molecule, tenascin 
C, SLC9A2, SLC11A1, heparin binding EGF like growth fac-
tor, insulin like growth factor binding protein 2 were also over-
represented in multiple GO terms (Supplementary Table S4, 
Figure S3).
 Then according to general bioinformatics analyses and 
functional annotation results of our RNA-Seq data, six DEGs 
(PLA2G5, WFIKKN2, DEGS2, PLIN3, IL-6, and CNTF) were 
repeatedly over-represented in immune response process and 
lipid metabolic process (Supplementary Figure S3). Among 
these genes, PLA2G5 showed the most striking fold change 
between experimental and control individuals, which has 
also been implicated in dysregulated lipid metabolism and 
low-grade inflammation [18]. WFIKKN2 was the most sig-

Table 2. Top 10 up- and down- regulated genes in FLHS affected 
chickens

Gene log2(fold change) p-value Padj Regulate

PLA2G5 7.03 6.89E-04 4.99E-02 Up
DEGS2 5.91 1.48E-04 1.89E-02 Up
RSPO4 5.17 6.13E-07 5.72E-04 Up
GGCL1 4.50 1.14E-08 2.28E-05 Up
IL6 4.36 5.55E-07 5.55E-04 Up
SLC9A2 3.87 4.63E-04 3.92E-02 Up
SLITRK4 3.65 7.88E-06 3.34E-03 Up
AT-
P6V0D2 3.47 8.80E-06 3.62E-03 Up

IL13RA2 3.18 5.75E-06 2.76E-03 Up
EPHA1 3.16 5.74E-05 1.07E-02 Up
WFIKKN2 –2.73 1.54E-04 1.94E-02 Down
RD3L –1.91 1.33E-05 4.55E-03 Down
PLIN3 –1.87 5.62E-04 4.39E-02 Down
PIANP –1.58 4.64E-04 3.92E-02 Down
PLPP1 –1.49 9.44E-05 1.43E-02 Down
RFESD –1.48 8.31E-05 1.34E-02 Down
TMEM26 –1.40 3.03E-11 4.25E-07 Down
LRRTM4 –1.37 3.39E-04 3.24E-02 Down
RASSF9 –1.29 9.36E-05 1.43E-02 Down

PLA2G5, phospholipase A2 group V; DEGS2 , delta 4-desaturase sphin-
golipid 2; RSPO4, R-Spondin 4; GGCL1, gallus chemokine-like ligand 1; 
IL6, interleukin-6; SLC9A2, solute carrier family 9 member 2; SLITRK4, 
slit and NTRK like family member 4; ATP6V0D2, ATPase H+ Transporting 
V0 subunit d2; IL13RA2, interleukin 13 receptor subunit alpha 2; EPHA1 , 
eph receptor a1; WFIKKN2, WAP kunitz and netrin domain containing 2; 
RD3L, retinal degeneration 3 like; PLIN3, perilipin 3; PIANP, PILR alpha 
associated neural protein; PLPP1, phospholipid phosphatase 1; RFESD , 
RIESKE FE-S domain containing; TMEM26 , transmembrane protein 26; 
LRRTM4, leucine rich repeat transmembrane neuronal 4; RASSF9, Ras 
association domain family member 9.
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Figure 2. Transcription profiles of 66 differentially expressed genes between healthy chickens and FLHS affected chickens. CTR, control; FLHS, 
fatty liver hemorrhagic syndrome.

Figure 3. A pie chart of enriched biological processes involving 66 differentially expressed genes.
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nificant down-regulated gene and over-represented in immune 
system process (GO: 0002376), which functions as a modu-
lator of immunity [26]. In lymphocytes, a down regulation 
of WFIKKN2 was evidenced in quaternary memory T cells 
as compared to primary memory T cells [27]. DEGS2 (up-
regulated) and PLIN3 (down-regulated), were enriched in 
lipid metabolic process (GO: 0006629). DEGS2 belongs to 
the desaturase/hydroxylase superfamily, which has a sphin-
golipid dihydroceramide hydroxylase activity and plays a 
role in signal transduction and cell apoptosis [19]. PLIN3 is 
important for TAG storage and oxidation [23]. Loss-of-func-
tion mutations in PLIN1 cause severe metabolic phenotypes, 
including impaired suppression of basal lipolysis, severe in-
sulin resistance, type 2 diabetes, dyslipidemia and fatty liver 
disease [28]. IL6, significantly up-regulated in FLHS affected 
chickens, is known as both a pro-inflammatory cytokine and 
an anti- inflammatory myosin [20]. But in adipose tissue, as 
obesity related diseases like FLHS are always associated with 
hyper-activation of immune cells, pro-inflammatory cytokine 
IL6 would impair insulin signaling indirectly by increasing 
serum none-sterified fatty acids, which have independently 
been shown to induce insulin resistance in multiple tissues 
[29]. In contrast, CNTF, a survival factor for various neuronal 
cell types, is relevant to reducing tissue destruction during 
inflammatory attacks and acts centrally by inducing hypo-
thalamic neurogenesis to modulate food intake and peripherally 
by altering hepatic gene expression, in a manner similar to 
that of leptin (act on the hypothalamus to regulate food in-
take and energy expenditure), as well as reduces body mass 

and increases fat oxidation through activation of AMPK and 
restore insulin sensitivity [30].
 Altogether, these results indicate that the six genes (PLA2G5, 
WFIKKN2, DEGS2, PLIN3, IL6, and CNTF) related to im-
mune response process and lipid metabolic process could 
play a role in the development of FLHS in chickens. However, 
further investigations are required to establish the role of these 
genes in chicken FLHS. 

Differentially expressed genes over-represented 
pathways
Then, we tried to understand which biological processes and 
pathways were overrepresented by all DEGs with a log2(fold 
change) higher than 1.2 and Padj (false discover rate) less 
than 0.05 between control and FLHS chickens by DAVID 
(https://david-d.ncifcrf.gov/) and KEGG database (http://
www.genome.jp/kegg/). Two significantly enriched pathways 
(Jak-STAT signaling pathway and cytokine-cytokine recep-
tor interaction pathway) were identified, including key DEGs 
of IL6, IL1R2, IL13RA2, SOCS3, CNTF, and TNF receptor 
superfamily member 6b which we mentioned before (Table 
3). Intriguingly, the JAK-STAT signaling pathway, a landmark 
in cell biology, is known for regulation of hormones, inter-
ferons, colony-stimulating factors, and interleukins [31]. The 
highly conserved Jak-STAT signaling pathway requests nor-
mal homeostasis, and its dysregulation would contribute to 
the development of obesity, hepatic steatosis and diabetes 
[32]. On the one hand, SOCS3, the up-regulated gene in the 
pathway in FLHS affected chickens, plays an essential role in 

Table 3. Top canonical pathways that are enriched by differentially expressed genes between FLHS affected and non-affected chickens

Pathway Genes log2(Fold 
Change) p-value Padj Regulate Function

gga04630:Jak-STAT 
signaling pathway

IL6 4.36 5.55E-07 5.55E-04 Up It acts as a cytokine that functions in inflammation and the 
maturation of B cells.

IL13RA2 3.18 5.75E-06 2.76E-03 Up It is a cytokine secreted by activated T lymphocytes that shares 
many logical activities with IL-4.

SOCS3 2.13 1.35E-04 1.80E-02 Up It inhibits the functioning of leptin and downstream steps in 
insulin signaling after being expressed by terminal transcription 
factors, such as STAT3 and c-fos.

CNTF 1.54 1.05E-07 1.63E-04 Up The protein is a potent survival factor for neurons and oligo-
dendrocytes and may be relevant in reducing tissue destruction 
during inflammatory attacks.

gga04060:Cytokine- 
cytokine receptor 
interaction

IL6 4.36 5.55E-07 5.55E-04 Up It acts as a cytokine that functions in inflammation and the 
maturation of B cells.

TNFRSF6B 2.03 7.43E-05 1.21E-02 Up It acts as a decoy receptor that competes with death receptors 
for ligand binding.

IL1R2 1.76 2.94E-04 3.06E-02 Up The protein can bind interleukin alpha (IL1A), interleukin beta 
(IL1B), and interleukin 1 receptor, type I (IL1R1/IL1RA), and acts 
as a decoy receptor that inhibits the activity of its ligands.

CNTF 1.54 1.05E-07 1.63E-04 Up The protein is a potent survival factor for neurons and oligo-
dendrocytes and may be relevant in reducing tissue destruction 
during inflammatory attacks.

IL6, interleukin-6; IL13RA2, interleukin 13 receptor subunit alpha 2; SOCS3, suppressor of cytokine signaling 3; CNTF, ciliary neurotrophic factor; TNFRSF6B, 
TNF receptor superfamily member 6b; IL1R2, interleukin 1 receptor, type II.
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mediating inflammatory responses in both immune cells (such 
as macrophages and T-cells) and metabolic organs (such as 
the liver, adipose tissue and skeletal muscle), affecting sys-
temic inflammation, insulin resistance, and leptin resistance 
[6]. As shown in Figure 4A, the important endocrine func-
tion of adipose tissue is emphasized by the adverse metabolic 
consequences of both fat excess and deficiency, associating 
with macrophage inflammation [33]. Increased inflamma-
tion would impair insulin signaling through pro-inflammatory 
cytokine tumor necrosis factor – alpha (TNFα) and IL6, lead-
ing to the development of hyper-insulinaemia, accompanied 
by hepatic insulin resistance, glucose intolerance and re-
duced insulin signaling in the liver, which is consistent with 
finding that liver Kupffer cells are a major cause of insulin 

resistance in obesity [33]. On the other hand, IL-6 decreases 
insulin signaling in peripheral tissues by reducing expres-
sion of insulin receptor substrate 1 (IRS-1) and inducing 
SOCS3 [34,35]. Then SOCS3 can also reduce IRS1 protein 
levels through inhibiting Jak-STAT signaling pathway. 
 Based on the biological functions of above-mentioned genes 
and previous studies of Jak-STAT signaling pathway, we pres-
ent a proposed model for the development of chicken FLHS 
(Figure 4B). In this model, SOCS3 acts as a negative regula-
tor of the leptin receptor [32]), repressing leptin binding to 
the receptor and damaging phosphorylation of JAK2, and 
subsequently, phosphorylation and dimerization of STAT3, 
which leads to the dysfunction of Jak-STAT signaling path-
way and leptin resistance. Leptin is an important hormone 

Figure 4. A proposed model of the role of the JAK-STAT signaling pathway in the development of FLHS in chickens. (A) IL6 and SOCS3 in macrophag-
es inhibit IRS-1 induced inflammation, hyperglycaemia and insulin resistance. (B) A proposed model of the role of the JAK-STAT signaling pathway in 
the development of FLHS in chickens. In healthy chickens, leptin induces satiety and increases energy expenditure. While in FLHS affected chickens, 
the activity of leptin as satiety hormone is decreased due to leptin resistance by suppressor gene of SOC3, inducing the dysfunction of Jak-STAT sign-
aling pathway and resulting in excessive amount of abdominal fat. FLHS, fatty liver hemorrhagic syndrome; IL-6, interleukin-6; SOCS3, suppressor of 
cytokine signaling-3; IRS-1, insulin receptor substrate 1.
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synthesized by adipocytes [36], which acts on the hypothala-
mus to regulate food intake and energy expenditure. Mice 
lacking either leptin or the leptin receptor (LepRb/ObRb de-
velop severe obesity and insulin resistance. Consistently, in 
healthy chickens, leptin induces satiety and increases energy 
expenditure. While in FLHS affected chickens, the activity of 
leptin as satiety hormone is decreased due to leptin resistance 
by suppressor gene of SOC3, inducing the dysfunction of Jak-
STAT signaling pathway and resulting in excessive amount 
of abdominal fat (Figure 4B). Thereby, these findings suggest 
that the inhibition of IL6 and SOCS3 could potentially serve 
as a favorable strategy to enhance insulin action and improve 
glucose homoeostasis. In addition, as obesity related diseases 
are always associated with hyperactivation of immune cells, 
efforts to increase the expression of CNTF proteins in im-
mune cells may reduce tissue destruction during inflammatory 
attacks. Its function is like that of leptin, acting centrally by 
inducing hypothalamic neurogenesis to modulate food in-
take and peripherally by altering hepatic gene expression 
(Figure 4). So, the up-regulation of CNTF may be a protec-
tive mechanism to prevent further deterioration in glucose 
homoeostasis under conditions of hyperinsulinemia and high 
nutrient availability, which raises the possibility that CNTF 
has the therapeutic potential for treating obesity-related dis-
orders. Together, better understanding of the JAK-STAT 
pathway and the functional roles of IL6, SOCS3, and CNTF 
in the context of FLHS are of importance, which may enable 
us to develop new and specific therapies for FLHS suscep-
tible commercial laying hens.
 We noted that cytokine-cytokine receptor interaction was 
also associated with inflammatory process (Supplementary 
Figure S3). Cytokines exert a vast array of immune regulatory 
actions critical to human biology and disease, which can 
regulate many important facets of immune function and 
numerous other aspects of mammalian physiology [35]. DEGs 
of IL6, IL1R2, and CNTF were also enriched in this pathway, 

further indicating that immune response and lipid metabolic 
related genes were implicated in FLHS affected chickens, 
which is consistent with previous studies in obese humans 
[32] and fat mice [36]. Collectively, both Jak-STAT signaling 
pathway and cytokine-cytokine receptor interaction pathway 
may contribute to the chicken FLHS by regulating inflam-
matory responses and metabolic homeostasis.

qPCR and ELISA validation of DEGs enriched in 
Jak-STAT signaling pathway
To test the proposed model of JAK-STAT signaling pathway, 
we further examined whether mRNA expression levels of 
IL6, SOCS3, and CNTF were elevated using quantitative RT-
PCR. We quantified the mRNA expression levels of IL6, 
SOCS3, and CNTF in FLHS pathological chickens relative 
to control individuals and normalized the data using β-actin 
as reference. The mRNA level of IL6, SOCS3, and CNTF 
were significantly increased by 10.3-fold, 2.3-fold and 1.75-
fold (p<0.05) in the FLHS samples, respectively (Figure 5), 
which are consistent with our RNA-seq data (Table 3). We 
further conducted ELISA to quantify IL-6, SOCS3, and CNTF 
protein levels in the circulation. We found that the experi-
mental group had significant higher (p<0.01) levels of the 
three proteins than the control group (Table 4), which is 
concordant with the RNA-Seq result that the IL-6, SOCS3, 

Figure 5. mRNA expression levels of differentially expressed genes revealed by quantitative RT-PCR. (A) IL6, (B) SOCS3, and (C) CNTF. Expression 
levels in each tissue were determined as the fold-change in 2–ΔΔCt levels relative to the control group with median expression set to 1. RT-PCR, real-time 
polymerase chain reaction; IL-6, interleukin-6; SOCS3, suppressor of cytokine signaling-3; CNTF, ciliary neurotrophic factor.  Significance was assessed 
by t-test, * p<0.05.

Table 4. Serum IL-6, CNTF, and SOCS3 contents in healthy chickens 
and FLHS affected chickens

Genes Control group FLHS group

IL-6 (pg/mL) 3.12 ± 1.38A 17.45 ± 7.29B

SOCS3 (pg/mL) 44.81 ± 11.64A 126.94 ± 29.03B

CNTF (pg/mL) 6.00 ± 2.72A 80.23 ± 21.56B

Values are presented as the mean ± standard deviation (n ≥ 10). 
IL-6, interleukin-6; CNTF, ciliary neurotrophic factor; SOCS3, suppressor 
of cytokine signaling-3; FLHS, fatty liver hemorrhagic syndrome.
AB Values with different superscripts show highly significant difference 
between different groups (p < 0.01).
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and CNTF mRNA expression was up-regulated in the ex-
perimental group.

CONCLUSION

We present here, to the best of our knowledge, the first com-
prehensive profile of gene expression in the adipose tissue 
from healthy chickens and FLHS pathological chickens using 
RNA sequencing technology. We found that the transcrip-
tome of adipose tissue significantly changed in FLHS affected 
individuals, which enabled us to identify a list of DEGs (such 
as PLA2G5, WFIKKN2, DEGS2, PLIN3, IL6, CNTF) and their 
enriched biological processes and pathways. By integrating 
with previous reports, we then proposed a reasonable model 
to explain the genetic mechanisms underlying FLHS in chick-
ens and further highlighted IL6, SOCS3, and CNTF in the 
Jak-STAT signaling pathway as potential therapeutic targets 
for chicken FLHS, though further studies are needed to con-
firm the proposed model and highlighted candidate genes for 
the FLHS disease in laying hens. 

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script.

ACKNOWLEDGMENTS

We are grateful to colleagues in College of Animal Science 
and Technology, Jiangxi Agricultural University for sample 
collection. This work was supported by the National Natural 
Science Foundation of China (No. 31960690; No. 31460648).

REFERENCES

1. Spurlock ME, Savage JE. Effect of dietary protein and selected 
antioxidants on fatty liver hemorrhagic syndrome induced 
in japanese quail. Poult Sci 1993;72:2095-105. https://doi. 
org/10.3382/ps.0722095 

2. Leeson EJSS. Aetiology of fatty liver syndrome in laying hens. 
Br Vet J 1988;144:602-9. https://doi.org/10.1016/0007-1935 
(88)90031-0 

3. Li J, Zhao XL, Yuan YC, et al. Dietary lysine affects chickens 
from local Chinese pure lines and their reciprocal crosses. 
Poult Sci 2013;92:1683-9. https://doi.org/10.3382/ps.2012- 
02865 

4. Trott KA, Giannitti F, Rimoldi G, et al. Fatty liver hemorrhagic 
syndrome in the backyard chicken: a retrospective histo-
pathologic case series. Vet Pathol 2014;51:787-95. https:// 
doi.org/10.1177/0300985813503569

5. Rozenboim I, Mahato J, Cohen NA, Tirosh O. Low protein 

and high-energy diet: a possible natural cause of fatty liver 
hemorrhagic syndrome in caged White Leghorn laying hens. 
Poult Sci 2016;95:612-21. https://doi.org/10.3382/ps/pev367 

6. Galic S, Sachithanandan N, Kay TW, Steinberg GR. Suppressor 
of cytokine signalling (SOCS) proteins as guardians of inflam-
matory responses critical for regulating insulin sensitivity. 
Biochem J 2014;461:177-88. https://doi.org/10.1042/BJ201 
40143 

7. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy 
balance and glucose homeostasis. Nature 2006;444:847-53. 
https://doi.org/10.1038/nature05483 

8. Neels JG, Olefsky JM. Inflamed fat: what starts the fire? J 
Clin Invest 2006;116:33-5. https://doi.org/10.1172/JCI27280

9. Kishimoto T, Akira S, Narazaki M, Taga T. Interleukin-6 
family of cytokines and gp130. Blood 1995;86:1243-54. 
https:// doi.org/10.1182/blood.V86.4.1243.bloodjournal 
8641243

10. Adachi H, Murase D, Ohkubo T. Inhibitory mechanism of 
signal transduction through chicken leptin receptor by sup-
pressor of cytokine signaling-3 (SOCS3). Japan Poult Sci 2013; 
50:262-9. https://doi.org/10.2141/jpsa.0120166

11. Baker DH, Han Y. Ideal amino acid profile for chicks during 
the first three weeks posthatching. Poult Sci 1994;73:1441-7. 
https://doi.org/10.3382/ps.0731441 

12. Cinti S. The adipose organ: morphological perspectives of 
adipose tissues. Proc Nutr Soc 2001;60:319-28. https://doi. 
org/10.1079/PNS200192 

13. Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-
level expression analysis of RNA-seq experiments with HISAT, 
StringTie and Ballgown. Nat Protoc 2016;11:1650-67. https:// 
doi.org/10.1038/nprot.2016.095 

14. Liao Y, Smyth GK, Shi W. FeatureCounts: an efficient general 
purpose program for assigning sequence reads to genomic 
features. Bioinformatics 2014;30:923-30. https://doi.org/10. 
1093/bioinformatics/btt656 

15. Love MI, Huber W, Anders S. Moderated estimation of 
fold change and dispersion for RNA-seq data with DESeq2. 
Genome Biol 2014;15:550. https://doi.org/10.1186/s13059- 
014-0550-8

16. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics 2013;29:15-21. https:// 
doi.org/10.1093/bioinformatics/bts635 

17. McManus CJ, Duff MO, Eipper-Mains J, Graveley BR. Correc-
tion for McManus et al, Global analysis of trans-splicing in 
Drosophila. PNAS 2013;110:7958-9. https://doi.org/10.1073/ 
pnas.1304972110

18. Sato H, Taketomi Y, Ushida A, et al. The adipocyte-inducible 
secreted phospholipases PLA2G5 and PLA2G2E play distinct 
roles in obesity. Cell Metab 2014;20:119-32. https://doi.org/ 
10.1016/j.cmet.2014.05.002 

19. Ohi K, Ursini G, Li M, et al. DEGS2 polymorphism associated 
with cognition in schizophrenia is associated with gene expres-



www.animbiosci.org  153

Zhu et al (2021) Anim Biosci 34:143-153

sion in brain. Transl Psychiatry 2015;5:e550. https://doi.org/ 
10.1038/tp.2015.45

20. Bostrom M, Kalm M, Eriksson Y, et al. A role for endothelial 
cells in radiation-induced inflammation. Int J Radiat Biol 
2018:94:259-71. https://doi.org/10.1080/09553002.2018.143 
1699 

21. Stumpff F. A look at the smelly side of physiology: transport 
of short chain fatty acids. Pflugers Arch 2018;470:571-98. 
https://doi.org/10.1007/s00424-017-2105-9 

22. Monestier O, Blanquet V. WFIKKN1 and WFIKKN2: "Com-
panion" proteins regulating TGFB activity. Cytokine Growth 
Factor Rev 2016;32:75-84. https://doi.org/10.1016/j.cytogfr. 
2016.06.003

23. Shepherd SO, Cocks M, Meikle PJ, et al. Lipid droplet remodell-
ing and reduced muscle ceramides following sprint interval 
and moderate-intensity continuous exercise training in obese 
males. Int J Obes (Lond) 2017;41:1745-54. https://doi.org/10. 
1038/ijo.2017.170 

24. Biswas S, Adrian M, Evdokimov K, et al. Counter-regulation 
of the ligand-receptor pair Leda-1/Pianp and Pilrα during 
the LPS-mediated immune response of murine macrophages. 
Biochem Biophys Res Commun 2015;464:1078-83. https:// 
doi.org/10.1016/j.bbrc.2015.07.079

25. Taddeo EP, Hargett SR, Lahiri S, et al. Lysophosphatidic acid 
counteracts glucagon-induced hepatocyte glucose production 
via STAT3. Sci Rep 2017;7:127. https://doi.org/10.1038/s41598- 
017-00210-y 

26. Wilkinson TS, Roghanian A, Simpson AJ, Sallenave J-M. 
WAP domain proteins as modulators of mucosal immunity. 
Biochem Soc Trans 2011;39:1409-15. https://doi.org/10.1042/ 
BST0391409 

27. Wirth TC, Xue HH, Rai D, et al. Repetitive antigen stimula-
tion induces stepwise transcriptome diversification but pre-
serves a core signature of memory CD8(+) T cell differen-
tiation. Immunity 2010;33:128-40. https://doi.org/10.1016/j. 

immuni.2010.06.014 
28. Rowe ER, Mimmack ML, Barbosa AD, et al. Conserved am-

phipathic helices mediate lipid droplet targeting of perilipins 
1-3. J Biol Chem 2016;291:6664-78. https://doi.org/10.1074/ 
jbc.M115.691048

29. Nonogaki K, Pan XM, Moser AH, et al. LIF and CNTF, which 
share the gp130 transduction system, stimulate hepatic lipid 
metabolism in rats. Am J Physiol Endocrinol Metab 1996;271: 
E521-8. https://doi.org/10.1152/ajpendo.1996.271.3.E521

30. Watt MJ, Dzamko N, Thomas WG, et al. CNTF reverses 
obesity-induced insulin resistance by activating skeletal muscle 
AMPK. Nat Med 2006;12:541-8. https://doi.org/10.1038/ 
nm1383  

31. O'Shea JJ, Plenge R. JAK and STAT signaling molecules in 
immunoregulation and immune-mediated disease. Immunity 
2012;36:542-50. https://doi.org/10.1016/j.immuni.2012.03. 
014

32. Gurzov EN, Stanley WJ, Pappas EG, Thomas HE, Gough 
DJ. The JAK/STAT pathway in obesity and diabetes. FEBS J 
2016;283:3002-15. https://doi.org/10.1111/febs.13709 

33. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. 
J Clin Endocrinol Metab 2004;89:2548-56. https://doi.org/ 
10.1210/jc.2004-0395

34. Yasukawa H, Ohishi M, Mori H, et al. IL-6 induces an anti-
inflammatory response in the absence of SOCS3 in macro-
phages. Nat Immunol 2003;4:551-6. https://doi.org/10.1038/ 
ni938

35. Spangler JB, Moraga I, Mendoza JL, Garcia KC. Insights into 
cytokine-receptor interactions from cytokine engineering. 
Annu Rev Immunol 2015;33:139-67. https://doi.org/10.1146/ 
annurev-immunol-032713-120211 

36. Wang B, Charukeshi Chandrasekera P, Pippin JJ. Leptin- and 
leptin receptor-deficient rodent models: relevance for human 
type 2 diabetes. Curr Diabetes Rev 2014;10:131-45. https:// 
doi.org/10.2174/1573399810666140508121012


