Fasting and overfeeding affect the expression of the immunity- or
inflammation-related genes in the liver of poultry via endogenous
retrovirus
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ABSTRACT It is known that nutrition and immunity
are connected, but the mechanism is not very clear.
Endogenous retroviruses (ERV) account for 8 to 10% of
the human and mouse genomes and play an important
role in some biological processes of animals. Recent
studies indicate that the activation of ERV can affect the
expression of the immunity- or inflammation-related
genes, and the activities of ERV are subjected to regula-
tion of many factors including nutritional factors.
Therefore, we hypothesize that nutritional status can
affect the expression of the immunity- or inflammation-
related genes via ERV. To verify this hypothesis, the
nutritional status of animals was altered by fasting or
overfeeding, and the expression of intact ERV
(ERVK18P, ERVK25P) and  immunity- or
inflammation-related genes (DDX41, IFIH1, IFNG,
IRF7, STATS) in the liver was determined by quantita-
tive PCR, followed by overexpressing ER VK25P in goose
primary hepatocytes and determining the expression of

the immunity- or inflammation-related genes. The data
showed that compared with the control group (no fast-
ing), the expression of ERV and the immunity- or
inflammation-related genes was increased in the liver of
the fasted chickens but decreased in the liver of the fasted
geese. Moreover, compared with the control group
(routinely fed), the expression of ERV and the immunity-
or inflammation-related genes was increased in the liver of
the overfed geese. In addition, overexpression of
ERVK25P in goose primary hepatocytes can induce the
expression of the immunity- or inflammation-related
genes. In conclusion, these findings suggest that ERV
mediate the effects of fasting and overfeeding on the
expression of the immunity- or inflammation-related
genes, the mediation varied with poultry species, and
ERV and the immunity- or inflammation-related genes
may be involved in the development of goose fatty liver.
This study provides a potential mechanism for the
connection between nutrition and immunity.
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INTRODUCTION

Endogenous retroviruses (ERV) are considered the
remnants of exogenous retroviruses (proviruses). Most
of these remained ‘fossil’ sequences contain an amount
of mutations that have been accumulated in the process
of long-term evolution since their integration into host
genomes (Cafladas et al., 2018). They exist in almost
all mammalian animals (such as humans, mice, cats,
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and sheep) and other vertebrates (such as chickens)
(Melanie and Nair, 2014; Xu et al., 2014). In the chicken,
ERYV account for more than 3% of the chicken genome
(Huda et al., 2008). Although ERV are abundant in an-
imal genomes, many ERV are not intact. Intact ERV
refer to those whose structures are not easily distin-
guished from exogenous retroviruses. These ERV usu-
ally contain 2 long terminal repeats (LTR) that have
elements for transcriptional regulation, the coding se-
quences of viral proteins (group-specific antigen [Gagl,
reverse transcriptase [Pol], and envelope protein
[End]), polypurine track sequence, and short flanking
genomic sequences of their host cells (Jern and Coffin,
2008; Dolei et al., 2015; Kiiry et al., 2018). So far, there
are about 500 relatively intact ERV that are found in the
chicken genome (Bolisetty et al., 2012). In addition to
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the relatively intact ERV, there are other types of ERV,
including the ‘slender’ ERV that lack one or more coding
genes necessary for self-replication (usually the FEnw
gene) and ‘solo LTR’ ERV. The number of ‘solo LTR’
ERV is about 60 times the number of the relatively
intact ERV (Bolisetty et al., 2012). Phylogenetic anal-
ysis indicates that avian proretroviruses (i.e., ERV)
can be classified into class 1 (gamma-like), class II
(alpha- and beta-like), and class TII (distantly spuma-
like) proretroviruses. Alpha-like proretroviruses are out-
numbered by beta-like, gamma-like, and alphabeta pro-
retroviruses (Bolisetty et al., 2012). Compared with
mammalian proretroviruses, the avian proretroviruses
are more heterogeneous. The beta-like proretroviruses
have undergone an evolutionary transition from beta-
like to alphabeta-like and then to alpha-like proretrovi-
ruses, with a gradual loss of betaretroviral markers.
The alphabeta proretroviruses are the intermediate be-
tween alpha-like and beta-like ones, including some
earlier recognized avian proretroviruses. The class III
proretroviruses appear to be the oldest, followed by the
beta-like and gamma-like proretroviruses, whereas the
alphabeta and alpha-like proretroviruses appear to be
the youngest. Most proretroviruses are integrated in
host genes in the sense orientation (Bolisetty et al.,
2012).

Like non-LTR transposons (e.g., long or short
interspersed nuclear elements), ERV are mobile ele-
ments that are able to transpose themselves in the
form of DNA sequence from one location to another
in the host genome. This transposition is mediated
by the RNA intermediate. Although ERV as retro-
transposons have strong transposable ability in the
early stage of evolution, most of them now have
lost this ability (Jern and Coffin, 2008). Moreover,
deep sequencing studies indicate that many ERV
are generally silent. For instance, only about 20%
of ERV are transcribed in chicken embryo fibro-
blasts, and a subset of these are also transcribed
in vivo (Bolisetty et al., 2012). In addition, recent
studies show that some silent ERV can be activated
and expressed under certain conditions (Crichton
et al., 2014), and their expression is affected by
many factors, such as cell type or tissue type (espe-
cially placenta and germ cells), cell differentiation
and aging process, cytokines, the factors that disrupt
the normal function of cells, and nutritional factors
(Taruscio and Mantovani, 2004; Denner, 2016;
Elaheh et al., 2018). In recent decades, the biological
functions of ERV have been gradually uncovered: 1)
Transposition of ERV may destabilize host genomes,
but ERV as an original genetic material allow host
animals to increase diversity among and within spe-
cies, enhance adaptability to environment, and main-
tain continuous evolution (Zhang et al., 2008); 2)
Promoters and enhancers in the LTR regions of
ERV can affect the transcription of their adjacent
genes and alter the epigenetic status of adjacent re-
gions (such as DNA methylation and histone modifi-
cation) (Thompson et al., 2016); 3) By binding Env

proteins to host receptors, ERV can block the bind-
ing of exogenous viruses to the same receptors, thus
providing host cells with the ability to resist exoge-
nous viruses (Nadeau et al., 2015); 4) ERV tran-
scripts can activate the innate immune system and
induce the production of cytokines such as IFN via
the double-stranded RNA-dependent TLR3/MDA5
signaling  pathway, thus inhibiting  tumors
(Chiappinelli et al.;, 2015); and 5) ERV are also
involved in the occurrence and development of some
diseases, such as aging, autoimmunity, and degenera-
tive neurological diseases (Mager and Stoye, 2015;
Nadeau et al., 2015).

Endogenous retrovirus group K (ERVK) is the most
recently endogenized one among the different groups of
ERV (ERVW, ERVH, ERVK, and so on). It contains
the coding sequence for functional proteins, thus being
considered the most intact and biologically active ERV
group (Hohn et al., 2013). The upregulated expression
of ERVK has been associated with inflammatory disease,
neurological disease, autoimmune disease, and so on
(Haraguchi et al., 1992; Tolosa et al., 2012). Recent
studies show that ERVK activation by the DNA meth-
yltransferase inhibitor, 5-aza-2-deoxycytidine, can
enhance cellular innate immunity (Nogues et al.,
2018). Compared with human ERVK having many
members, avian ERVK has only several members anno-
tated in GenBank. The annotated ERVK members
shared by the chicken and goose are just FRVKISP
(LOC106029425) and ERVK25P (LOC106046236). At
present, the biological or pathological role of avian
ERVK remains unknown.

Nutrition and energy statuses are important factors
affecting animal growth, reproduction, and immunity.
As mentioned previously, nutritional factors may acti-
vate the expression of ERV, and ERV may regulate
the expression of the immunity- or inflammation-
related genes in multiple ways. Therefore, we speculate
that the level of nutrition or energy can affect the expres-
sion of the immunity- or inflammation-related genes via
ERV. To verify this speculation, nutritional status was
altered by fasting or overfeeding in experimental
chickens or geese, and the expression of ERV and the im-
munity- or inflammation-related genes in the liver was
then determined. In addition, overexpression of
ERVK25P in goose primary hepatocytes was also per-
formed to address the relation between ERV and the im-
munity (or inflammation)-related genes. This study
provides a new insight into the mechanism for the
connection between nutrition and immunity.

MATERIALS AND METHODS

Experimental Animals

All animal protocols were in accordance with the insti-
tutional guidelines on the use of agricultural animals in
research and approved by the Animal Care and Use
Committee at Yangzhou University in China.
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The Jurong Siji goslings from the same hatching batch
were reared on the ground under natural lighting and con-
ventional husbandry management at the Mali Experi-
mental Farm (Jurong, Jiangsu, China). At the age of
70 d, 16 healthy geese were randomly divided into 2 groups:
fasting group (the geese were fasted for 24 h with free access
to water) and control group (no fasting, ad libitum access to
feed and water). After 24 h of fasting, all the experimental
individuals were sacrificed, and liver samples were collected,
snap-frozen in liquid nitrogen, and transferred at —70°C for
storage. Similarly, sixteen 20-week-old healthy Rhode Is-
land Red chickens were sacrificed for fasting experiment.
In contrast to fasting, sixteen 70-day-old healthy Landes
geese (provided by Licheng Animal and Poultry Co.,
Ltd., Huaian, Jiangsu, China) were randomly and equally
divided into the overfeeding (24 d of overfeeding) and the
control group (feeding routinely). The protocol for over-
feeding was described previously by Geng et al., 2016a.
On the 24th day of overfeeding, the liver samples were har-
vested from both the control and overfeeding groups and
stored at —70°C.

Isolation and Culture of Goose Primary
Hepatocytes and Overexpression of ERV

The goose primary hepatocytes were isolated and
cultured from goose embryos on the 22nd or 23rd day of
hatching as described previously by Osman et al., 2016.

The customized overexpression vector of the goose
LOC106046236 gene (or ERVK member 25 Pol
protein-like, FRVK25P) and empty vector were pur-
chased from Suzhou Jima Gene Co., Ltd. (Suzhou,
China). The overexpression vector was constructed us-
ing pcDNA3.1 vector containing CMV promoter and
the inserted DNA fragment that was the coding
sequence of the FR VK25 polymerase gene. The overex-
pression vector and empty vector were separately trans-
fected into goose primary hepatocytes that had been
isolated and cultured for 24 h with Lipofectamine 2000
(cat# 11,668-019, Invitrogen, Co., Ltd., Camarillo). Af-
ter 32 h of transfection, the cells were collected for gene
expression analysis by quantitative fluorescence PCR.
The transfection was conducted as previously described
by Geng et al., 2013.

RNA Purification and cDNA Synthesis

The total RNA was isolated from liver samples using
the TRIzol kit (cat# DP424; Tiangen Biotech (Beijing)
Co., Ltd., Beijing, China). The purified RNA samples
were reverse transcribed into ¢cDNA using the HiS-
criptTM Q RTSuperMix reverse transcription kit
(cat# R123-01; Vazyme Biotech Co., Ltd., Nanjing,
China). Reverse transcription was carried out according
to the manufacturer’s instructions.

Quantitative PCR Analysis

Based on the reference sequence of each gene in Gen-
Bank, quantitative PCR primers for the genes of interest

and internal reference gene, GAPDH, were designed us-
ing online Primer 3.0 software (Whitehead Institute for
Biomedical Research, Cambridge), and the sequence
specificity was confirmed using the Primer-BLAST pro-
gram (National Center for Biotechnology information,
Bethesda) on the NCBI website. Primer sequences are
listed in Table 1. According to the manufacturer’s in-
structions, quantitative PCR was performed using the
Vazyme AceQ qPCR SYBR Green Master Mix kit
(cat# Q111-02/03; Vazyme Biotech Co., Ltd., Nanjing,
China) and ¢cDNA samples. The relative expression of
the genes of interest was calculated using the 2~ cT
method as previously described by Geng et al., 2016b.

Immunoblotting Analysis

Liver tissue samples were lysed in a buffer containing
50 mmol Tris, pH 7.5, 120 mmol NaCl, 1 mmol EDTA,
15 mmol Na,P>07, 20 mmol NaF, 1% Nonidet, 0.1%
phenylmethyl sulfluoride, and protease inhibitors
(0.08 pmol aprotinin, 0.02 pumol leupeptin, 0.04 pmol
bestatin, and 15 pmol pepstatin). Protein content in
each lysate was determined using the Bio-Rad RC DC
protein assay kit (cat no. 500-0119; Bio-Rad, Hercules)
according to the manufacturer’s instructions. Proteins
(10 pg) from tissue lysates were separated by SDS-
PAGE and then transferred to nitrocellulose mem-
branes, which were incubated overnight in 5% milk in
PBS containing 0.1% Tween 20. The membranes were
subsequently incubated with primary antibody over-
night at 4°C. The following antibodies were used at
1:1000 dilution in this study: anti-STAT3 (cat no. bs-
1141R; Beijing Biosynthesis Biotechnology Co., Ltd.,
Beijing, China), anti-IFIH1 (cat no. bs-18740R; Beijing
Biosynthesis Biotechnology Co., Ltd., Beijing, China),
anti-actin (cat no. bsm-33036M; Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China), and anti-
GAPDH (cat no. NB300-221; Novus Biologicals Co.,
Ltd., CO). Secondary antibodies conjugated with horse
radish peroxidase were used at 1:10,000 dilution. Pro-
teins were detected by enhanced chemiluminescence
and the Western blotting detection system (Amersham
Biosciences, Beijing, China).

Statistical Analysis

The Student t test was used to analyze statistical sig-
nificance of the difference in gene expression between the
treatment and control groups, and P <0.05 was set as
the criterion for statistical significance. All data are pre-
sented as mean = SEM.

RESULTS

Fasting Suppressed the Expression of ERV
and the Immune-Related Genes in the
Goose Liver

The quantitative PCR primers for goose ERV genes
(FERVK1IS8P or LOC106029425, ERVK25P or
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Table 1. List of primer sequences for quantitative PCR.

Gene name

Primer sequence (5’ to 3')

Accession number

GOOSE-ERVK18P
GOOSE-ERVK25P
GOOSE-DDX/1
GOOSE-IFIH1
GOOSE-IFNG
GOOSE-IRF7
GOOSE-STAT3
GOOSE-GAPDH
CHICKEN-ERVK18P
CHICKEN-ERVK25P
CHICKEN-DDX/1
CHICKEN-IFIH1
CHICKEN-IFNG
CHICKEN-IRF7
CHICKEN-STAT3

CHICKEN-GAPDH

ATTCGCATTCACCCTCCCTG
TCTGGCAAAGTGTAGGCGAG
CTCCCCAGCCCATATTACCT
CATCAGCAGGGAGAAGTGGA
AGAAAGCGGAAGCTCGGAAG
CGGACATGCCCAGGATGTAA
GATTGCGGACAAGCTTGGGG
GGGAACCTGATGGGCAGTTC
CCTTCAGCTGACTGGCTTGAA
GCATCTCTTTGGAGACTGGCT
ATCCCCTGGAAGCACAATGC
GCTGTTCTTGGAGTGGTCCT
GCTGTGGAACGAAGGGTACA
CCCATGATGATCTCGGCGAA
CTGATGCTCCCATGTTCGTG
CCACGATGCCAAAGTTGTCA
ACTGGAGGCAGGACACATTG
ACAGCCCGAAGCTCATGCAA
GCCAGACACCCCTTGCAATG
TGCCGTCAATGCTTCCTCCA
TTGCCACTGATGTCGCTTCT
CGCCCGATACGGTGAACATA
GATTACCAGATGGAAGTTGC
GGTAATGTAAACAGCCACTC
CTGACAAGTCAAAGCCGCAC
TCAAGTCGTTCATCGGGAGC
GAGGATCCGGCCAAATGGAA
TGTCATTGGGGACGCCTGAG
GTGCTGCTCCGTATCTGAAG
TCTGCTCCCTCGCTACTGTT
GAGAAACCAGCCAAGTATGA
CTGGTCCTCTGTGTATCCTA

XM_ 013170710
XM_ 013197145
XM_ 013191862
XM_ 013171142
XM_ 013198313
XM _ 013174398
XM_ 013199804
XM_ 013199522
XM _ 015284763
XM_ 015277371
NM _ 001349708
NM_ 001193638
NM_ 001193638
NM_ 205372

NM _ 001030931

NM_ 204305

LOC106046236) were designed based on the reference se-
quences in GenBank. Quantitative PCR analysis showed
that the expression level of FRVK18P in the goose liver
was similar to FRVK25P (Figure 1A). Compared with
the control group (no fasting), the expression of
ERVKI18P and FERVK25P was significantly inhibited
in the liver of the geese fasted for 24 h (P < 0.05 or
0.01) (Figure 1B). Accordingly, the mRNA expression
of the immunity- or inflammation-related genes
(DDX41, IFIH1, IFNG, IRF7, STAT3) was also
inhibited, with the difference in mRNA expression of
DDX41 and IFNG between the fasted and control geese
reaching to a statistically significant level (P < 0.05)
(Figure 1B). Immunoblotting analysis showed that the
protein level of IFIH1 in the liver of the fasted geese
appeared to be lower than that of the control geese
(Supplementary Figure 1).

Fasting Induced the Expression of ERV and
the Immune-Related Genes in the Chicken
Liver

Quantitative PCR analysis showed that compared
with the control group (no fasting), fasting induced
mRNA expression of FRVK18P and ERVK25P in
the chicken liver, and the induction reached a statisti-
cally significant level (P < 0.05 or 0.01) (Figure 2).
Similarly, fasting also induced mRNA expression of
these immunity- or inflammation-related genes, with

the difference in mRNA expression of IFIHI, IFNG,
IRF7, and STATS3 between the groups reaching to a
statistically significant level (P < 0.05 or 0.01)
(Figure 2). Immunoblotting analysis showed that the
protein level of IFTH1 in the liver of the fasted geese
appeared to be higher than that of the control geese
(Supplementary Figure 1).

Overfeeding Induced the Expression of ERV
and the Immune-Related Genes in the
Goose Liver

Quantitative PCR analysis showed that compared
with the control group (feeding routinely), the mRNA
expression of ERVKI18P and ERVK25 P in the liver of
geese overfed for 24 d was increased, with the difference
in mRNA expression of ERVKI18P between the control
and overfed geese reaching to a statistically significant
level (P < 0.05) (Figure 3). Accordingly, the mRNA
expression of the immunity- or inflammation-related
genes in the livers of the overfed geese was also increased,
with the difference in mRNA expression of IRF7 be-
tween the control and overfed geese reaching to a statis-
tically significant level (P < 0.05) (Figure 3).
Immunoblotting analysis showed that the protein level
of IFIH1 in the liver of the overfed geese appeared to
be higher than that of the control geese
(Supplementary Figure 1).
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Figure 1. Expression of ERV and immune-related genes in the goose liver was inhibited by fasting. The relative expression of ERV and immune-
related genes was determined by quantitative PCR. (A) The expression of ERVK18P and ERVK25P in the liver of normal adult goose. (B) The expres-
sion of ERVK18P, ERVK25P, DDX/1, IFIH1, IFNG, IRF7, and STA T8in the livers of the fasted geese is presented as the fold change over the control
(no fasting), n = 6. *** denote P < 0.05, 0.01 vs. control, respectively. All of the data are shown as mean = SEM. Abbreviation: ERV, endogenous

retrovirus.

Endogenous Retrovirus Overexpression
Induced the Expression of the Inmune-
Related Genes

After 32 h of transfection of goose primary hepato-
cytes with the empty vectors or the overexpression
vectors containing the coding sequence of the Pol
gene of goose FRVK25P, the mRNA expression of
the Pol gene in the cells transfected with overexpres-
sion vectors was about 97 times more than that in
the cells transfected with empty vectors (P < 0.01)

(Figure 4). As expected, the expression of the immu-
nity- or inflammation-related genes was induced by
ERVK25P overexpression, and the induction of
IFIH1, IFNG, IRF7, and STA TS reached to a statisti-
cally significant level (P < 0.05 or 0.01) (Figure 4).

DISCUSSION

Nutrition and energy levels are important factors
affecting animal growth, reproduction, and immunity.
Starvation (or fasting) and feeding are 2 typical states
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Figure 2. Expression of ERV and the immunity- or inflammation-related genes in the chicken liver was induced by fasting. The relative expression
of ERV and immune-related genes was determined by quantitative PCR. The expression levels of ERVK18P, ERVK25P, DDX/1, IFIH1, IFNG,
IRF7, and STATS in the livers of the fasted chickens is presented as the fold change over the control (no fasting), n = 6. *** denote P < 0.05,
0.01 vs. control, respectively. All of the data are shown as mean + SEM. Abbreviation: ERV, endogenous retrovirus.
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Figure 3. Expression of ERV and the immunity- or inflammation-related genes in the goose liver was induced by overfeeding. The relative expres-
sion of ERV and immune-related genes was determined by quantitative PCR. The expression levels of ERVK18P, ERVK25P, DDX/1, IFIH1, IFNG,
IRF7, and STAT3 in the livers of the overfed geese is presented as the fold change over the control (routine feeding), n = 6. * denotes P < 0.05 vs.
control. All of the data are shown as mean + SEM. Abbreviation: ERV, endogenous retrovirus.

affecting nutrition or energy levels, thus often being used
as a research model to elucidate the regulation of nutri-
tion or energy on the physiological functions of animals.
For example, fasting or feeding can influence the expres-
sion of genes related to growth, reproduction, and immu-
nity (Volkoff et al., 2016; Smati et al., 2020). It is
however unclear whether fastlng or feeding can activate
ERV and affect the expression of the immunity- or
inflammation-related genes via ERV. In addition,
short-term overfeeding (3-4 wk) can lead to the forma-
tion of goose fatty liver (commonly known as foie
gras), which is similar to nonalcoholic fatty liver disease
(NAFLD) in humans and rodents (Nahum et al., 2010;
Wang et al., 2019), but it is unknown whether ERV
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are activated by overfeeding and involved in the devel-
opment of goose fatty liver. In this study, the expression
of ERV and some immunity- or inflammation-related
genes in the liver of geese or chickens was determined af-
ter altering animal nutrition or energy status by fasting
or overfeeding, so that the relationship between nutri-
tion (or energy) status and the expression of ERV and
the immunity (or inflammation)-related genes could be
clarified. Moreover, FRVK25P overexpression in goose
primary hepatocytes was also performed to verify
whether the expression of the immunity- or
inflammation-related genes was affected by ERV.
Indeed, the results provided strong evidence supporting
the notion that nutrient or energy status could regulate
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Figure 4. The expression of the immunity- or inflammation-related genes was induced by ERV overexpression in goose primary hepatocytes. The
relative expression of ERV and immune-related genes was determined by quantitative PCR. The expression of ERVK25P, DDX/1, IFIH1, IFNG,
IRF7, and STAT3in the goose primary hepatocytes transfected with ERVK25P overexpression vectors is presented as the fold change over the control
(the hepatocytes transfected with empty vectors), n = 4. * ** denote P < 0.05, 0.01 vs. control, respectively. All of the data are shown as mean *+ SEM.

Abbreviation: ERV, endogenous retrovirus.
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the expression of the immunity- or inflammation-related
genes via ERV in poultry. Interestingly, the effect of
fasting on the mRNA expression of ERV and the immu-
nity- or inflammation-related genes in the liver varied
with poultry species, that is, the mRNA expression of
the genes in the chicken liver was contrary to that in
the goose liver. Furthermore, the mRNA expression of
the genes in the liver of the fasted geese was contrary
to that of the overfed geese. In addition, the data suggest
that the immunity- or inflammation-related genes may
mediate the regulation of ERV on the development of
goose fatty liver (or foie gras).

Previous studies have demonstrated that ERV are
generally silenced through DNA methylation in host
cells, but ERV can be activated by MER48 (Walsh
et al., 1998; Gibb et al., 2015). The induction of ERV
is also shown in several diseases, including some meta-
bolic diseases such as multiple sclerosis, wherein immu-
nity- or inflammation-related genes are involved
(Perron et al., 2000). Mechanistic studies indicate
inflammation plays an important role in the pathogen-
esis of metabolic diseases usually caused by nutrition
or energy oversupply (Eo et al., 2017). Moreover, it is
found that fasting or overfeeding can change the DNA
methylation level of peroxisome proliferators-activated
receptor genes (Jacobsen et al., 2014; Hjort et al.,
2017). Based on these findings, it is possible that nutri-
tional change activates the mRNA expression of ERV
via epigenetic regulation. On the other hand, nutritional
change can induce the mRNA expression of some immu-
nity- or inflammation-related genes (Smati et al., 2020).
In line with these findings, this study showed that fasting
or overfeeding affected the mRNA expression of ERV
and the immunity- or inflammation-related genes and
that the mRNA expression of ERV is closely associated
with the mRNA expression of the immunity- or
inflammation-related genes.

As ERV are abundant in animal genomes, the role of
ERV in the regulation of nutrition or energy on immu-
nity or inflammation could be underestimated. This
study mainly addressed FRVK18 and ERVK25 medi-
ating the effect of fasting or overfeeding on the mRNA
expression of the immunity- or inflammation-related
genes. The ERVK genes currently are only the relatively
intact ERV annotated in both goose and chicken ge-
nomes. Besides these relatively intact ERV, the ‘slender’
ERYV and the ‘solo LTR’ ERV could be activated by fast-
ing or overfeeding and thus also contribute to the effect
of fasting or overfeeding on the mRNA expression of the
immunity- or inflammation-related genes. As ‘slender
ERV’ and ‘solo LTR’ ERV usually are located near
some host genes (Thompson et al., 2016), fasting or over-
feeding may regulate the mRNA expression of the immu-
nity- or inflammation-related genes through cis-effect of
the activated ERV. From this viewpoint, the mainte-
nance of immunity at the basic level may be partially
due to a small portion of active ERV. Previous studies
have shown that some ERV are regularly transcribed
in both chicken embryonic fibroblasts (about 20% of
ERV) and in vivo (Bolisetty et al., 2012).

The regulation of fasting or overfeeding on the mRNA
expression of ERV is most likely through epigenetic
modifications (e.g., DNA methylation) as previously
mentioned. It has been reported that AZA, an inhibitor
of DNA methyltransferase, can significantly induce the
mRNA expression of ERV in the cell (Jaenisch et al.,
1985; Déborah and Bestor, 2004). The mRNA expression
of ERV was differentially regulated in the chicken liver
vs. the goose liver by fasting, suggesting that there is a
different degree of epigenetic modification to control
ERV expression between chickens and geese. This infer-
ence is supported by the evidence showing that the
mRNA expression of ERV is cell type dependent
(Nogues et al., 2018). How fasting or overfeeding affects
DNA methylation of ERV, however, remains to be clar-
ified. Moreover, genetic difference between chickens and
geese might contribute to the difference in the expression
of ERV between the 2 species, such as different response
of transcription factors to internal or external stimuli.
Indeed, our previous results show that the mRNA
expression of many genes in goose fatty liver vs. normal
liver is contrary to that in humans with (or mouse)
NAFLD vs. normal liver (Liu et al., 2016). In addition,
environmental and other factors, such as age, feed, light,
and other husbandry conditions, might also be respon-
sible for the different expression of ERV between
chickens and geese.

In this study, FRVK25P overexpression increased the
expression of the immunity- or inflammation-related
genes, which provides strong evidence supporting the
notion that fasting or overfeeding regulates the mRNA
expression of the immunity- or inflammation-related
genes in the liver via ERV. There are 2 potential mech-
anisms by which the overexpression of the relatively
intact ERV increased the mRNA expression of the im-
munity- or inflammation-related genes: 1) the double-
stranded RNA formed within ERV transcripts or by hy-
bridizing with antisense RNAs could activate the NFkB
signaling pathway upon the double-stranded RNA bind-
ing to its receptors (e.g., TLR3) and in turn induce the
expression of the immunity- or inflammation-related
genes (Chiappinelli et al., 2015); 2) the relatively intact
ERYV can also express their encoded proteins or polypep-
tides, leading to activation of downstream signaling
pathways and expression of the immunity- or
inflammation-related genes. Although this study could
not detect the protein expression of FRVKISP and
ERVK25P owing to lack of proper antibodies, previous
studies have demonstrated that some ERV, especially
ERVK, can synthesize their proteins and induce the
expression of the immunity- or inflammation-related
genes in neuronal cells (Manghera et al., 2015). These
proteins may be sensed by animal receptors such as
RIG-1, protein kinase K, and inflammatory body mole-
cule NLRP3 (Mitoma et al., 2013; Mu et al., 2016).

The association between nutrition (or energy) and im-
munity (or inflammation) has been shown in several
nutrition- or energy-related disorders, especially in those
obesity-associated diseases including diabetes and
NAFLD. Obesity has been considered a chronic
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inflammation as many inflammation-related genes (e.g.,
proinflammatory cytokine tumor necrosis factor alpha,
MCP1, and IL6) are induced in patients with obesity
vs. healthy cohorts (Ferreira et al., 2016). These cyto-
kines can lead to insulin resistance and thus deteriorate
obesity-associated metabolic disorders (Li et al., 2019).
In this study, data showed that ERV and the immunity-
or inflammation-related genes were induced in goose
fatty liver vs. normal liver. Liver is an extremely complex
organ, which not only plays a central role in nutrient and
energy conversions but also has the functions of detoxi-
fication and immune regulation. The liver contains a
large number of immune cells, such as Kupffer cells
(the resident macrophages), natural killer cells, and nat-
ural killer T cells. The liver also synthesizes complement
components and a large number of other soluble path-
ogen recognition receptors (Keith et al., 2007). There-
fore, the liver is currently regarded as an important
immune organ and plays a role in innate immunity (or
inflammation) (Xia et al., 2008; Triger, 2010). The
ERV and their induced immunity- or inflammation-
related genes may be essential to the physiological func-
tions of the liver and serve the link between nutrition
metabolism and immunity (or inflammation). In this
study, although nutritional (or energy) change induced
the mRNA expression of ERV and the immunity- or
inflammation-related genes in goose fatty liver wvs.
normal liver, it is noteworthy that the ERV-induced im-
munity- or inflammation-related genes may feedback
regulate nutrition metabolism (Volkman and Stetson,
2014; Canadas et al., 2018). Therefore, this study pro-
vides some evidence supporting the notion that ERV
participate in the development of goose fatty liver via
the immunity- or inflammation-related genes.

In this study, we also determined the protein level of
IFIH1 in the livers of the fasted geese vs. control geese,
the fasted chickens vs. control chickens, and the overfed
geese vs. control geese. Although the patterns of the
IFIH1 protein level were similar to those of the IFTH1
mRNA level, the difference in the protein level between
the treatment and the control groups was not as obvious
as that in the mRNA level. The possible explanations
include that the protein level of IFIH1 could be regulated
post-transcriptionally.

In conclusion, nutrition or energy status affects the
expression of some immunity- or inflammation-related
genes via ERV, which provides a potential mechanism
underlying the association between nutrition (or energy)
and immunity (or inflammation). Nutrition or energy
status may regulate the expression of ERV via DNA
methylation. There is difference in this epigenetic regula-
tion among poultry species, and the specific mechanism
needs to be further studied. The immunity- or
inflammation-related genes affected by nutrition or en-
ergy status may not only participate in innate immune
response but also play a role in inflammation, animal
growth and apoptosis, and feedback regulation of nutri-
tion or energy metabolism. In addition, this study also
revealed for the first time that ERV and their regulated

immunity- or inflammation-related genes were involved
in the development of goose fatty liver.
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