Activation of AMP-activated protein kinase signaling pathway
ameliorates steatosis in laying hen hepatocytes
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ABSTRACT The fatty liver hemorrhage syndrome
in laying hens is a disease of lipid metabolism disor-
ders. Importantly, energy sensor AMP-activated pro-
tein kinase (AMPK) plays an essential role in
homeostasis regulation of liver lipid. The current
research aims to investigate the relationship between
AMPK signaling pathway and lipid metabolism in
laying hen hepatocytes and explore the underlying
mechanisms. The steatotic hepatocytes model of laying
hen was established and treated with AMPK agonist
AICAR and inhibitor compound C. The results showed
that the levels of triglyceride, total cholesterol, and
low-density  lipoprotein  cholesterol  significantly
declined while high-density lipoprotein cholesterol level
increased in the AICAR-treated steatosis group

compared with the steatosis group. Furthermore, the
mRNA levels of liver kinase B1 and AMP-activated
protein kinase o1 declined significantly in the stea-
tosis group compared with those in the normal group.
However, AMPK activation significantly upregulated
the mRNA levels of peroxisome proliferator-activated
receptor ol and carnitine palmitoyl transferase-1 while
downregulated the mRNA levels of acetyl CoA
carboxylase, fatty acid synthase, 3-hydroxy-3-methyl
glutaryl coenzyme A  reductase, Sn-glycerol-3-
phosphate acyltransferase, and hepatocyte nuclear
factor 4a. These results suggest that activated AMPK
signaling pathway increases fatty acid oxidation and
reduces lipid synthesis in laying hen hepatocytes,
thereby ameliorating liver steatosis.
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INTRODUCTION

Fatty liver hemorrhage syndrome (FLHS) in laying
hens, a disorder of lipid metabolism, is characterized
by steatosis and different degrees of bleeding in the liver.
It was first reported in 1956. Importantly, FLHS mostly
occurs in caged layer hens during the peak period of egg
production, with the sharp drop in egg production and
the sudden death of chickens in good condition being
the main manifestations. According to reports, 74% of
the total mortality of caged laying hens is caused by
FLHS in Queensland, Australia (Rozenboim et al.,
2016). Moreover, in northern California, FLHS is the
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most common noncommunicable cause of death (Mete
et al., 2013). At present, FLHS has become a common
chicken disease in many countries. With the rapid devel-
opment of the poultry industry, the incidence of FLHS is
increasing year by year, which has brought huge losses to
the poultry industry. Nutrition, environment, hormones,
and genetic factors are considered to be possible causes
of FLHS (Gao et al., 2019). Among them, nutritional
factors are regarded as the main reason. However, so
far, the exact pathogenesis of FLHS is not completely
clear. Related research still needs to be carried out in
large quantities.

The energy sensor AMP-activated protein kinase
(AMPK) plays a significant role in the homeostasis regu-
lation of liver lipid. Because of its characteristics in regu-
lating various pathways of metabolism, including lipid
metabolism of liver, it has attracted extensive atten-
tions. Previous studies have showed that activation of
AMPK stimulates the oxidation of fatty acids (FA)
and reduces the synthesis of cholesterol and triglycerides
in the liver of mammals (Winder and Hardie, 1999).
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Furthermore, study showed that activated AMPK can
restrain the formation of de novo lipid and prevent the
development of fatty liver (Cheng et al., 2018). Overex-
pression of sterol regulatory element binding protein 1c
(SREBP 1c¢) will lead to increased generation of de
novo fat in liver, while the activation of AMPK with
small molecule activators can significantly reduce liver
lipids (Boudaba et al., 2018). These studies suggested
that activated AMPK signaling pathway may cause dra-
matic changes of lipid metabolism in liver cells, empha-
sizing the powerful effect of AMPK activation on fatty
liver therapy. This included increased oxidation of liver
fat and reduced synthesis of liver triglyceride and choles-
terol. In view of its multiple functions on lipid meta-
bolism, the reduction or loss of AMPK activity has
been conceived as a critical pathogenic factor in the
developmental process of the metabolic disorders as
well as fatty liver (Ruderman et al., 2013). This assump-
tion is supported by the phenomena that multiple ani-
mals with fatty liver have reduced AMPK activity in
the liver (Muse et al., 2004).

The increasing studies indicated that AMPK signaling
pathway plays an indispensable role in ameliorating liver
lipid metabolism. However, regrettably, the current
research on the relationship between AMPK signaling
pathway and fatty liver is mainly focused on humans
and mice, while it is extremely rare in chickens, espe-
cially in laying hens. Therefore, at present, little is
known about the relationship between AMPK signaling
pathway and fatty liver as well as fatty degeneration in
laying hens. To further investigate the contribution of
AMPK signaling pathway in lipid metabolism in layer
liver cells and to explore its underlying mechanisms of
action, we used the layer primary hepatocytes cultured
in vitro as the biological model to conduct experiments.
This study may provide new strategies for the treatment
and prevention of FLHS in laying hens. In addition, to
some extent, it may also provide hints for further
research on nonalcoholic fatty liver disease in humans.

MATERIALS AND METHODS

Experimental Animal and Management

In this experiment, 180-day-old adult Hy-Line Brown
layers were bought from Guohua Poultry Breeding Co.,
Ltd., Nanchang 330000, China. All layers adapted for
4 wk, during which a basic diet was provided. Besides,
all of them were free to eat and drink and gave enough
light in experimental period. Exhaust fan, warm lights,
and hanging thermometer were installed in the test ani-
mal house, and the room temperature (18°C-23°C) and
lighting (16 h) were controlled in accordance with the
commercial conditions. Standard formula feed was pur-
chased from Zhengda feed mill in Nanchang 330000,
China. Before the experiment, all laying hens were anes-
thetized with pentobarbital sodium and then sacrificed
by bloodletting. The present study was approved by
the College of Animal Science and Technology, Jiangxi
Agricultural University, and all the experimental

procedures were performed according to the institutional
guidelines of animal care and use committee.

Isolation and Culture of Primary Liver Cells
in Laying Hens

The primary liver cells of laying hens were isolated by
using the method of modified situ 2-step perfusion
according to a previous study (Li et al., 2019), and
then the cell survival rate was detected by Trypan
Blue staining. When the cell survival rate confirmed by
Trypan Blue staining reached 90 to 95%, viable liver
cells at the density of 10° to 10° cells/mL were seeded
in 6-well plates and cultured in the complete medium
(Dulbecco’s modified Eagle’s medium) containing 10%
fetal bovine serum, 1% double-resistance penicillin-
streptomycin solution, 107 mol/L  dexamethasone,
6.25 ng/mL transferrin, and 10 pg/mL vitamin C at
37°C in a humidified atmosphere of 5% CO,. The
medium was changed every 12 h.

After 2 d, when the liver cells reached the enough
confluence, the medium was removed, and the liver cells
were maintained in serum-free medium for 24 h. Then,
the cultures were obtained, and the activity of liver cells
was determined by cck8 assay.

Establishment and Identification of
Steatosis Liver Cells Model

In order to induce FA overloading, liver cells at 70%
confluence were exposed to a mixture of FA (containing
oleic acid, palmitic acid in proportions of 2:1). The liver
cells were collected for identification after modeling
1.5 h, 6 h, 12 h, and 24 h. To measure the accumulation
of neutral lipid droplet, the cells were stained by the Oil
Red O method.

After treatment by FA, the cells were washed with
iced phosphate-buffered saline (PBS) for 2 times and
fixed with 10% paraformaldehyde for 1 h. After fixation,
the cells were washed with PBS again and stained with
freshly prepared Oil Red O solution for 30 min at room
temperature. Then, the cells were rinsed with distilled
water to clear away unbound dye, and the hematoxylin
was used to counterstain the hepatocyte nuclei. After
staining, the distribution and state of lipid droplets
were observed with a microscope and pictures were
taken. Besides, to quantitate the Oil Red O content, iso-
propanol was added to each sample and shaked for 5 min
to extract the dye. In the end, we read the samples by
spectrophotometry at 490 nm.

Determination of the Effective Duration of
Activation and Inhibition of AICAR and
Compound C in Primary Liver Cells

The liver cells were collected with a cell scraper and
inoculated in a 6-well plate by 2 mL per hole with a con-
centration of 1 X 10° cell/mL. We prepared complete
medium containing 0.5 mmol/L AICAR and 20 pmol/L
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compound C to cultivate the liver cells. Then, the
AMPK activity in the specimens was determinated by
double-antibody sandwich ELISA method with a micro-
plate reader at 0.5 h, 1.5 h, 6 h, 12 h, 24 h, and 48 h.
Every time, the liver cells were collected into a centrifuge
tube and washed with cold PBS for 2 times, and the cells
were lysed in lysis buffer and centrifuged to obtain the
supernatant for determination of the AMPK activity.
In the end, the AMPK activity curve was plotted.

After the aforementioned series of work, the experiment
was divided into the following 4 groups: normal hepato-
cytes (NH) group, steatosis hepatocytes (SH) group,
SH + AICAR group, and SH + compound C group.

According to the effective duration of activation and
inhibition of AICAR and compound C in primary liver
cells, we respectively collected the liver cells after 1.5 h
and 24 h of treatment. First of all, the liver cells were
washed with PBS buffer solution and then scraped
down by cell scraper with EP tubes to collect. At the
end, the liver cells were broken up by ultrasonic instru-
ment, and the supernatant was taken to be measured af-
ter centrifugation.

Determination of Triglyceride, Total
Cholesterol, High-Density Lipoprotein
Cholesterol, and Low-Density Lipoprotein
Cholesterol Content

The levels of total cholesterol (TC), triglyceride (TG),
high-density lipoprotein cholesterol (HDL-Ch), as well
as low-density lipoprotein cholesterol (LDL-Ch) in
each group were determined by using commercial kits
(Nanjing Jiancheng biology Co., Ltd.) and strictly
following the instructions from manufacturer.

Extraction of Total RNA and Primer
Designing

The total RNA of the liver cells was extracted by using
Trizol agentia (TaKaRa Biotechnology Co., Ltd.) in

Table 1. Primer sequences.

accordance with the specifications from the manufac-
turer. The RNA quality and concentration were
measured by using a MicroSpectrophotometer as well
as 1% agarose gel electrophoresis. Afterwards, the
c¢DNA (complementary DNA) was obtained by means
of reverse transcription via a Reverse Transcription
reagent Kit (TaKaRa Biotechnology Co., Ltd.).

The reaction of cDNA synthesis (20 pL) was carried
out in a system containing 6 uL of RNase-free ddH20,
1 pL of total RNA, 1 puL of gDNA FEraser, and 2 uL of
DNA Eraser Buffer (5 X ) and was then incubated at
a temperature of 42°C and lasted for 2 min. After that,
the system was supplemented with the following re-
agents: 4 uL. of RNase-free ddH20, 1 pL of RT Primer
Mix, 1 puL of Prime Script RT Enzyme Mix I, and 4 pLL
of Prime Script Buffer 2 (5X). The reaction happened
at a temperature of 37°C and for 15 min, then 85°C 5 s
and 4°C 10 min. Finally, the cDNA obtained by reverse
transcription was conserved in a freezer (—20°C) for the
next quantitative PCR. The primer sequences of LKBI,
AMPKal, CPT1, PPARa, ACC, FAS, HMGR, GAPT,
and HNF4a were presented in Table 1. The internal
reference gene used in the present study is NADPH.

Real-Time Quantitative Polymerase Chain
Reaction

The transcription levels of LKB1, AMPKal, CPT1,
PPARa, ACC, FAS, HMGR, GAPT, and HNF4a genes
were evaluated via Real-Time Quantitative PCR using
the Quant Studio 7 Flex System. The real-time quantita-
tive polymerase chain reaction system included 3 pL of
water, 1 pL of cDNA templates, 0.2 puL of 50 X ROX
referencing dye, 5 uL of 2 X SYBR Premix Ex Tap II,
and 0.4 pL of forward and reverse primers (10 pmol/
mL). The real-time quantitative polymerase chain reac-
tion procedure was set as follows: 95°C for 5 min, 40
cycles at 95°C for 15 s, 62°C for 1 min, and extension
at 72°C for 60 s. The Quant Studio 7 Flex System was
used to perform the all reactions. Then, the melt curve

Gene Accession No. Products (bp) Sequences (5'-3)
AMPKal NM 001039603 216 F: 5-TGTTCCTTCCCCCTTTATTC-3

R: 5-GCAACATCTCTCTTGGCACT-3
LKB1 NM_ 001045833 214 F: 5-GGAGATGCTGGACTCTGAAA-3

R: 5-CCCACACACACAGTACTCCA-3
ACC NM_ 205505 118 F: 5-GTCCTGATAGCCAACAATGG-3

R: 5-CAGGAGTCACCATGACAACA-3
FAS NM 205155 117 F: 5-AAAGCAATTCGTCACGGACA-3

R: 5-GGCACCATCAGGACTAAGCA-3
CPT1 DQ314726 164 F: 5-GGCGTTTCGTATATCATTGC-3

R:5-GCCTTTATTGCTCATTGCTG-3
GPAT EU049888.1 92 F: 5-TGTGGAAGGGCTTGTATCGT-3

R: 5-TTCCAACACGCGATTTCTGG-3'
HMGR AB109635 244 F: 5-CTGGGTTTGGTTCTTGTTCA-3

R: 5-ATTCGGTCTCTGCTTGTTCA-3
HNF4o, AY700581.1 155 F: - TGGTGTTCAAGGATGTCTTGCTG-3

R: 5-CAAGCAGGCGTATTCATTGTCGT-3
PPARa NM_ 001001464 220 F:5-ACGGAGTTCCAATCGC-3

R: 5-AACCCTTACAACCTTCACAA-¥
GAPDH NM 204305 141 F: 5-TGGCATCCAAGGAGTGAGC-3

R: 5-GGGGAGACAGAAGGGAACAG-3
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Figure 1. The activity of the liver cells at different times.

of the aforementioned genes was analyzed, and Ct values
were acquired for each PCR system. Finally, the means
of 2744 were used to calculate and analyze the data.

Statistical Analysis

Softwares of Statistical Package for the Social Sci-
ences (SPSS) version 22.0 (SPSS Inc., Chicago, IL)
and Graph Pad Prism 5.01 (Graph Pad Inc., La Jolla,
CA) were used for data analysis. All data were analyzed
by one-way ANOVA, and the results were showed as
mean = SD. P < 0.05 was conceived as statistically sig-
nificant. P < 0.05 denotes significant difference, and
P < 0.01 denotes extremely significant difference. More-
over, *P < 0.05 and **P < 0.01 represent compared with
the NH group. #P < 0.05 and ##P < 0.01 express
compared with the SH group.

RESULTS

Identification of Cell Survival Rate and Cell
Activity

The cell survival rate confirmed by Trypan Blue stain-
ing reached 90%, and a stable culture system was estab-
lished. The liver cells shown under the inverted
microscope were round, with few impurities and dead
cells.

After measuring the cell survival rate, we measured
the cell activity of hepatocytes by the CCK8 method.
The measurement results of hepatocyte activity are
showed in Figure 1. There was no significant difference
for CCKS8 value in each time period. The results sug-
gested that the liver cells have always maintained high
activity during the experiment, and there was no signif-
icant difference in cell activity at different times.

The Optimum Working Time of AICAR and
Compound C in Primary Liver Cells

To determine the best moment for the activator
AICAR and inhibitor compound C to work, AMPK
activity of hepatocytes was measured with a commercial

-# NH Group
—#+ NH+AICAR Group
164 ~¥- NH+compound C Group

AMPK activity (u/l)
=

0.5h 1.5h 6h 12h 24h 48h

Experimental time

Figure 2. The AMPK activity curve in the liver cells in different
groups. Abbreviations: AMPK, AMP-activated protein kinase; NH,
normal hepatocytes.

kit (Nanjing Jiancheng Biological Engineering Co., Ltd.,
Nanjing 210000, China). The changing curve of AMPK
activity in liver cells is showed in Figure 2. In the current
experiment, the results indicated that activator AICAR
can activate AMPK, and under the action of AICAR,
the AMPK activity of hepatocytes reached the highest
at 1.5 h. Moreover, the inhibitor compound C can inhibit
AMPK, and the AMPK activity of liver cells decreased
to the lowest at 24 h under the action of compound C.

Results of Identification of Oil Red O
Staining in the Liver Cells

The results of oil red O staining are showed in Figure 3.
Oil red O staining turned the lipid droplets around the
nucleus red, while the nucleus appears blue. Compared
with the NH group, at 1.5 h, the increase of lipid droplets
in the SH group was not obvious; at 6 h, red stained lipid
droplets around the nucleus increased observably in the
SH group; at 12 h, the particles of lipid droplets began
to gather into small bubbles in the SH group; at 24 h,
the confluence area of lipid droplets increased signifi-
cantly, reaching the highest degree of convergence in
the SH group. There is no significant change in lipid drop-
lets in the NH group. The results showed that the liver
cells in the SH group had produced fatty degeneration,
and the degree gradually increased over time.

Results of Quantitative Identification of Oil
Red O Staining in the Liver Cells

Quantitative results of oil red O staining are showed in
Figure 4. At 6 h, compared with the NH group, the con-
tent of lipid droplet in the hepatocytes rose markedly in
the SH group (P < 0.05), at 12 h and 24 h, compared
with the NH group, and the lipid droplet content of
the hepatocytes increased extremely markedly in the
SH group (P < 0.01). The results further prove that
the model of SH was successfully established.

Results of Determination of TG, TC, HDL-Ch
and LDL-Ch Content in the Liver Cells

Well known, TG, TC, LDL-Ch, and HDL-Ch are the
representative indicators for studying lipid metabolism.
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Figure 3. Results of identification of oil red O staining for the liver cells at different times. Abbreviations: NH, normal hepatocytes group; SH, stea-

tosis hepatocytes group.

We thus determined the content of TG, TC, LDL-Ch,
and HDL-Ch in the hepatocytes. As shown in
Figure 5, at 1.5 h and 24 h, compared with the NH
group, the concentration of TG, TC, and LDL-Ch in
the SH group increased obviously, while the content
of HDL-Ch in the SH group decreased markedly.
Conversely, the TG, TC, and LDL-Ch concentration
in the SH + AICAR group was significantly lower
than those in the SH group, while the content of
HDL-Ch in the SH + AICAR group increased signifi-
cantly (24 h).

These results indicate that AMPK activation signifi-
cantly decreased the lipid content in the layer hepato-
cytes. However, compound C treatment inhibited the
aforementioned effect of AMPK.

Results of Determination of mRNA
Expression Levels of LKB1 and AMPKa1 in
Liver Cells

AMPK, the sensor of cellular energy status and the
metabolic master switch, plays a significant role in lipid
metabolism by regulating the key transcription factors
involved in lipid oxidation and lipid synthesis. Further-
more, as the upstream kinase of AMPK, LKB1 (liver ki-
nase Bl) is involved in the activation of AMPK.
Therefore, we detected the mRNA levels of LKB1 and
AMPKal. As shown in Figures 6A, 6B, at 1.5 h and
24 h, compared with the NH group, the mRNA levels
of LKB1 and AMPKal decreased significantly in the
SH group. However, the LKB1 and AMPKal mRNA
levels increased markedly in the SH + AICAR group
compared with those in the SH group. Moreover, com-
pound C treatment significantly decreased the AMPK
mRNA expression (24 h). These results suggest that
steatosis may inhibit the mRNA expression of LKB1
and AMPK in layer hepatocytes, thereby inhibiting
the AMPK signaling pathway.

Results of Determination of mRNA
Expression Levels of FA Oxidation and
Lipid Synthesis Related Genes in Liver Cells

To further elucidate the relationship between AMPK
signaling pathway and lipid metabolism in liver cells, the
mRNA expression levels of lipid metabolism-related
genes were determined. Peroxisome proliferator-
activated receptor oo (PPARa) and carnitine palmitoyl
transferase-1 (CPT1) are the key genes involved in lipid
oxidation of liver cells. As shown in Figures 6C, 6D, at
1.5 h and 24 h, compared with the NH group, the
mRNA expression of CPT1 decreased significantly in
the SH group. Conversely, CPT1 mRNA level was signif-
icantly enhanced in the SH + AICAR group compared
with that in the SH group. Interestingly, the mRNA
expression level of PPARa was significantly higher in
the SH group than that in the NH group, and after

0.4+ = SH

0.2

OD value (490nm)
*

<

R >

N A
% ) N

Experimental time

Figure 4. Results of quantitative identification of oil red O staining in
the hepatocytes. The data in the figure mean * SD. * P < 0.05 represents
significant difference between the NH group and the SH group.
** P < 0.01 represents extremely significant difference between the NH
group and the SH group. P < 0.05 is conceived as statistically significant.
The method of T test is used to compute the statistical difference. Abbre-
viations: NH, normal hepatocytes group; SH, steatosis hepatocytes
group.
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cholesterol; TG, triglyceride.

activation of AMPK by AICAR, PPARo mRNA level
was significantly enhanced (1.5 h). Collectively, these re-
sults indicate that AMPK may ameliorate steatosis by
increasing FA oxidation in layer hepatocytes.

3-hydroxy-3-methyl glutaryl coenzyme A reductase
(HMGR), Sn-glycerol-3-phosphate  acyltransferase
(GPAT), fatty acid synthase (FAS), acetyl CoA carbox-
ylase (ACC), and hepatocyte nuclear factor 4 (HNF4a,)
are the key genes involved in lipid synthesis of liver cells.
As shown in Figures 6E-I, in the SH group, the mRNA
levels of HMGR, GPAT, FAS, ACC, and HNF4a, genes
enhanced markedly compared with those in the NH
group (1.5 h and 24 h). Conversely, compared with the
SH group, the mRNA levels of HMGR, GPAT, FAS,
ACC, and HNF4a declined obviously in the
SH + AICAR group (1.5 h and 24 h). Overall, these
results indicate that AMPK may ameliorate fatty degen-
eration by decreasing lipid synthesis in laying hens.
Synthesizing the aforementioned information, the exper-
imental results are plotted into a signal path diagram
(Figure 7).

DISCUSSION

FLHS is a type of metabolic disease and is also a
chronic hepatic disease, which contains a series of liver
pathological changes such as simplex steatosis, nonalco-
holic steatohepatitis, liver fibrosis, and even cirrhosis
(McCullough, 2004; Cheng et al., 2018). FLHS usually
occurs in caged laying hens, and it is featured by the

excessive accumulation of triglycerides in the cytoplasm
of hepatocytes. Importantly, AMPK is a crucial energy
sensor as well as metabolic master switch, which is
responsible for regulating the homeostasis of lipid meta-
bolism in liver cells (Hardie, 2015). AMPK is activated
under stress conditions such as exercise, hunger,
ischemia, and shock. Unfortunately, up to now, the spe-
cific relationship between AMPK signaling pathway and
lipid metabolism in layer liver cells is still unclear. Our
study suggested that steatosis inhibits AMPK activity,
while activated AMPK signaling pathway enhances
FA oxidation and reduces lipid synthesis, thereby inhib-
iting steatosis in hepatocytes of laying hen. These results
may be helpful to the treatment and prevention of FLHS
and further research on hepatocyte lipid metabolism.
Exogenous addition of excess FA is often used to
establish in wvitro models of cell steatosis that reliably
reproduce key features of liver steatosis. In Lin’s research
on lipid metabolism, HepG 2 cells were exposed to a FA
overload environment to study the lipid-lowering effect
of AMPK activation induced by theaflavins (Lin et al.,
2007). Moreover, in the previous study, oleic acid and
palmitic acid were used in combination to induce cell
steatosis. Similarly, in the present study, the model of
SH was successfully established with oleic acid and pal-
mitic acid according to the previous study (Gomez-
Lechon et al., 2007), which was confirmed by Oil Red
O staining as well as Oil Red O quantification.
Compared with the single oleic acid-induced steatosis
in hepatocytes of laying hens, this combined induction
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Figure 6. Results of determination of mRNA expression levels of AMPK signaling pathway-related genes including (A) liver kinase B1 (LKB1), (B)
AMP-activated protein kinase a1l (AMPKal), (C) carnitine palmitoyl transferase-1 (CPT1), (D) peroxisome proliferator-activated receptor
(PPARa), (E) acetyl CoA carboxylase (ACC), (F) fatty acid synthase (FAS), (G) 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGR),
(H) Sn-glycerol-3-phosphate acyltransferase (GPAT), (I) hepatocyte nuclear factor 4 (HNF4oa) in the liver cells. The data in the figure
mean = SD. *P < 0.05 and **P < 0.01 denote compared with the NH group. # P < 0.05 and ## P < 0.01 denote compared with the SH group.
P < 0.05 is conceived as statistically significant. The one-way analysis of variance (ANOVA) is used to compute the statistical difference.

method is more effective. As a matter of fact, before the
formal experiment, the FA gradient concentration was
set to determine the optimal induced concentration.
During the induction period, punctate lipid droplets
appeared in the cytoplasm of liver cells of laying hens,
and the small lipid droplets would converge into larger
lipid droplets with increasing induction time. Oil Red
O is a fat-soluble dye, which is highly soluble in fat,
and it can specifically color neutral fats such as triglycer-
ides in tissues. Liver cells take in FA and esterify them
into stored neutral lipid droplets. Therefore, the forma-
tion of lipid droplets in SH can be visually observed by
using Oil Red O staining method (Wu et al., 2019). In
addition, the establishment of simplex SH model was
evaluated jointly by Oil Red O staining combined with
Oil Red O quantification.

AICAR is considered to be a specific activator of
AMPK and has been confirmed by many research ex-
periments. In mechanism, AICAR is rapidly processed
into 5-aminoimidazole-4-carboxamide ribonucleotide

(ZMP) by adenylase. ZMP is an analog of AMP, which
can mimic the biological effects of AMP, that is, acti-
vate AMPK. Thus, AICAR is widely used to study
the activated AMPK signaling pathway in many
in vivo and in vitro experiments (Sullivan et al., 1994;
Guigas et al., 2009). Besides, in previous research, a
small-molecule  AMPK inhibitor compound C was
discovered and identified by Zhou (Zhou et al., 2001)
and was extensively used in various studies as a
AMPK inhibitor. The biochemical and cellular effects
of compound C are attributed to its role of AMPK inhi-
bition. In the present study, AMPK activator AICAR
and inhibitor compound C have been used to activate
and inhibit the AMPK signaling pathway, respectively.
Furthermore, to determine the optimal activation and
inhibition time, we measured the activity of AMPK at
different time periods. Under present culture condition,
AICAR has the largest effect of activation at 1.5 h, and
compound has the most obvious inhibition effect at
24 h.
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Figure 7. Relationship between AMPK signaling pathway and lipid metabolism in laying hen hepatocytes. The figure shows the ways and methods
of activating the AMPK signaling pathway (indicated by the blue arrows). Activated AMPK may ameliorate hepatocytes steatosis by upregulating
the mRNA levels of fatty acid oxidation—related genes such as CPT1 and PPARa and downregulating the mRNA levels of lipid synthesis-related genes
such as SREBP1, ACC, FAS, HMGR, GPAT, and HNF40. (green arrows indicate promotion, red lines represent inhibition).

As we know, TG, TC, HDL-Ch, and LDL-Ch are
representative indicators for studying lipid metabolism.
Previous research has showed that when the liver has un-
dergone steatosis, the levels of TG and TC in the liver
were significantly increased (Gao et al., 2019). Moreover,
a study from Yamazaki et al. shows that the mice
suffering from fatty liver were featured by increased
levels of TC and TG in the hepatocytes (Yamazaki
et al., 2008). Similar to these results, in the present
study, compared with the NH group, the content of
TC and TG in the SH group increased significantly.
Generally speaking, the fatty degeneration of liver is
characterized by aggregation of TG in the cytoplasm
of hepatocytes. In this study, obvious fat vacuoles were
observed in the steatosis hepatocyte model. This sug-
gested the undue accumulation of TG in the hepato-
cytes. Simultaneously, it also showed that we
successfully modeled the liver cells of laying hens
in vitro. According to Griffin’s research, hepatic lipid
metabolism was mainly accomplished via the synthesis
and decomposition of FA and the production and output
of fats (Griffin et al., 1992). While the transport of lipid

is mainly achieved by HDL-Ch and LDL-Ch; hence,
HDL-Ch and LDL-Ch play an important role in lipid
metabolism. In the present study, compared with the
NH group, the content of LDL-Ch augmented obviously
in the SH group. Similar to our results, the study of Gao
showed that LDL-Ch content rose in the fatty liver
group and was much higher than that in the control
group (Gao et al., 2019). This may be because LDL-Ch
is responsible for the lipid output in the liver. Thus,
with the increase of TG in hepatocytes, the content of
LDL-Ch is also enhanced. On the contrary, HDL-Ch is
responsible for transporting cholesterol back to the liver,
so when the excessive lipid accumulates in the liver, the
effect of HDL-Ch declines and the content decreases.
AMPK, the sensor of cellular energy status and the
metabolic master switch, is activated by an increase in
the AMP/ATP ratio (Saha and Ruderman, 2003), and
recovering the energy balance through facilitating the
energy generation pathways such as lipolysis and FA
oxidation, as well as restraining ATP-consuming path-
ways, such as FA synthesis, cholesterol synthesis, and
triglyceride synthesis. In this study, compared with the
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normal group, the mRNA level of AMPKal gene
decreased markedly in the steatosis group. So, the cur-
rent results showed that the decline of AMPK mRNA
level in the hepatocytes is closely related to the steatosis
of the liver. In addition, research has indicated that high
fat exposure observably reduced the expression of
AMPK (Liu et al., 2006), which is similar to our situa-
tion. Conversely, the overexpression of AMPK in the
liver could decrease the content of triglyceride, hepatic
steatosis, as well as the expression of lipogenic gene
(Seo et al., 2009), which showed the antagonism between
AMPK activation and lipogenesis. Besides, after adding
activator AICAR to SH group, the mRNA expression of
AMPKal was obviously improved compared with SH
group without AICAR.

LKBI1, the upstream kinase of AMPK, is involved in
the activation of AMPK (Sundararaman et al., 2016).
It is well known that AMPK is activated by the phos-
phorylation of Thr-172 catalyzed by LKB1 within the
o subunit (Shaw et al., 2005), and LKB1 mediates
AMPK activation under the circumstance of energy
stress. In our study, the mRNA level of LKB1 declined
significantly in the SH group compared with the NH
group. Conversely, LKB1 mRNA expression was mark-
edly enhanced in the SH + AICAR group. It indicated
that the mRNA level of LKBI is closely associated
with the activity of AMPK. In the liver, the activation
of AMPK leads to the inactivation of ACC; furthermore,
as the key regulator of FAS generation, the content of
FAS is positively correlated with ACC activity (Lin
and Hardie, 2018). As a result, AMPK activation in-
hibits the synthesis of FA. In addition, activation of
AMPK downregulates the expression of SREBP-1c¢ (Li
et al., 2014), while SREBP-1c is the critical factor of
TG synthesis (Li et al., 2011). Thus, stimulation of
AMPK activation, thereby inhibiting the activity of
SREBP-1c¢c, ACC, and FAS, can reduce accumulation
of TG and FA in the liver. Besides, other studies have
showed that AMPK activation inhibits the expression
of ACC and FAS through downregulating SREBP-1c
(Zhou et al., 2001). In the current research, the mRNA
levels of FAS and ACC in the SH + AICAR group
were significantly reduced compared with those in the
SH group. However, in the SH group, AMPK mRNA
level was remarkably downregulated, while the mRNA
levels of ACC and FAS increased significantly. Similarly,
in the previous studies (Kohjima et al., 2007), the
mRNA expression of ACC and FAS was proved to be
upregulated in the liver of nonalcoholic fatty liver
disease.

The study of Nguyen suggested that activation of
AMPK can inhibit GPAT activity and synthesis of tria-
cylglycerol (Nguyen et al., 2008). Moreover, Muoio et al.
found the activity of GPAT decreased after addition of
AICAR to the hepatocytes cultured in vitro, testifying
that the activity of GPAT is negatively correlated
with AMPK activity (Muoio et al., 1999). In our study,
compared with SH group, the mRNA expression level of
GPAT reduced obviously in the SH + AICAR group,
indicating that activation of AMPK may suppress the

synthesis of triglyceride. This is the same result as
Muoio. In contrast, compared to the NH group, the
mRNA level of GPAT increased significantly in the SH
group. HMGR is the rate-limiting enzyme in cholesterol
anabolism. The study from Carling et al. has indicated
that activation of AMPK can suppress the expression
of HMGR (Carling et al., 1987). In addition, after the
addition of AICAR in the suspension cultured rat liver
cells, the activity of HMGR was observably decreased
compared with that in the control group (Corton
et al., 1995). In this research, in the SH + AICAR group,
HMGR mRNA level decreased significantly compared
with that in the SH group, indicating that excitation
of AMPK inhibited the synthesis of cholesterol. As the
downstream factor of AMPK, HNF4« is the key factor
of liver lipid synthesis (Song et al., 2013). The research
by Gao et al. showed that the mRNA level of HNF4a
is significantly increased in the liver of chickens with
fatty liver (Gao et al., 2019). Meanwhile, Hong et al.
showed that the expression of HNF4a declined after
AMPK activation (Hong et al., 2003). Our results of
study are same as them.

CPT1 is the key enzyme regulating FA oxidation,
which exerts a significant role in the P-oxidation of
long-chain FA. A study found that AMPK regulates
FA oxidation through AMPK-ACC-malonic acid mono-
acyl coenzyme A-CPT1 mechanism (Jensen et al., 2009).
After AMPK activation, the activity of ACC is
inhibited, thereby reducing the activity of malonic acid
monoacyl-CoA, and consequently, the allosteric inhibi-
tion of CPT1 caused by malonic acid monoacyl-CoA is
alleviated. So, the PB-oxidation of FA is facilitated. In
the present study, the mRNA expression of CPT1 was
observably enhanced in the SH + AICAR group
compared with that in the SH group. Thus, it can be
seen, activation of AMPK inhibited ACC activity,
thereby suppressing the activity of malonic acid
monoacyl-CoA and decreasing the allosteric inhibition
of CPT1. So, the mRNA level of CPT1 was significantly
increased after adding AICAR to the SH group.
Conversely, the CPT1 mRNA level was markedly
decreased in the SH group. All the aforementioned re-
sults explain that CPT1 activity is consistent with
AMPK activity. PPAR is a ligand-activated receptor
in the nuclear hormone receptor family. After PPAR is
activated by a ligand, it forms a heterodimer with the
retinoid X receptor, and the heterodimer binds to the
PPAR reaction element in the target gene promoter up-
stream, ultimately regulating transcription of target
genes. Furthermore, PPAR0 exerts a significant func-
tion on FA oxidation and reducing lipid level. Free FA
are natural ligands of PPARo. When FA concentration
rises, they will enter cells and activate PPARa to start
FA oxidation pathway (KKonstandi et al., 2013). In addi-
tion, many studies have showed that AMPK can amelio-
rate lipid metabolism through the AMPK/PPARa/
CPT1 pathway (Bordoloi et al., 2019). In line with the
aforementioned results, in our experiment, after
AMPK activation, the mRNA expression of PPARa
and CPT1 were remarkably improved. Interestingly,
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the mRNA level of PPARa also rose in the SH group
compared with that in the NH group. This may be
because PPARA is responsible for the oxidation of FA.
In the steatosis liver cells, the intracellular lipid content
increased, so the expression of PPARa was also
enhanced. In the study of Gao et al. (Gao et al., 2019),
the mRNA expression level of PPAR®. increased signifi-
cantly in the liver of laying hens with fatty liver. Obvi-
ously, this is also similar to our results.

In conclusion, our results suggest that AMPK
signaling pathway is involved in the process of hepato-
cytes steatosis in laying hens, and steatosis could signif-
icantly decline LKB1 and AMPK mRNA levels.
However, with the activation of AMPK, the mRNA
expression levels of lipid synthesis-related genes such as
HMGR, GPAT, FAS, ACC, and HNF4a are reduced,
thereby decreasing the lipid production in liver cells.
Furthermore, with the increase of AMPK activity, the
mRNA levels of lipid oxidation-related genes such as
CPT1 and PPARa are also enhanced, thereby increasing
the lipid oxidation of hepatocytes. As a result, the lipid
in layer liver cells is reduced, and the steatosis is sup-
pressed or ameliorated. To sum up, our study may
partially clarify the regulation mechanism of AMPK
signaling pathway on lipid metabolism in laying hen he-
patocytes and also laid the foundation for further
research on FLHS.
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