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Simple Summary: Fatty liver hemorrhage syndrome (FLHS) in chickens is a nutritional disease
caused by a metabolic disorder. It mostly occurs in caged layer hens and in broiler breeders, which
causes huge losses in the poultry industry. Cultured primary hepatocytes, which closely resemble
the in vivo liver cell activity and physiological gene expression, have become the standard in vitro
model for studying hepatic diseases. Hepatocyte steatosis models have been successfully used to
study the disease in human and other animals. Fat emulsion is high in energy and contains essential
fatty acids, which provide biosynthetic materials for hepatocyte steatosis. FLHS in chickens has
been studied primarily using in vivo models, but rarely with an in vitro cell model. The pathological
process of FLHS in vitro in both broilers and layers were shown to be similar. In the current study, to
investigate the possible mechanisms of hepatic steatosis in broilers, a steatosis model was established
by incubating cultured primary broiler hepatocytes with fat emulsion. In summary, the induction
condition was selected as 10% fat emulsion incubation for 48 h, and we successfully established a
fatty liver degeneration model for broilers, which provides the foundation for future study of fatty
liver disease.

Abstract: Fatty liver hemorrhage syndrome (FLHS) in chickens is characterized by steatosis and
bleeding in the liver, which has caused huge losses to the poultry industry. This study aimed to use
primary cultured broiler hepatocytes to establish a steatosis model to explore the optimal conditions
for inducing steatosis by incubating the cells with a fat emulsion. Primary hepatocytes were isolated
from an AA broiler by a modified two-step in situ perfusion method. Hepatocytes were divided
into an untreated control group and a fat emulsion group that was incubated with 2.5, 5, 10, or
20% fat emulsion for different times to determine the optimal conditions for inducing steatosis of
primary hepatocytes. Incubation of the cells with 10% fat emulsion resulted in cell viability at 48 h
of 67%, which was higher than the control group and met the requirements of the model. In the
second experiment, steatosis was induced by incubating hepatocytes with 10% fat emulsion for 48 h.
In consequence, the apoptosis rate decreased (p > 0.05) and the concentration of ALT (p < 0.001),
AST (p < 0.01), and TG (p < 0.05) increased significantly; the expression level of SREBP-1c (p < 0.05)
increased, and the expression levels of PPARα (p < 0.001), CPT1 (p < 0.001), and CPT2 (p < 0.05) were
lower in the fat emulsion group than in the control group. In conclusion, the induction condition
was selected as 10% fat emulsion incubation for 48 h, and we successfully established a fatty liver
degeneration model for broilers.

Keywords: broiler; fat emulsion; hepatocytes; lipid metabolism

1. Introduction

Fatty liver hemorrhage syndrome (FLHS) in chickens is a nutritional disease caused
by a metabolic disorder. It is characterized by steatosis and varying degrees of bleeding in
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the liver. FLHS mostly occurs in caged layer hens during the peak period of egg production
and in broiler breeders [1,2], which causes huge losses in the poultry industry. Many factors
are considered to be possible causes of FLHS, but imbalanced nutrition is the major one [3],
similar to nonalcoholic fatty liver disease (NAFLD) in humans [4]. NAFLD begins with
insulin resistance, which is more common in birds than in mammals. Insulin resistance
leads to high levels of circulating free fatty acids and excess fat accumulation in hepatocytes,
resulting in fatty liver [5]. Similar to nonalcoholic fatty liver disease in humans, FLHS
may begin with simple hepatic steatosis. Chickens are widely considered to be a good
model not only for the study of hepatic steatosis in chickens, but also for the study of
NAFLD in humans [6]. Cultured primary hepatocytes, which closely resemble in vivo
liver cell activity and physiological gene expression, have become the standard in vitro
model for studying hepatic diseases [7]. Hepatocyte steatosis models induced by oleic
acid, sodium oleate, fat emulsion, and ethanol have been successfully used to study the
disease in human and other animals [8–11]. Fat emulsion, a known steatosis inducer, is
high in energy and contains essential fatty acids, which provide biosynthetic materials for
hepatocyte steatosis [12–14]. Commercial fat emulsion does not need to be prepared, and
the proportion of components is stable, which is better than other inducers of hepatocyte
steatosis. FLHS in chickens has been studied primarily using in vivo models, but rarely
with an in vitro cell model. The pathological process of FLHS in vitro in both broilers and
layers was shown to be similar. In the current study, to investigate the possible mechanisms
of hepatic steatosis in broilers, a steatosis model was established by incubating cultured
primary broiler hepatocytes with fat emulsion.

2. Materials and Methods

This study was conducted in accordance with the Declaration of Helsinki, and ap-
proved by the Animal Ethical and Welfare Committee of Henan University of Science and
Technology (approval code: 2022104).

2.1. Isolation and Culture of Primary Hepatocytes from Broiler Chickens

Two SPF AA broilers were purchased from Pulike Biological Engineering, Inc. (Luoyang,
China). They had received standard immunizations and had no clinical symptoms during
feeding. The primary hepatocytes were isolated from two AA broilers by using the modified
in situ 2-step perfusion method as previously published with some modifications [15].
Briefly, perfusion solution A (10.01 mM HEPES, 140.00 mM NaCl, 6.70 mM KCl, 2.53 mM
glucose, 0.64 mM EDTA, pH 7.2), solution B (28.78 mM HEPES, 140.00 mM NaCl, 6.70 mM
KCl, 2.53 mM glucose, 5.00 mM Ca2Cl, pH 7.2), and solution C (solution B containing
0.4 g/L type IV collagenase (Thermo Fisher Science Inc., Waltham, MA, USA)), were
warmed to body temperature (40.9–41.9 ◦C) and then perfused successively through the
hepatic portal vein. When it was observed that the subcapsular liver tissue was loose
and cracked, the tough tissue had become soft and lost elasticity, and the outflow of the
perfusion fluid began to appear turbid, the perfusion was stopped. The animals were under
general anesthesia during the collection of the liver cells. After perfusion, the liver was
minced to release hepatocytes. Hepatocytes were purified by centrifugation through 30%
Percoll. The viable cell count was determined using a hemocytometer and trypan blue
staining, and the titer was adjusted to 1 × 10−6 cells/mL. The cells were inoculated in
six-well plates and cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Science Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS, Thermo
Fisher Science Inc., Waltham, MA, USA), 1 µM bovine insulin, 1 µM dexamethasone, and
100 IU/mL streptomycin-penicillin (Sigma-Aldrich, Saint Louis, CA, USA) in a humidified
incubator at 37 ◦C in an atmosphere containing 5% CO2 (Thermo Fisher Science Inc.,
Waltham, MA, USA). After culturing primary hepatocytes for 4 h, the DMEM with 10% FBS
was replaced with DMEM with 5% FBS. Subsequently, the culture medium was replaced
every 24 h with DMEM without FBS. The growth and morphology of hepatocytes was
observed under an inverted microscope and photographed (Olympus, Tokyo, Japan).
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2.2. Optimal Conditions for Hepatocyte Steatosis Model Induced by Fat Emulsion

Screening for cell viability was done by CCK-8 (Beijing Solarbio Science & Technology).
The hepatocytes were seeded in 96-well plates at 5 × 104 cells/well and cultured at 37 ◦C
in 5% CO2 for 48 h, after which the medium was replaced with fresh DMEM + 5% FBS
containing 0, 2.5, 5, 10, or 20% fat emulsion (Sichuan Kelun Pharmaceutical Co., Ltd.,
Sichuan, China, made up of soybean oil, medium chain triglycerides, egg lecithin, glycerol,
and water for injection) for 0, 6, 12, 24, 48, or 72 h, with six replicates in each group (Figure 1).
After treatment for 48 h at 37 ◦C, the culture medium was replaced with fresh induction
medium in the fat emulsion group. The viable cell count was determined by measuring
the absorbance at 450 nm with a microplate reader (Thermo Fisher Science Inc., Waltham,
MA, USA) to determine the optimal conditions for the induction of steatosis. The optimum
concentration and time point were used for subsequent experiments.
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Figure 1. Determining optimal conditions in terms of viability for steatosis induction in primary
broiler hepatocytes incubated with fat emulsion. The first downward arrow (0 h) indicates where
culture medium was replaced with steatosis induction medium containing 2.5, 5, 10, or 20% fat
emulsion. The second downward arrow at 48 h indicates where the medium in the fat emulsion
group was replaced with fresh induction medium. Viability was determined by CCK-8 assay at 0, 6,
12, 24, 48, and 72 h.

2.3. Establishing a Primary Hepatocyte Model of Steatosis in Broiler Chickens

Primary broiler hepatocytes were seeded (1 × 105 cells/mL) into 6-well plates and
12-well plates (Corning, NY, USA). After culture for 24 h, cells were divided into control
and fat emulsion groups with six replicates in each group. The control group received only
growth medium, whereas the fat emulsion group was incubated with 10% fat emulsion. Af-
ter culturing for 48 h, the cells were harvested by centrifugation and cells and supernatants
were analyzed.

2.4. Effect of Fat Emulsion on Mitochondrial Membrane Potential in Hepatocytes

Hepatocytes were seeded into 12-well plates and treated according to the descrip-
tion in Section 2.2. The mitochondrial membrane potential was measured with a JC-1
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to manufac-
turer’s instructions. The cells were observed and imaged under a fluorescence microscope
(Olympus, Tokyo, Japan). To quantify the positive area for mitochondrial membrane po-
tential, the images were converted to binary images using the threshold function and
quantified using the analyze-particle function in ImageJ (1.52a version, NIH). The ratio of
green to red reflects the percentage of cells in apoptosis.

2.5. Effect of Fat Emulsion on Release of ALT and AST by Hepatocytes

Hepatocytes were seeded into 6-well plates and treated as described in Section 2.3.
A sample (1 mL) of culture supernatant was collected from each group, and the AST and
ALT concentrations were determined using commercially available kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.
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2.6. Effect of Fat Emulsion on TG Content in Hepatocytes

After fat emulsion treatment, the cells were collected and protein and TG content
were determined according to kit instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China):

Protein concentration (mg/mL) = Cstandard × (Asample − Ablank)/(Astandard − Ablank).

TG content (mmol/g prot) = [(ODsample − ODblank)/(ODcalibration − ODblank) × calibrator concentration]/protein concentration of sample.

2.7. Effect of Fat Emulsion on Expression of Lipid Metabolism Genes

After fat emulsion treatment, the cells were collected and washed with precooled
PBS, and total RNA was extracted using TRIzol reagent (Beijing Solarbio Technology Co.,
Beijing, China). RNA was reverse transcribed to cDNA and amplified by qPCR according
to the kit instructions (TaKaRa Bio, Dalian, China). The concentration and purity of the
RNA was determined with a NanoDrop ND-2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, NC, USA) and the integrity was shown by electrophoresis of a
sample of total RNA on a 1% agarose gel. RNA was transcribed into cDNA by reverse
transcription using a commercial kit (Vazyme, Nanjing, China). Using GAPDH as the
reference gene, the relative transcription levels of the lipid metabolism-related genes,
PPARα, SREBP-lc, ChREBP, CPT1, CPT2, and MTP, were determined by quantitative
fluorescence PCR using a commercial kit (TaKaRa Bio). The reference gene selected in
this study was stably expressed within all samples to be compared, regardless of tissue
differences, experimental conditions, or treatments. The reaction mix (20 µL) contained
the following: SYBR Fast qPCR mix (10 µL), forward primer (2 µL, 2 µM), reverse primer
(2 µL, 2 µM), cDNA (1 µL), and dH2O (5 µL). The primer sequences and amplicon sizes
are shown in Table 1. All primers were synthesized by Sangon Biotech (China). The PCR
conditions were as follows: 95 ◦C for 30 s, followed by 35 cycles of 95 ◦C for 10 s, 55–56 ◦C
for 30 s, and 72 ◦C for 30 s, and lastly held at 4 ◦C. The Ct value was calculated using
Excel software, and the relative expression level of mRNA was calculated using the 2−∆∆Ct

method [16], where ∆∆Ct = (CtExperimental group target gene − CtExperimental group GAPDH) −
(CtControl group target gene − CtControl group GAPDH).

Table 1. Primer sequences and amplicon sizes for target lipid metabolism-related genes.

Gene Accession Number Primer Sequence (5′→3′) Length
(bp)

PPARα XM_025150258.2 F: 5′ CATTTGCTGTGGAGCTGAAGTT 3′
R: 5′ TTCCGGCATAGAATCCCACTT 3′ 131 bp

SREBP-1c XM_015294109.3 F: 5′ GAGACCATCTACAGCTCCGC 3′
R: 5′ TCCGAAAAGCACCTTCCCTC 3′ 155 bp

ChREBP NM_001110841.1 F: 5′ ACAGCTCAATCAACCTGTGC 3′
R: 5′ GTATGGTGGAAGGGGCAGTG 3′ 184 bp

CPT1 NM_001012898.1 F: 5′ AACCCTTGACACAACTGGCT 3′
R: 5′ GTGACGATAAGGGCAACCCA 3′ 96 bp

CPT2 NM_001031287.2 F: 5′ CGCGTGACGGGCCAAC 3′
R: 5′ GTTTGGGAACAGGCAGTCTGG 3′ 167 bp

MTP NM_001109784.2 F: 5′ TTGGCTCTCCTTTCAGGCATT3′
R: 5′ AGCCATGGATTCAGGACACC3′ 225 bp

GAPDH NM_204305.1 F:5′ TCGGAGTCAACGGATTTGGC3′
R: 5′ CCGTTCTCAGCCTTGACAGT3′ 178 bp

2.8. Statistical Analysis

All experimental data were expressed as mean ± standard deviation. Differences
between groups were analyzed using IBM SPSS 19.0 software (SPSS Inc., Chicago, IL,
USA) and visualized using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA,
USA). The statistical significance between groups was determined by Student’s t-test and
one-way ANOVA with a Duncan test using the SPSS 19.0 software. p < 0.05 was defined
as statistically significant. Correlation analysis (scatter plots and Pearson correlation co-
efficient) was carried out using Microsoft Excel.
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3. Results
3.1. Optimal Conditions for Induction of Steatosis in Broiler Primary Hepatocytes by Fat Emulsion

Fat emulsion treatment for six hours significantly promoted the proliferation of hep-
atocytes (p < 0.05) and did not affect their viability in the concentration range of 0–10%
(Table 2). When the induction time with fat emulsion was >12 h, however, the cell viability
in the concentration range of 0–10% gradually decreased with increasing time, and was
significantly lower than at six hours for the same concentration (p < 0.05). With 20% fat
emulsion, the cell viability decreased significantly (p < 0.05), possibly because the osmotic
pressure of the 20% induction medium may have been so high that it damaged the cells. For
the same induction time, the cell viability increased gradually with increasing fat emulsion
concentration (Table 3). Cell viability was 67% when induced by 10% fat emulsion for 48 h,
which could be used to establish the steatosis model using broiler primary hepatocytes.

Table 2. Effect of different concentrations of fat emulsion on hepatocyte viability at different times.

Incubation
(Hours)

Fat Emulsion
(%)

Cell Viability
(%)

Incubation
(Hours)

Fat Emulsion
(%)

Cell Viability
(%)

6 h 0 117.8 ± 0.046 ab 48 h 0 43.6 ± 0.073 ghi

2.5 121.0 ± 0.046 ab 2.5 41.8 ± 0.052 hi

5 125.0 ± 0.06 ab 5 51.2 ± 0.052 fghi

10 134.4 ± 0.046 a 10 66.6 ± 0.052 cdef

20 45.6 ± 0.046 fghi 20 38.3 ± 0.052 i

12 h 0 54.9 ± 0.046 efghi 72 h 0 31.0 ± 0.073 i

2.5 73.9 ± 0.046 cde 2.5 34.5 ± 0.052 i

5 87.8 ± 0.06 c 5 47.3 ± 0.06 fghi

10 110.1 ± 0.046 b 10 65.8 ± 0.073 cdefg

20 40.1 ± 0.06 hi 20 38.3 ± 0.073 i

24 h 0 44.7 ± 0.052 fghi

2.5 62.7 ± 0.06 defgh

5 66.9 ± 0.073 cdef

10 77.7 ± 0.073 cd

20 57.1 ± 0.052 defghi

Note: Different superscripts indicate significant differences between concentrations for the same incubation time
(p < 0.0001).

Table 3. Effect of different concentrations and different times of fat emulsion on hepatocyte viability.

Incubation (Hours) Fat Emulsion (%) Cell Viability (%)

6 107.4 ± 0.345 a

12 75.1 ± 0.257 ab

24 59.0 ± 0.120 b

48 48.8 ± 0.111 b

72 42.3 ± 0.121 b

0 72.6 ± 0.3356 ab

2.5 74.8 ± 0.320 ab

5 79.8 ± 0.288 ab

10 98.0 ± 0.267 a

20 55.8 ± 0.246 b

p-value
Incubation time <0.0001

Fat emulsion level <0.0001
Interaction <0.0001

Note: Different superscripts indicate significant differences between concentrations for the same incubation time
(p < 0.0001).

3.2. Effect of Fat Emulsion on Hepatocyte Mitochondrial Membrane Potential

After grouping, JC-1 staining was used to detect early apoptosis. As shown in Figure 2,
a small number of JC-1 aggregates (red fluorescence) and a large number of JC-1 monomers
(green fluorescence) can be seen in hepatocytes of the control group, consistent with low
mitochondrial membrane potential. The green fluorescence of hepatocytes induced by
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10% fat emulsion decreased, suggesting an increase in mitochondrial membrane potential
(Figure 2a). Compared with the control group, the early apoptosis of cells in the fat emulsion
group was lower at 48 h (p > 0.05), but this was not significant (Figure 2b).
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Figure 2. Effect of fat emulsion on mitochondrial membrane potential and apoptosis of hepatocytes.
(a) Representative images of JC-1 staining in different groups (200×). Red fluorescence represents
the mitochondrial aggregated form of JC-1, indicating normal membrane potential from intact mito-
chondria. Green fluorescence represents the monomeric form of JC-1, indicating loss of membrane
potential (∆Ψm). (b) The ratio of green to red reflects the percentage of cells in apoptosis. Note:
Data are presented as mean ± SEM; statistical differences were assessed by one-way ANOVA with
subsequent Tukey’s HSD test (the same below).

3.3. Effect of Fat Emulsion on Release of ALT and AST from Hepatocytes

As shown in Figure 3, compared with the control group, the concentration of ALT
(p < 0.001) and AST (p < 0.01) in cell culture supernatants of the 10% fat emulsion group
was significantly higher.
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3.4. Effect of Fat Emulsion on TG Level in Hepatocytes

As shown in Figure 4a, the TG content in the cells in the fat emulsion group was
significantly higher than that in the control group (p < 0.05). The supernatant levels of ALT
and AST were well correlated with the TG content (Figure 4b).



Vet. Sci. 2022, 9, 316 7 of 10

Vet. Sci. 2022, 9, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 3. Effect of fat emulsion on the concentration of ALT and AST in the culture medium of 
hepatocytes. Note: Data are presented as mean ± SEM. ** p < 0.01, *** p < 0.001; statistical differences 
were assessed by one-way ANOVA with subsequent Tukey’s HSD test. 

3.4. Effect of Fat Emulsion on TG Level in Hepatocytes 
As shown in Figure 4a, the TG content in the cells in the fat emulsion group was 

significantly higher than that in the control group (p < 0.05). The supernatant levels of ALT 
and AST were well correlated with the TG content (Figure 4b). 

 
Figure 4. Effect of fat emulsion on TG content in hepatocytes and correlation analysis of ALT and 
AST with TG. (a) Effect of fat emulsion on TG content in hepatocytes. (b) The correlation analysis of 
ALT and AST with TG. Note: Data are presented as mean ± SEM. * p < 0.05; statistical differences 
were assessed by one-way ANOVA with subsequent Tukey’s HSD test. 

3.5. Effect of Fat Emulsion on Expression of Lipid Metabolism Genes 
As shown in Figure 5, the expression of SREBP-1c, a key gene involved in lipid syn-

thesis in cells in fat-group hepatocytes, was significantly higher than in the control (p < 
0.05). The expression of ChREBP, another gene involved in lipid synthesis, was lower in 
the fat emulsion group than in the control group, but the difference was not significant (p 
> 0.05). The expression of the lipid metabolism gene PPARα in the fat emulsion group was 
significantly lower than that in the control group (p < 0.001). The expression of MTP in the 
fat emulsion group was lower than in the control, but the difference was not significant (p 
> 0.05). The expression of major genes of lipid metabolism CPT1 (p < 0.001) and CPT2 (p < 
0.05) in the fat emulsion group were lower than those in the control group. 

Figure 4. Effect of fat emulsion on TG content in hepatocytes and correlation analysis of ALT and
AST with TG. (a) Effect of fat emulsion on TG content in hepatocytes. (b) The correlation analysis of
ALT and AST with TG. Note: Data are presented as mean ± SEM. * p < 0.05; statistical differences
were assessed by one-way ANOVA with subsequent Tukey’s HSD test.

3.5. Effect of Fat Emulsion on Expression of Lipid Metabolism Genes

As shown in Figure 5, the expression of SREBP-1c, a key gene involved in lipid
synthesis in cells in fat-group hepatocytes, was significantly higher than in the control
(p < 0.05). The expression of ChREBP, another gene involved in lipid synthesis, was lower
in the fat emulsion group than in the control group, but the difference was not significant
(p > 0.05). The expression of the lipid metabolism gene PPARα in the fat emulsion group
was significantly lower than that in the control group (p < 0.001). The expression of MTP in
the fat emulsion group was lower than in the control, but the difference was not significant
(p > 0.05). The expression of major genes of lipid metabolism CPT1 (p < 0.001) and CPT2
(p < 0.05) in the fat emulsion group were lower than those in the control group.
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4. Discussion

Similar to humans, the liver is the main site of fat synthesis in broilers [4,17,18].
Although the liver can store some energy for nutritional needs, excessive nutrient levels
accelerate the accumulation of fatty acids in liver tissues [13,19]. A high-energy diet during
rapid growth is the main reason for FLHS in broilers [20–22]. There are many reports about
the disease around the world, but its pathogenic mechanism is still not completely clear.
The establishment of a chicken hepatocyte steatosis model provides the means for studying
the pathogenesis of fatty liver disease and formulating effective prevention and treatment
measures. Fat emulsion contains a large number of polyunsaturated fatty acids (PUFAs),
which are easily attacked by free radicals, causing lipid peroxidation [23], which leads to
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fatty liver [24]. Fat emulsions also contain a lot of energy and essential fatty acids, which
can provide biosynthetic materials for hepatocyte steatosis [14,25,26]. Furthermore, the
excessive fatty acid exceeds the metabolic needs of the liver tissue, resulting in increased
TG deposition in the liver and leading to oxidative stress in hepatocytes and fatty liver
disease. Therefore, in this study we incubated primary cultures of broiler hepatocytes with
fat emulsion to induce steatosis.

Most of the functions of the liver are performed by hepatocytes [27]. Studies have
shown that primary hepatocytes cultured in vitro can accurately simulate the in vivo
physiological environment of the liver and its activity and can be used as a model for
studying drug metabolism and toxicology effects on the liver [7,28]. As highly differentiated
cells, hepatocytes show a high proliferation ability in vivo, but are resistant to proliferation
in vitro [29,30], where they survive for only about a week [31,32]. In this study, the primary
cultured hepatocytes did not survive for more than 10 days, with viability showing a
continuous decline after >60 h in culture (Table 2). Cell viability after incubation with
10% fat emulsion for >12 h decreased gradually over time (Table 2). Because of the short
survival time of hepatocytes in vitro, 48 h of fat emulsion induction was selected as the
condition for the establishment of the hepatocyte steatosis model. The cell viability was
67% when induced by 10% fat emulsion for 48 h, which met the requirements of modeling.
Because of its high energy content and essential fatty acids, the exogenous addition of
excess fat emulsion can be used to establish in vitro models of early hepatocyte steatosis.
This perfectly simulates the mechanism of activation according to a “two-hit” theory [5].

ALT is mainly distributed in hepatocyte cytoplasm, whereas AST is in the mitochon-
dria, and they are diagnostic indices of liver disease [33]. TG is a typical diagnostic indicator
of fatty liver. When lipid metabolism is disordered, the content of intracellular TG will
increase [24]. In the present study, the levels of ALT (p < 0.001), AST (p < 0.01), and TG
(p < 0.05) in culture supernatants were greater in the fat emulsion group than in the con-
trol, indicating that incubation of hepatocytes with fat emulsion causes lipid metabolism
disorders, leading to steatosis.

Studies have shown that many genes have important roles in lipid homeostasis [34,35].
Lipogenesis in the liver is mainly regulated by SREBP-1c, the main regulator of lipid
biosynthesis [36]. ChREBP encodes an important transcription factor for the promotion of
glycolysis and lipogenesis [37]. The decrease in fatty acid β-oxidation also leads to lipid
accumulation in the liver [38]. PPARα is the main regulator of fatty acid oxidation, which
controls expression of CPT and ACADS, two key enzymes in fatty acid β-oxidation [39].
In addition, promoting lipid transport can reduce lipid deposition. MTP participates in
the synthesis of lipoproteins containing apolipoprotein B (apoB) and is an indispensable
lipid transporter for the synthesis and secretion of very-low-density lipoprotein (VLDL)
in hepatocytes [40]. In the present study, the expression level of SREBP-1c (p < 0.05) was
greater in the fat emulsion group than in controls, whereas expression of PPARα (p < 0.001),
CPT1 (p < 0.001), and CPT2 (p < 0.05) was lower in the fat emulsion group than the control
group, which is consistent with earlier results [13,34,41,42]. The hepatocyte steatosis model
established in this study can be used for evaluating early drug interventions.

5. Conclusions

In this study, primary hepatocytes were isolated from broilers by a modified two-
step in situ perfusion method. This study explored the changes in activity of hepatocytes
cultured in vitro. The induction condition was selected as 10% fat emulsion incubation for
48 h, and a fatty liver degeneration model for broiler chickens was successfully established.

Author Contributions: Conceptualization, C.Z. and X.W.; methodology, C.Z.; software, S.M.; vali-
dation, S.M., C.L. and C.Z.; formal analysis, Z.Y.; investigation, G.W.; resources, C.Z.; data curation,
S.M.; writing—original draft preparation, S.M.; writing—review and editing, C.Z.; visualization,
Y.M.; supervision, Y.M.; project administration, C.Z.; funding acquisition, C.Z. All authors have read
and agreed to the published version of the manuscript.



Vet. Sci. 2022, 9, 316 9 of 10

Funding: This research was funded by the National Key R&D Program of China (2017YFE0129900)
and the National Natural Science Foundation of China (31872537).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Animal Ethical and Welfare Committee of Henan University of
Science and Technology (approval code: 2022104).

Informed Consent Statement: Written informed consent has been obtained from the animals owner
to publish this paper.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank the teachers and students of the Henan International Joint Laboratory
of Animal Welfare and Health Breeding, Henan University of Science and Technology, for their help.

Conflicts of Interest: The authors declare no conflict of interest for this article.

References
1. Zhang, K.; Shi, Y.; Huang, C.; Huang, C.; Xu, P.; Zhou, C.; Liu, P.; Hu, R.; Zhuang, Y.; Li, G.; et al. Activation of AMP-activated

protein kinase signaling pathway ameliorates steatosis in laying hen hepatocytes. Poult. Sci. 2020, 100, 100805. [CrossRef]
[PubMed]

2. Wu, Q.; Yang, F.; Tang, H. Based on network pharmacology method to discovered the targets and therapeutic mechanism of
Paederia scandens against nonalcoholic fatty liver disease in chicken. Poult. Sci. 2021, 100, 101042. [CrossRef] [PubMed]

3. Zhu, Y.; Mao, H.; Peng, G.; Zeng, Q.; Wei, Q.; Ruan, J.; Huang, J. Effect of JAK-STAT pathway in regulation of fatty liver
hemorrhagic syndrome in chickens. Anim. Biosci. 2021, 34, 143–153. [CrossRef] [PubMed]

4. Li, L.; Chu, X.; Yao, Y.; Cao, J.; Li, Q.; Ma, H.-T. (−)-Hydroxycitric acid alleviates oleic acid induced steatosis, oxidative stress
and inflammation in primary chicken hepatocytes by regulating AMPK mediated ROS levels. J. Agric. Food Chem. 2020, 68,
11229–11241. [CrossRef]

5. Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842–845. [CrossRef]
6. Qiu, K.; Zhao, Q.; Wang, J.; Qi, G.-H.; Wu, S.-G.; Zhang, H.-J. Effects of Pyrroloquinoline Quinone on Lipid Metabolism and

Anti-Oxidative Capacity in a High-Fat-Diet Metabolic Dysfunction-Associated Fatty Liver Disease Chick Model. Int. J. Mol. Sci.
2021, 22, 1458. [CrossRef]

7. Li, L.; Stanton, J.D.; Tolson, A.H.; Luo, Y.; Wang, H. Bioactive Terpenoids and Flavonoids from Ginkgo Biloba Extract Induce the
Expression of Hepatic Drug-Metabolizing Enzymes Through Pregnane X Receptor, Constitutive Androstane Receptor, and Aryl
hydrocarbon Receptor-Mediated Pathways. Pharm. Res. 2008, 26, 872–882. [CrossRef]

8. Meng, S.-X.; Liu, Q.; Tang, Y.-J.; Wang, W.-J.; Zheng, Q.-S.; Tian, H.-J.; Yao, D.-S.; Liu, L.; Peng, J.-H.; Zhao, Y.; et al. A
Recipe Composed of Chinese Herbal Active Components Regulates Hepatic Lipid Metabolism of NAFLD In Vivo and In Vitro.
BioMed Res. Int. 2016, 2016, 1–12.

9. Xie, C.; Chen, Z.; Zhang, C.; Xu, X.; Jin, J.; Zhan, W.; Han, T.; Wang, J. Dihydromyricetin ameliorates oleic acid-induced lipid
accumulation in L02 and HepG2 cells by inhibiting lipogenesis and oxidative stress. Life Sci. 2016, 157, 131–139. [CrossRef]

10. Wu, Z.; Ma, H.; Wang, L.; Song, X.; Zhang, J.; Liu, W.; Ge, Y.; Sun, Y.; Yu, X.; Wang, Z.; et al. Tumor suppressor ZHX2 inhibits
NAFLD-HCC progression via blocking LPL-mediated lipid uptake. Cell Death Differ. 2019, 27, 1693–1708. [CrossRef]

11. Fan, J.; Chen, C.-J.; Wang, Y.-C.; Quan, W.; Wang, J.-W.; Zhang, W.-G. Hemodynamic changes in hepatic sinusoids of hepatic
steatosis mice. World J. Gastroenterol. 2019, 25, 1355–1365. [CrossRef] [PubMed]

12. Zhang, X.; Gao, X.; Zhang, P.; Guo, Y.; Lin, H.; Diao, X.; Liu, Y.; Dong, C.; Hu, Y.; Chen, S.; et al. Dynamic mechanical analysis to
assess viscoelasticity of liver tissue in a rat model of nonalcoholic fatty liver disease. Med. Eng. Phys. 2017, 44, 79–86. [CrossRef]
[PubMed]

13. Zhang, M.; Yuan, Y.; Wang, Q.; Li, X.; Men, J.; Lin, M. The Chinese medicine Chai Hu Li Zhong Tang protects against non-alcoholic
fatty liver disease by activating AMPKα. Biosci. Rep. 2018, 38, BSR20180644. [CrossRef]

14. Zhao, Y.; Wang, C. Effect ofω-3 polyunsaturated fatty acid-supplemented parenteral nutrition on inflammatory and immune
function in postoperative patients with gastrointestinal malignancy: A meta-analysis of randomized control trials in China.
Medicine 2018, 97, e0472. [CrossRef] [PubMed]

15. Zhang, C.; Wang, L.M.; Liu, G.W.; Su, W.; Huang, J.L.; Xie, G.H.; Wang, Z. Isolation and primary culture of calf hepatocytes. J. Cell
Biol. 2007, 29, 880–884.

16. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
17. Flees, J.; Rajaei-Sharifabadi, H.; Greene, E.; Beer, L.; Hargis, B.M.; Ellestad, L.; Porter, T.; Donoghue, A.; Bottje, W.G.; Dridi, S.

Effect of Morinda citrifolia (Noni)-Enriched Diet on Hepatic Heat Shock Protein and Lipid Metabolism-Related Genes in Heat
Stressed Broiler Chickens. Front. Physiol. 2017, 8, 919. [CrossRef]

18. Zaefarian, F.; Abdollahi, M.R.; Cowieson, A.; Ravindran, V. Avian Liver: The Forgotten Organ. Animals 2019, 9, 63. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.psj.2020.10.059
http://www.ncbi.nlm.nih.gov/pubmed/33516482
http://doi.org/10.1016/j.psj.2021.101042
http://www.ncbi.nlm.nih.gov/pubmed/33810823
http://doi.org/10.5713/ajas.19.0874
http://www.ncbi.nlm.nih.gov/pubmed/32106651
http://doi.org/10.1021/acs.jafc.0c04648
http://doi.org/10.1016/S0016-5085(98)70599-2
http://doi.org/10.3390/ijms22031458
http://doi.org/10.1007/s11095-008-9788-8
http://doi.org/10.1016/j.lfs.2016.06.001
http://doi.org/10.1038/s41418-019-0453-z
http://doi.org/10.3748/wjg.v25.i11.1355
http://www.ncbi.nlm.nih.gov/pubmed/30918428
http://doi.org/10.1016/j.medengphy.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28284571
http://doi.org/10.1042/BSR20180644
http://doi.org/10.1097/MD.0000000000010472
http://www.ncbi.nlm.nih.gov/pubmed/29668624
http://doi.org/10.1093/nar/29.9.e45
http://doi.org/10.3389/fphys.2017.00919
http://doi.org/10.3390/ani9020063
http://www.ncbi.nlm.nih.gov/pubmed/30781411


Vet. Sci. 2022, 9, 316 10 of 10

19. Yébenes, J.C.; Campins, L.; de Lagran, I.M.; Bordeje, L.; Lorencio, C.; Grau, T.; Montejo, J.C.; Bodí, M.; Serra-Prat, M.; Working
Group on Nutrition and Metabolism of the Spanish Society of Critical Care. Nutritrauma: A Key Concept for Minimising the
Harmful Effects of the Administration of Medical Nutrition Therapy. Nutrients 2019, 11, 1775. [CrossRef]

20. Thanabalan, A.; Moats, J.; Kiarie, E.G. Effects of feeding broiler breeder hens a coextruded full-fat flaxseed and pulses mixture
without or with multienzyme supplement. Poult. Sci. 2020, 99, 2616–2623. [CrossRef]

21. Peng, G.; Huang, E.; Ruan, J.; Huang, L.; Liang, H.; Wei, Q.; Xie, X.; Zeng, Q.; Huang, J. Effects of a high energy and low protein
diet on hepatic and plasma characteristics and Cidea and Cidec mRNA expression in liver and adipose tissue of laying hens with
fatty liver hemorrhagic syndrome. Anim. Sci. J. 2018, 90, 247–254. [CrossRef] [PubMed]

22. Hu, X.; Wang, Y.; Sheikhahmadi, A.; Li, X.; Buyse, J.; Lin, H.; Song, Z. Effects of dietary energy level on appetite and central
adenosine monophosphate-activated protein kinase (AMPK) in broilers. J. Anim. Sci. 2019, 97, 4488–4495. [CrossRef] [PubMed]

23. Gutiérrez-Pliego, L.E.; Martínez-Carrillo, B.E.; Reséndiz-Albor, A.A.; Valdés-Ramos, R. Effect on Adipose Tissue of Diabetic Mice
Supplemented with n-3 Fatty Acids Extracted from Microalgae. Endocr. Metab. Immune Disord. Drug Targets 2020, 20, 728–735.
[CrossRef] [PubMed]

24. Konda, P.Y.; Poondla, V.; Jaiswal, K.K.; Dasari, S.; Uyyala, R.; Surtineni, V.P.; Egi, J.Y.; Masilamani, A.J.A.; Bestha, L.;
Konanki, S.; et al. Pathophysiology of high fat diet induced obesity: Impact of probiotic banana juice on obesity associated
complications and hepatosteatosis. Sci. Rep. 2020, 10, 16894. [CrossRef] [PubMed]

25. Wang, M.; Zhao, R.; Wang, W.; Mao, X.; Yu, J. Lipid regulation effects of Polygoni Multiflori Radix, its processed products and its
major substances on steatosis human liver cell line L02. J. Ethnopharmacol. 2012, 139, 287–293. [CrossRef] [PubMed]

26. Xie, P.; Wang, M.; Guo, Y.; Wen, H.; Chen, X.; Chen, S.; Lin, H. Temperature dependent of viscoelasticity measurement on fat
emulsion phantom using acoustic radiation force elasticity imaging method. Technol. Health Care 2018, 26, 449–458. [CrossRef]

27. You, J.; Raghunathan, V.K.; Son, K.J.; Patel, D.; Haque, A.; Murphy, C.J.; Revzin, A. Impact of Nanotopography, Heparin Hydrogel
Microstructures, and Encapsulated Fibroblasts on Phenotype of Primary Hepatocytes. ACS Appl. Mater. Interfaces 2014, 7,
12299–12308. [CrossRef]

28. Jeong, D.; Han, C.; Kang, I.; Park, H.T.; Kim, J.; Ryu, H.; Gho, Y.S.; Park, J. Effect of Concentrated Fibroblast-Conditioned Media
on In Vitro Maintenance of Rat Primary Hepatocyte. PLoS ONE 2016, 11, e0148846. [CrossRef]

29. Wallace, K.; Fairhall, E.A.; Charlton, K.A.; Wright, M.C. AR42J-B-13 cell: An expandable progenitor to generate an unlimited
supply of functional hepatocytes. Toxicology 2010, 278, 277–287. [CrossRef]

30. Guo, R.; Tang, W.; Yuan, Q.; Hui, L.; Wang, X.; Xie, X. Chemical Cocktails Enable Hepatic Reprogramming of Mouse Fibroblasts
with a Single Transcription Factor. Stem Cell Rep. 2017, 9, 499–512. [CrossRef]

31. Marolt, T.P.; Kramar, B.; Rozman, K.B.; Šuput, D.; Milisav, I. Aripiprazole reduces liver cell division. PLoS ONE 2020, 15, e0240754.
32. Tahan, A.C.; Tahan, V. Placental Amniotic Epithelial Cells and Their Therapeutic Potential in Liver Diseases. Front. Med. 2014,

1, 48. [CrossRef] [PubMed]
33. Zhang, M.; Lin, L.; Lin, H.; Qu, C.; Yan, L.; Ni, J. Interpretation the Hepatotoxicity Based on Pharmacokinetics Investigated

Through Oral Administrated Different Extraction Parts of Polygonum multiflorum on Rats. Front. Pharmacol. 2018, 9, 505.
[CrossRef] [PubMed]

34. Guo, Y.; Zhang, X.; Zhao, Z.; Lu, H.; Ke, B.; Ye, X.; Wu, B.; Ye, J. NF- B/HDAC1/SREBP1c pathway mediates the inflammation
signal in progression of hepatic steatosis. Acta Pharm. Sin. B 2020, 10, 825–836. [CrossRef]

35. Wang, C.; Duan, X.; Sun, X.; Liu, Z.; Sun, P.; Yang, X.; Sun, H.; Liu, K.; Meng, Q. Protective effects of glycyrrhizic acid from edible
botanical glycyrrhiza glabra against non-alcoholic steatohepatitis in mice. Food Funct. 2016, 7, 3716–3723. [CrossRef]

36. Valtolina, C.; Robben, J.H.; E van Wolferen, M.; Kruitwagen, H.S.; Corbee, R.J.; Favier, R.P.; Penning, L.C. Gene expressions of de
novo hepatic lipogenesis in feline hepatic lipidosis. J. Feline Med. Surg. 2019, 22, 500–505. [CrossRef]

37. Ashraf, U.M.; Sanchez, E.R.; Kumarasamy, S. COUP-TFII revisited: Its role in metabolic gene regulation. Steroids 2018, 141, 63–69.
[CrossRef]

38. Kwon, Y.; Jeong, S.J. Relative Skeletal Muscle Mass Is an Important Factor in Non-Alcoholic Fatty Liver Disease in Non-Obese
Children and Adolescents. J. Clin. Med. 2020, 9, 3355. [CrossRef]

39. Saki, S.; Saki, N.; Poustchi, H.; Malekzadeh, R. Assessment of Genetic Aspects of Non-alcoholic Fatty Liver and Premature
Cardiovascular Events. Middle East J. Dig. Dis. 2020, 12, 65–88. [CrossRef]

40. Welty, F.K. Hypobetalipoproteinemia and abetalipoproteinemia: Liver disease and cardiovascular disease. Curr. Opin. Lipidol.
2020, 31, 49–55. [CrossRef]

41. Chen, Z.; Li, C.; Yang, C.; Zhao, R.; Mao, X.; Yu, J. Lipid Regulation Effects of Raw and Processed Notoginseng Radix Et Rhizome
on Steatotic Hepatocyte L02 Cell. BioMed Res. Int. 2016, 2016, 2919034. [CrossRef] [PubMed]

42. Miao, Y.; Gao, X.; Xu, D.; Li, M.; Gao, Z.; Tang, Z.; Mhlambi, N.; Wang, W.; Fan, W.; Shi, X.; et al. Protective effect of the new
prepared Atractylodes macrocephala Koidz polysaccharide on fatty liver hemorrhagic syndrome in laying hens. Poult. Sci. 2020,
100, 938–948. [CrossRef] [PubMed]

http://doi.org/10.3390/nu11081775
http://doi.org/10.1016/j.psj.2019.12.062
http://doi.org/10.1111/asj.13140
http://www.ncbi.nlm.nih.gov/pubmed/30523654
http://doi.org/10.1093/jas/skz312
http://www.ncbi.nlm.nih.gov/pubmed/31586423
http://doi.org/10.2174/1871530320666200213111452
http://www.ncbi.nlm.nih.gov/pubmed/32053089
http://doi.org/10.1038/s41598-020-73670-4
http://www.ncbi.nlm.nih.gov/pubmed/33037249
http://doi.org/10.1016/j.jep.2011.11.022
http://www.ncbi.nlm.nih.gov/pubmed/22120683
http://doi.org/10.3233/THC-174746
http://doi.org/10.1021/am504614e
http://doi.org/10.1371/journal.pone.0148846
http://doi.org/10.1016/j.tox.2010.05.008
http://doi.org/10.1016/j.stemcr.2017.06.013
http://doi.org/10.3389/fmed.2014.00048
http://www.ncbi.nlm.nih.gov/pubmed/25593921
http://doi.org/10.3389/fphar.2018.00505
http://www.ncbi.nlm.nih.gov/pubmed/29887801
http://doi.org/10.1016/j.apsb.2020.02.005
http://doi.org/10.1039/C6FO00773B
http://doi.org/10.1177/1098612X19857853
http://doi.org/10.1016/j.steroids.2018.11.013
http://doi.org/10.3390/jcm9103355
http://doi.org/10.34172/mejdd.2020.166
http://doi.org/10.1097/MOL.0000000000000663
http://doi.org/10.1155/2016/2919034
http://www.ncbi.nlm.nih.gov/pubmed/27642594
http://doi.org/10.1016/j.psj.2020.11.036
http://www.ncbi.nlm.nih.gov/pubmed/33518147

	Introduction 
	Materials and Methods 
	Isolation and Culture of Primary Hepatocytes from Broiler Chickens 
	Optimal Conditions for Hepatocyte Steatosis Model Induced by Fat Emulsion 
	Establishing a Primary Hepatocyte Model of Steatosis in Broiler Chickens 
	Effect of Fat Emulsion on Mitochondrial Membrane Potential in Hepatocytes 
	Effect of Fat Emulsion on Release of ALT and AST by Hepatocytes 
	Effect of Fat Emulsion on TG Content in Hepatocytes 
	Effect of Fat Emulsion on Expression of Lipid Metabolism Genes 
	Statistical Analysis 

	Results 
	Optimal Conditions for Induction of Steatosis in Broiler Primary Hepatocytes by Fat Emulsion 
	Effect of Fat Emulsion on Hepatocyte Mitochondrial Membrane Potential 
	Effect of Fat Emulsion on Release of ALT and AST from Hepatocytes 
	Effect of Fat Emulsion on TG Level in Hepatocytes 
	Effect of Fat Emulsion on Expression of Lipid Metabolism Genes 

	Discussion 
	Conclusions 
	References

