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ABSTRACT Hepatic steatosis is a highly prevalent
liver disease, yet research on it is hampered by
the lack of tractable cellular models in poultry. To
examine the possibility of using organoids to model
steatosis and detect it efficiently in leghorn male hepa-
tocellular (LMH) cells, we first established steatosis
using different concentrations of oleic acid (OA) (0.05
−0.75 mmol/L) for 12 or 24 h. The subsequent detec-
tions found that the treatment of LMH cells with OA
resulted in a dramatic increase in intracellular triglyc-
eride (TG) concentrations, which was positively asso-
ciated with the concentration of the inducing OA (R2

> 0.9). Then, the modeled steatosis was detected by
flow cytometry after NileRed staining and it was
found that the intensity of NileRed-A was positively
correlated with the TG concentration (R2 > 0.93),
which demonstrates that the flow cytometry is suit-
able for the detection of steatosis in LMH cells.
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According to the detection results of the different stea-
tosis models, we confirmed that the optimal induction
condition for the establishment of the steatosis model
in LMH cells is OA (0.375 mmol/L) incubation for 12
h. Finally, the transcription and protein content of fat
metabolism-related genes in steatosis model cells were
detected. It was found that OA-induced steatosis
could significantly decrease the expression of nuclear
receptor PPAR-g and the synthesis of fatty acids
(SREBP-1C, ACC1, FASN), increasing the oxidative
decomposition of triglycerides (CPT1A) and the
assembly of low-density lipoproteins (MTTP, ApoB).
Sterol metabolism in model cells was also significantly
enhanced (HMGR, ABCA1, L-BABP). This study
established, detected, and analyzed an OA-induced
steatosis model in LMH cells, which provides a stable
model and detection method for the study of poultry
steatosis-related diseases.
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INTRODUCTION

Hepatic steatosis broadly represents an excess accu-
mulation of fat (mainly triacylglycerols) in the paren-
chymal cells (hepatocytes) of the liver, resulting in
obviously microscopically visible lipid droplets within
the cytoplasm (Matteoni et al., 1999; Marchesini et al.,
2001; Browning et al., 2004; Masahide et al., 2005).
The accumulation of fat in the hepatocytes is caused
by an imbalance between lipid availability (from circu-
lating lipid uptake and/or de novo lipogenesis [DNL])
and lipid disposal (via fatty acid oxidation and/or tria-
cylglycerol-rich lipoprotein secretion) in the liver
(Neuschwander-Tetri, 2001). Occasional triacylgly-
cerol droplets in hepatocytes are considered normal,
but when more than 5% of hepatocytes contain lipid
droplets, a histopathological diagnosis of hepatic stea-
tosis is established.
Hepatic steatosis is an initial manifestation of severely

progressive liver diseases. Simple steatosis of the liver in
chicken may develop into steatohepatitis, liver fibrosis,
fatty liver syndrome (FLS) (Shini et al., 2020; Tan
et al., 2020), and even fatty liver hemorrhagic syndrome
(FLHS) (Liu et al., 2016; Meng et al., 2021; Tan et al.,
2021) if no efficacious intervention is made for the
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hepatic steatosis at an early stage. Hepatocellular stea-
tosis in chicken is the consequence of various nutritional
factors and associated diseases such as obesity (Liang
et al., 2015), body hepatitis (FAdV-4) (Yuan et al.,
2021), high endogenous estrogen levels (Haghighi-Rad
and Polin, 1981), and other factors.

In many fatty livers studied so far, artificially induced
hepatic steatosis models have been used to investigate
the molecular mechanisms of dynamic changes, as well
as abnormalities, dysfunction, and regulation of lipid
metabolism in hepatocytes. Hepatic steatosis models
can be largely divided into 2 classes: in vitro and in vivo.
In vitro hepatic steatosis models have been established
using interventions leveraging dietary modifications to
feed target animals, such as high-fat and high-sugar
diets, etc. However, those in vivo hepatic steatosis mod-
els have disadvantages, such as requiring a long time,
individual differences between each model, complex
influencing factors in the experiment, etc (Lau et al.,
2017; Febbraio et al., 2019). In contrast, because in vitro
hepatic steatosis models have the advantage of requiring
a relatively shorter time and are easy and stable enough
for repetition, they have an extraordinary advantage in
laboratory research. Oleic acid (OA)-induced steatosis
has been studied extensively in the hepatocytes of many
mammalian species, such as in HepG2, L02, Chang liver
cells, etc (Feldstein et al., 2004; Yan et al., 2015; Hu
et al., 2019). However, no steatosis model in hepatocytes
from poultry has been studied so far.

In this study, we developed a poultry hepatocyte stea-
tosis model treating leghorn male hepatocellular (LMH)
cells with OA and determined the optimal treatment con-
ditions for the establishment of the steatosis model. In
addition, the study also determined the reliability and
accuracy of flow cytometry in detecting hepatocyte stea-
tosis. Finally, we evaluated the effects of OA on fat and
cholesterol metabolic pathways in the steatosis model.
Overall, the results presented here provide a useful con-
text for steatosis research in hepatocytes from poultry.
MATERIALS AND METHOD

Cell Cultures and Oleic Acid-Induced
Steatosis Model Establishment

LMH cells (chicken hepatoma cell line) were cultured
in Dulbecco’s modified Eagle medium (DMEM) (Life
Technologies, 11995) supplemented with 100 mg/ml
streptomycin, 100 units/ml penicillin, and 10% fetal
bovine serum (FBS; Gibco, 10099−141) at 37°C in the
presence of 5% CO2 in an incubator.

Monolayer LMH cells were grown to approximately
85% confluence in six well plates and were incubated
with different concentrations of OA (Sodium oleate;
Sigma-Aldrich, 143-19-1)-bovine serum albumin (BSA)
(7.5% BSA solution; Sigma-Aldrich, H1130), (0.05, 0.15,
0.375, 0.75 mmol/L) + BSA (0.5%) or BSA (0.5%), for
12 or 24 h to induce steatosis.
Antibodies and Reagents

Primary antibodies were used: rabbit anti-LXR-a
(A5313) purchased from Bimake; Rabbit anti-PPAR-a
(ab178865); Mouse anti-SREBP-1C (ab3259); Rabbit
anti-FASN (ab230988); Mouse anti-GAPDH (ab8245);
and Rabbit anti-MTTP (ab186446). All the above anti-
bodies were obtained from Abcam. Oleic Acid (YZ-
111621) and NileRed (G1262) from Solarbio. Fluores-
cein isothiocyanate (FITC)-conjugated secondary anti-
bodies were purchased from Dako. Horseradish
peroxidase (HRP)-conjugated secondary antibodies
were purchased from Sigma.
SDS-PAGE and Western Blotting

The whole-cell lysates prepared at different time
points were treated with RIPA lysis buffer (Beyo time,
P0013B) and 1 mmol/L phenylmethane sulfonyl fluoride
(PMSF, Beyo time, ST506-2). The total protein concen-
tration was measured by the Bicarboxylic acid protein
analysis kit (Thermo Scientific, 23225). The same
amount of total protein was analyzed by polyacrylamide
gel electrophoresis and then transferred to the nitrocellu-
lose membrane (PAL, 66485). Then, NC membranes
were sealed with skim milk at 37°C for 2 h, incubated
overnight with different first antibodies at 4°C, and then
incubated with second antibodies coupled with horse-
radish peroxidase at 37°C for 2 h; the second antibody
was detected by the SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific, 34096) and
then imaged by a chemiluminescence instrument.
Indirect Immunofluorescence and Confocal
Microscopy

Briefly, monolayer LMH cells grew to approximately
85% confluence in chamber slides (BD) and induced
steatosis by oleic acid; the cells were washed with PSBS
and fixed in 4% paraformaldehyde (PFA) for 15 min,
followed by incubation with 4’,6’-diaminido-2-phenylin-
dole (DAPI) at a concentration of 1 mg/mL for 5 min
at 37°C. The cells were then stained with NileRed at a
concentration of 0.1 mg/mL, at 37°C for 20 min. Follow-
ing further washing with PBS, the slides were dried and
mounted with fluorescence mounting media and exam-
ined under a Nikon AIR confocal laser microscope sys-
tem (Nikon Instruments, Inc., Melville, NY).
Flow Cytometry Analysis

LMH cells induced steatosis by oleic acid and were dis-
persed into single cells by trypsin digestion. The cells
were washed with PBS and fixed in 4% paraformalde-
hyde (PFA) for more than 15 min, then incubated with
NileRed at a concentration of 0.1 mg/mL 37°C for
15 min. They were then further washed with PBS more
than 3 times. Finally, Flow Cytometry Analyses of stea-
tosis were directly performed on the cells following
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isolation. The cells were acquired using the ACEA Novo-
Cyte flow cytometer (ACEA Biosciences) and were ana-
lyzed using NovoExpress software v.1.4.0. To ensure
stringent single-cell gating, cell debris were excluded
using SSC and FSC height and width as recommended
by the Flow Cytometry Network. Appropriate isotype
controls were used in all steps.
Kit Detection

Trans Detect Cell Counting Kit (CCK) from the
Trans Gen. Cell triglyceride (TG) enzymatic assay kit
(E1013) from APPLYGEN was used. All the kits men-
tioned above were tested in accordance with the techni-
cal operation manual of the product.
RNA Preparation and Reverse Transcription-
Polymerase Chain Reaction (RT-PCR)
Analysis

LMH cells were treated according to different experi-
ments (n = 3), and total cellular RNA was extracted by
the RNeasy Mini Kit (Qiagen, 74104) according to the
manufacturer’s protocol. cDNA was reverse-transcribed
with 4 mg of total RNA as the template, which was
amplified by following the procedures described in the
Trans Script II One-Step gDNA Removal and cDNA
Synthesis SuperMix (Trans Gen Biotech, AH311-03).
Quantitative real-time polymerase chain reaction was
performed with TransStart Tip Green qPCR SuperMix
(Trans Gen Biotech, AQ141-04). Analysis of relative
gene expression data was done using real-time Quantita-
tive PCR and the 2�DDCt method.
Statistical Analysis

Statistical analysis was performed using GraphPad
Prism Software. Data derived from the cell line were pre-
sented as mean§SD and assessed by Student’s t-test.
Each experiment was repeated at least three times and
the error bars represent the SD. (P < 0.05 *, P < 0.01
**, P < 0.001 ***, P < 0.0001 ****) was considered to
be statistically significant.
RESULTS

LMH Induction With OA Markedly Increased
the Cellular Triglyceride Level, Which was
Positively Associated With the
Concentration of the Inducing OA

First, LMH was treated with different concentrations
of OA and we detected cellular viability by a CCK assay
to ensure that the OA concentrations used did not
impact metabolic activity. Statistical analysis revealed
that except for the treatment with 0.75 mmol/L OA for
24 h, other concentrations of OA (0.05−0.75 mmol/L)
for 12 or 24 h do not impair the proliferation or cytotoxic
activity of LMH cells (Figure 1A). The results illustrate
that OA is not cytotoxic to cells, at least at the concen-
tration we used, except for the 0.75 mmol/L OA at 24 h.
Next, we measured the levels of triglycerides (TGs) in
the LMH cells. The results showed that there was a sig-
nificant oleic acid concentration-dependent (0.05−0.75
mmol/L) increase in accumulations of intracellular TG
in LMH cells for all OA processing groups, compared
with the controls and BSA. In addition, after LMH was
treated with OA at the same concentration for two dif-
ferent time points, the concentrations of intracellular
TGs in the 12-h treatment group were significantly
higher than those in the 24-h treatment group
(Figure 1B). We further investigated the relationship
between OA and the concentration of intracellular TG
by linear regression analysis. The results demonstrate
that intracellular triglyceride accumulations and con-
centration of OA show a highly significant linear rela-
tionship, 12 h: R2 = 0.9180 P < 0.0001, 24 h:
R2 = 0.9094 P < 0.0001. This suggested that these find-
ings confirmed that OA could effectively induce steatosis
without affecting the activity of LMH cells.
Lipid Droplets in the Hepatocyte Steatosis
Model Induced by OA Images Acquired
Through Confocal Microscopy

In addition to the significant increase in TG content,
the appearance of clearly visible oil droplets in cells is
also an important pathological change of hepatocyte
steatosis. Therefore, we stained intracellular oil droplets
by NileRed to evaluate oleic acid-induced steatosis. Most
lipids in the cells are stained light red trace and display a
scattered distribution in cells, such as glycolipids and
phospholipids, etc. Fat is mainly the form of triglycerides
stored as lipid droplets in hepatocytes when steatosis,
stained with NileRed, shows bright red dots that vary in
size, which depends on the size of the lipid droplets. The
LMH cells were stained with NileRed stain and observed
with a fluorescence confocal microscope (Figure 2). The
IFA results revealed that after OA (0.05−0.75 mmol/L)
induction for 12 h, these cells displayed round orange
droplets within the cytoplasm upon oil red staining,
which indicates the formation of lipid droplets. When
the concentration of OA was higher than 0.15 mmol/L,
a large number of lipid droplets appeared, and the num-
ber and diameter of the droplets increased with increas-
ing concentration of the inducing OA. LMH was treated
with the same concentrations of OA for 24 h, and the
numbers and diameters of the droplets reduced compared
with those for 12 h. This suggests that 12-h incubation is
more suitable than 24-h incubation when establishing a
model for steatosis in LMH cells using OA.
The Hepatic Steatosis Model was Assessed
Using Flow Cytometry

To better understand the alterations of the lipid drop-
lets in the steatosis model, the NileRed stained cells



Figure 1. Oleic acid (OA) markedly increased the cellular triglyceride (TG) levels in LMH cells and the concentration of TGs was positively cor-
related with the concentration of the inducing OA. To determine the maximum concentration of OA, the different concentrations of OA (0.05−0.75
mmol/L) were used to treat LMH for 12/24 h and detect cell activity by CCK respectively (A). We also tested the intracellular triglyceride content
in the same model (B). To assess the relationship between the concentration of inducing OA and the concentration of intracellular triglycerides, the
concentration of OA was plotted on the x-axis and the concentration of intracellular triglycerides on the y-axis, at 12 and 24 h (C).
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were examined using flow cytometry. Cells were first
gated based on forwarding (FSC-A) and side (SSC-A)
scatters (measuring cell size and granularity, respec-
tively) to exclude debris (Figure 3A). All experimental
groups were used to draw gates on the control groups of
DMEM at 12 h. Living cells were included in a polygon
gate, whereas the remaining cells (mostly debris) were
excluded. Cells treated with only DMEM as controls
have 97% intact cells, and debris was scarcely detected.
When LMH was treated with OA, the cell fragments
gradually increased as the concentration of OA
increased. When the treatment concentration of OA
reached 0.375 mmol/L in 12 h, the cell debris rate
reached approximately 26%, and debris progressively
increased to 60% when OA reached 0.75 mmol/L. In
addition, compared with treatment for 12 h at the same
concentration of OA, LMH cells have more cell debris
when treated with OA for 24 h.

We next studied Red fluorescence (NileRed-A) and
side (SSC-A) scatters, and a DMEM stained with
NileRed was referred to as the baseline (Figure 3B).
Flow cytometry showed negative staining for NileRed
with lower granularity at the lower left quadrant
(Q3�3), NileRed negative staining and increased cell
granularity in the lower right quadrant, NileRed positive
staining and lower cell granularity in the upper right
quadrant, and NileRed negative staining and increased
granularity within cells in the upper left quadrant; those
quadrants were labeled with the percentage of events in
each. We observed that there was a significant increase
in the fluorescence intensity of NileRed (Q3�2+Q3�4)
with a concentration-dependent increased induction.
The NileRed (Q3�2+Q3�4) positivity rate increased
gradually with the increase in inducing OA concentra-
tion, from 7% to 98% at 12h-incubation. The same treat-
ment for 24 h resulted in the NileRed (Q3�2+Q3�4)
positivity rate increasing from 1% to 90%. Cellular gran-
ularity (side scatter [SSC-A]) data showed that the gran-
ularity (Q3�2) within cells increased with an increasing
degree of steatosis. LMH cells treated with OA at the
same concentrations for 24 h had higher granularity
compared with those treated for 12 h.
Integrative Analysis of the Flow Cytometry
Data to Identify a new Method for Testing
Hepatic Steatosis

To evaluate this novel assay for flow cytometry, the
data were analyzed by GraphPad. The results showed



Figure 2. The oil drop in the steatosis model of LMH cells was observed by confocal microscopy. The cells were stained with NileRed (Red) and
DAPI (Blue).
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that the enhancement of the NileRed fluorescence inten-
sity increased with the increasing inducing concentra-
tion of OA or the content of intracellular triglycerides,
both for 12 and 24 h (Figure 4A ⅰ), which is in agreement
with the simulation results shown in Figures 2 and 3.
Linear regression analyses were performed between
NileRed fluorescence intensity and inducing OA concen-
trations (Figure 4B ⅰ and ⅱ) or the content of intracellu-
lar triglycerides (Figure 4C ⅰ and ⅱ), which showed a
strong positive correlation between them: NileRed fluo-
rescence intensity with inducing OA concentrations (12
h: R2 = 0.98, P = 0.0012, 24h: R2 = 0.9977, P < 0.0001),
NileRed fluorescence intensity with the content of intra-
cellular TGs (12h: R2 = 0.9676, P < 0.0001, 24h:
R2 = 0.9317, P < 0.0001). Additionally, information
about the cell size (FSC) showed a small increase in the
steatosis model both at 12 and 24 h (Figure 4b ⅰ). How-
ever, we did not find a clear dependence between cell
size (FSC) and inducing OA concentrations (Figure 4B
ⅴ and ⅵ) or the content of intracellular triglycerides
(Figure 4C ⅴ andⅵ) by linear regression analysis, except
for the group of 24 h OA-treatment. Finally, increased
granularity (SSC-A) within the cells was found in OA-
induced steatosis model cells (Figure 4C ⅰ), which shows
a good linear relationship with the inducing OA concen-
trations (Figure 4B ⅲ and ⅳ) or the content of intracel-
lular TG (Figure 4c ⅲ and ⅳ), both at 12 and 24 h after
treatments. The correlation analysis results of Figures
4B and 4C show a positive correlation between the
inducing OA concentrations and SSC-A (12 h:
R2 = 0.9453, P = 0.0055, 24 h: R2 = 0.9900, P = 0.0004)
and between the content of intracellular TGs and SSC-
A (12 h: R2 = 0.9130, P < 0.0001, 24 h: R2 = 0.8914, P <
0.0001). The above results indicate that the NileRed
fluorescence (NileRed-A) and the cellular granularity
(SSC-A) correspond to an increasing concentration of
inducing OA or intracellular concentration of TGs,
which demonstrated that the flow cytometry analysis of
intracellular staining for NileRed gives good indications
on the degree of steatosis in LMH cells.
Effect of OA on the Adipose Metabolic
Pathway in the Process of Steatosis in LMH
Cells

To test the effect of OA on hepatocyte fat metabo-
lism, an analysis of the expression of the protein that
regulates hepatic fat metabolism was performed by
western blotting. It suggested that several lipid meta-
bolic pathways, including the impairment of lipid syn-
thesis, lipid oxidation, and transport of lipoproteins,
are related to the development of hepatic steatosis.
Liver X Receptor, peroxisome proliferators-activated
receptor-a (PPAR-a), and peroxisome proliferators-
activated receptor-g (PPAR-g) are ligand-induced
nuclear receptors, which could use intracellular fatty
acids and sterols as ligands for metabolic processes.



Figure 3. Flow cytometry was used to characterize the OA-BSA-induced steatosis in LMH cells. LMH cells were fixed and treated as described
in Figure 2. Then, intracellular NileRed fluorescence intensity was measured by flow cytometry. The representative scatter plots show the forward
(FSC-A) and side scatter (SSC-A) distribution of LMH cells at 12 or 24 h (A). The intensity of Red fluorescence (NileRed-A) and side (SSC-A) scat-
ter was measured (B).
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The results of western blotting (WB) and WB analysis
for LXR show that the addition of OA did not affect
the expression of LXR proteins (Figure 5A and B).
Additionally, the PPAR-g protein was also
significantly reduced by OA compared with the control
group but there was no significant concentration
dependence. PPAR-a was not significantly affected by
OA-BSA incubation, even at 0.75 mmol/L. To further



Figure 4. The flow cytometry data were analyzed statistically. Flow cytometry data are summarized in graphs and bar charts generated by
GraphPad Prism (A). In particular, our modeling indicates a linear relationship between NileRed-A/FSC-A/SSC-A and OA concentration (B), or
between NileRed-A/FSC-A/ SSC-A and TG concentration (C).
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examine the effect of OA on lipid metabolism, we
tested the expression of LXR or PPAR-g downstream
target genes, such as SREBP-1C/ FASN and MTTP.
By regulating the genes for fatty acid synthesis, sterol
regulatory element-binding proteins-1 C (SREBP-1c,
hepatic major isoform of SREBP1) govern overall lipid
synthesis in hepatocytes. This study shows that 0.375
and 0.75 mmol/L OA-treatment led to a significant
reduction of precursor SREBP-1C (pSREBP-1C)
and active SREBP-1C (mSREBP-1C) levels in the
LMH cells, and that this reduction depends on the
increase in the inducing concentration of OA. However,
when the concentration of OA was ≤0.15 mmol/L,
genistein had little impact on pSREBP-1C and
mSREBP-1C. Fatty acid synthase (FASN) is the rate-
limiting enzyme for fatty acid synthesis. We further
performed the FASN-target gene analysis, in which
expression decreased to significantly lower levels. Sta-
tistical analysis of the data showed that FASN down-
regulated more than 50% when the OA concentration
was higher than 0.15 mmol/L. MTTP is mainly used as
a carrier in the endoplasmic reticulum to bind to lipo-
proteins such as ApoB and is transported out of the
liver in the form of VLDL, which plays a critical role in



Figure 5. Effects of OA incubated with LMH on fat metabolic pathway-related proteins. The LMH cells were treated with different concentra-
tions of OA (0.05−0.75 mmol/L; n= 3 per group) for 12 h to induce hepatic steatosis, and cells treated with 5% BSA were used as the control.
The protein expression of various lipid metabolism-related genes was evaluated by western blot analysis (A). The data were analyzed by ImageJ soft-
ware to quantify the fluorescence emission from each band, and the relative band intensity was normalized to the mock band. The results of the three
independent experiments above were statistically significant and were analyzed by Student’s t-test statistical analysis (B). (P < 0.05 *, P < 0.01 **,
P < 0.001 ***, P< 0.0001 ****).
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the assembly and secretion of ApoB-containing lipo-
proteins. The MTTP levels significantly decreased
when the treatment concentration of OA ≥ 0.15
mmol/L in the LMH cells.
The Changes in the Transcript Levels of
Genes Involved in fat Metabolism for the
Steatosis Model

Next, quantitative PCR (qPCR) was performed to
test the mRNA expression of key factors for fat metabo-
lism. As shown in Figure 6, the transcription of LXR
was not significantly altered in the established steatosis
model by OA. In the PPAR family, PPAR-g mRNA
expression was observed to decrease at 12 h and disap-
peared thereafter. Unlike PPAR-g, PPAR-a expression
was not compromised in those treatments. The mRNA
of SREBP-1C was significantly reduced, which was
unaffected by the processing time. The transcript levels
of the fatty acid synthesis genes, FASN and ACC1,
decreased by approximately 2-fold at both time points.
In contrast, for the TG synthesis-associated genes,
GPAT/PGK1/ACS, the transcript level enhancement
was significantly affected by OA at 12 h and completely
disappeared at 24 h. HTGL and CPT1A are enzymes
related to lipolysis; their expression rapidly increased in
LMH cells after OA incubation. HTGL showed the most
obvious fold change with a peak of about 10-fold at 24 h.
Transcription of FAT (CD36) and L-FABP was
enhanced in OA-treated cells, particularly evident at 24
h of treatment. MTTP and ApoB, which play a key role
in regulating the secretion of LDL-TG, were signifi-
cantly increased by OA. Next, we examined the expres-
sion of the genes involved in cholesterol metabolism to
evaluate the effects of OA on cholesterol metabolism.
ABCA1 regulates cholesterol efflux, HMGR is the rate-
limiting protein in the cholesterol biosynthetic pathway,
L-BABP is an intracellular bile acid transporter in the
liver, and QPCR shows those genes with significantly
elevated transcription levels treated with OA. This
implies that the metabolism of cholesterol was increased
by OA treatment in LMH cells.
DISCUSSION

Currently, researchers have established the HepG2
hepatoma cells, L02 human hepatocytes, and Chang
liver cells as the models of hepatocyte steatosis for
humans. However, for avians, as they differ dramati-
cally from mammals, there is no relevant research on
their hepatocyte steatosis model. For this reason, we
used the LMH cells to establish a model for avian



Figure 6. Oleic acid was evaluated for the transcription level of fat and cholesterol metabolic pathways on the hepatic steatosis model. LMH
cells were treated as described in Figure 5. Total RNA was prepared for transcripts by reverse-transcriptase polymerase chain reaction, and quantita-
tive PCR was performed to characterize fat and cholesterol metabolic pathway gene expression. P < 0.05 *, P < 0.01 **, P < 0.001 ***, P < 0.0001
**** (n = 10) vs. control. Abbreviations: ABCA1, ATP-binding cassette transporterA1; Acetyl-CoA Carboxylase-1; ACS, acyl-CoA synthetase;
ApoB, Apolipoprotein B; CPT1A, Carnitine O-Palmitoyl transferase 1; FAT/CD36,fatty acid translocase; FASN, fatty acid synthase; GPAT, Glyc-
erol-3-phosphate acyltransferase; HMGR, 3-hydroxy-3-methyl glutaryl coenzyme A reductase; LXR, Liver X Receptor; MTTP, microsomal triglyc-
eride transfer protein; GPADH, Glyceraldehyde-3-phosphate dehydrogenase; PPAR-a, peroxisome proliferator-activated receptor-alpha; PPAR-g,
peroxisome proliferator-activated receptor-gamma; p-ACC, Phospho-Acetyl-CoA Carboxylase; SREBP-1c,sterol regulatory element-binding pro-
tein-1c; SCD1, stearoyl−coenzyme A desaturase-1; ACC1, L-BABP, liver bile acid-binding protein; L-FABP, liver-type fatty acid-binding protein;
PGK1, Phosphoglycerate kinase 1; SPF Chicken, Specific Pathogen Free chicken.
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hepatocyte steatosis due to their immortal character-
istics. First, they had the advantages of proliferating
rapidly and having a steady-state during culture com-
pared to primary cells. Beyond that, the quality and
stability of the LMH cells are aimed at guaranteeing
the repeatability of hepatocyte steatosis and future
experiments. Therefore, the LMH cells were used to
develop and detect the hepatic steatosis model for the
study of avian hepatocyte fatty acid metabolism in
vitro.
OA is a monounsaturated fatty acid mainly found in

vegetable oil. Many studies have shown that hepato-
cytes uptake OA, esterify it into neutral fat droplets,
and stored them. Therefore, researchers use cell OA
treatment to establish experimental steatosis models in
different types of hepatocytes (HepG2, L02, and Chang
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liver cells) (Okamoto et al., 2002; Yanet al., 2015; Hu
et al., 2019). In our experiment, similar to most hepa-
toma cell lines, the LMH cells developed steatosis after
treatment with OA. Moreover, we also found that LMH
cells treated with 0 to 0.75 mmol/L OA showed dose‑de-
pendent lipid accumulation in this study (Figure 1C),
which is consistent with the study on a steatosis model
in HepG2 by Alkhatatbeh (Alkhatatbeh et al., 2016).
Therefore the steatosis models with 0 to 0.75 mmol/L
OA, an appropriate dosage regimen for OA treatment,
can be formulated based on a linear fit of a TG-OA rela-
tion, which provides a feasible approach for the precise
regulation of the steatosis hepatocyte model.

Intracellular TGs and lipid droplets are important
indicators of the degree of liver steatosis. In this study,
the optimal concentration of OA and time of treatment
were determined by the results of the CCK assay,
NileRed staining, flow cytometry, and TG detection.
The results indicated that the number of lipid droplets
(Figure 2), the content of triglycerides (Figure 1), and
fluorescence intensity (Figure 3B) were significantly
higher in the 12 h-treatment group than in 24 h-treat-
ment group after treatment with fixed concentrations of
OA, without affecting the viability of the cells. Accord-
ing to the above results, the optimal method for steatosis
model establishment was induced by 0.375 mmol/L OA-
0.05% BSA for 12 h in LMH cells. In most research deal-
ing with the steatotic hepatocyte model, the cells were
treated with different concentrations of OA (<1 mmol/
L) and required 24 to 72 h for model establishment
(Okamoto et al., 2002; Park et al., 2015; Yan et al.,
2015; Hu et al., 2019). The reduction of the time
required for steatosis model establishment in the present
study was significant compared with that required for
the establishment of the other steatosis hepatocyte mod-
els (HepG2, L02, etc.). Because of the limited cell life
span for each cell generation, the rapid method in this
study (12 h) saves more time for the follow-up studies
compared to other methods for the establishment of the
steatosis models (24−72 h).

A flow cytometry study was performed to support
and extend the data obtained by confocal microscopy
(Figure 3). We found that, compared to the
0.375 mmol/L OA, LMH showed a significant increase
in cellular debris (proportion increased by 43%) but
not for the steatosis (proportion increased by 2%)
when treated with 0.75 mmol/L OA (Figure 3A). This
demonstrates that a higher concentration of OA
(greater than or equal to 0.75 mmol/L) increases the
degree of cell injury and markedly reduces the intrinsic
stability of cells. Furthermore, we observed a highly
significant linear relation between NileRed-A and TG
concentration (Figure 4C), which shows that NileRed-
A fluorescence intensity can reflect the degree of hepa-
tocyte steatosis and thus is a means of steatosis detec-
tion. Analysis of FSC and SSC data showed that the
size (FSC-A) and granularity (SSC-A) of LMH cells
represent an increase in OA-induced steatosis, while
only the granularity (SSC-A) is linearly proportional
to the OA-induced concentration or the intracellular
TG content (Figure 4). It was also found that the
intrinsic stability of cells and the degree of steatosis
decreased over the OA-induction time at the same
concentration in LMH cells. These experimental
results support the choice of the optimal inducing con-
centration, 0.375 mmol/L OA for 12 h.
The presence of OA disturbed the balance between

synthesis and consumption, which results in the rapid
accrual of glycerolipids, primarily triglycerides, when
the LMH steatosis model is being established. To fur-
ther understand this steatosis model, we conducted
several experiments to detect the changes in the intra-
cellular fat metabolism pathway. In the detected
nuclear receptor, only the protein and mRNA levels of
PPAR-g were significantly decreased after OA treat-
ment for 12 h. The transcriptional or protein data of
lipid metabolism showed that the reactions of fatty
acid synthesis (SREBP-1C, ACC1, FASN) were sig-
nificantly decreased in the LMH steatosis model; the
data are consistent with prior studies in HepG2
(Zhang et al., 2019). In our steatosis model, OA also
led to significant enhancement of intracellular triglyc-
eride synthesis (GPAT, PGK1), oxidative decomposi-
tion of fat (HTGL, ACS, CPT1A), and assembly/
secretion of LDL (MTTP, ApoB). Through the com-
prehensive analysis of the data referred to above, we
can presume that OA served as fatty acids to replace
the endogenous fatty acids and synthesize triglycer-
ides, which caused a decrease in endogenous fatty acid
synthesis and increased intracellular triglyceride syn-
thesis. Apart from this, although the triglyceride
decomposition and secretion increased after 12 or 24 h
of treatment with OA, this did not have an impact on
the rapid accumulation of triglycerides and lipid drop-
lets. The hepatic steatosis model as a first step in the
lipid metabolism-related study usually has follow-up
processing; therefore, we detected the fat metabolism
pathway in the LMH steatosis model at 24 h, to moni-
tor the pathway change over time. There was the only
loss of enhancement of triglyceride synthesis (GPAT,
PGK1) at 24 h compared with that at 12 h (Figure 6),
which indicates that triglycerides do not accumulate
further at 24 h. These results, coupled with the
enhancement of triglyceride decomposition and secre-
tion, are maintained, which confirms previous results
of TG concentration, NileRed stain, and flow cytome-
try, that steatosis was attenuated at 24 h compared
to 12 h in the LMH steatosis model.
In conclusion, we developed a hepatic steatosis

model in LMH cells and detected the degree of steato-
sis by flow cytometry, and also identified the change
in the intracellular fat metabolism pathway (Figure 7).
This study established an efficient in vitro model for
poultry hepatic-related research, which is the first
reported steatosis hepatocyte model of poultry and
provides valuable clues for investigating the functional
mechanisms of poultry liver physiology and pathology
in the future.



Figure 7. Schematic diagram of the establishment of a steatosis model and changes in its lipid/sterol metabolic pathway.
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