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Abstract
Background: Fatty liver hemorrhagic syndrome (FLHS) is a chronic hepatic disease which occurs when
there is a disorder in lipid metabolism. This disease is often observed in caged laying hens and
characterized by a decrease in egg production and dramatic increase of mortality. Salidroside (SDS) is an
herbal drug which has shown numerous pharmacological activities, such as protective effects on
mitochondrial function, attenuates cell apoptosis and inflammation, and promotes strong antioxidant
defense system. We aimed to determine the therapeutic effects of SDS on FLHS in laying hens and
investigate the underlying mechanisms through which SDS operates these functions. We constructed
oleic acid (OA)-induced fatty liver model in vitro and high-fat diet-induced FLHS of laying hens in vivo.
Results: Results indicated that SDS inhibited OA-induced lipid accumulation in chicken primary
hepatocytes, increased hepatocyte activity, elevated the mRNA expression of proliferation related genes

PCNA, CDK2, and cyclinD1 and increased the protein levels of PCNA and CDK2, as well as decreased the
cleavage levels of Caspase-9, Caspase-8, and Caspase-3 and apoptosis in hepatocytes. Moreover, SDS
promoted the phosphorylation levels of PDK1, AKT, and Gsk3-β, while inhabited the PI3K inhibitor.
Additionally, we found that high-fat diet-induced FLHS of laying hens in vivo resulted in heavier body
weight, liver weight, and abdominal fat weight, and severer steatosis in histology, compared with the
control group (Con). However, SDS maintained lighter body weight, liver weight, and abdominal fat weight
and alleviate hepatic steatosis in Model+SDS group. In addition, high-fat diet-induced FLHS (Model) of
laying hens had higher total cholesterol (TC), triglyceride (TG), alanine transaminase (ALT), and aspartate
aminotransferase (AST) levels in serum than Con group, while SDS maintained low TC, TG, ALT, and AST
levels and high Superoxide dismutase (SOD) activity in Model+SDS group. Moreover, SDS decreased the
mRNA expression abundances of PPARγ, SCD, and FAS in liver, whereas increased those of PPARα and
MTTP, and decreased the mRNA expression of TNF-α, IL-1β, IL-6, and IL-8 in Model+SDS group.
Conclusions: Generally, SDS attenuated OA-induced ROS generation, inhibited lipid accumulation and
hepatocyte apoptosis, and promoted hepatocyte proliferation by targeting the pathway PI3K/AKT/Gsk3-β
in OA-induced fatty liver model in vitro, and alleviated high-fat diet-induced hepatic steatosis, oxidative
stress, and inflammatory response in laying hens in vivo.

Introduction
In poultry, liver has strong lipid synthesis ability but poor lipid storage capacity. Excessive storage of lipid
substances in liver results in a series of pathological occurrences in aging chickens, in which the most
representative disease is fatty liver-hemorrhagic syndrome (FLHS) of laying hens, which seriously
decreases egg production [1–4]. Further deterioration of fatty liver may lead to steatohepatitis, liver
fibrosis, and even cirrhosis [5], having sudden death of individuals in the layer flocks [6, 7].
Studies indicated that high fat diets led to fat transport obstruction in chicken liver, disrupted the dynamic
balance of fat metabolism in hepatocytes, adipocytes, and bloods. Excessive deposition of lipids were
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mainly composed of neutral fat in hepatocytes [8], which is an important pathological feature of nonalcoholic fatty liver disease (NAFLD) [9–11]. Excessive lipid accumulation and estrogen secretion
depressed the mitochondrial function in hepatocytes, and produced harmful reactive oxygen species
(ROS) which damaged hepatocytes, and further reduced the activity of antioxidant enzymes in organisms
by inhibiting gene transcription, thus causing damage to the antioxidant system of animals [12].
Plant extracts were reported to improve liver steatosis [13–15]. Rhodiola rosea L. radix (RRL) known as
plateau ginseng is a rare medicinal herb that grows in cold high-altitude areas. In Ming Dynasty, China
(five hundred years ago) RRL has used as a tonic to treat diseases, eliminate fatigue and resist cold.
Modern pharmacological studies have confirmed that RRL extract has anti-aging, anti-tumor, antihypoxia, anti-fatigue, and anti-oxidation functions [16–21].
Salidroside (SDS) is the main pharmacological component of RRL. It can scavenge free radicals,
decrease oxidative stress, enhance immunity, and prevent aging in animals [16–21]. Meanwhile, SDS has
no genetic toxicity or mutagenesis [22]. Mao et al. induced the aging model with D-galactose in mice, and
found that SDS could inhibit the formation of advanced glycation end products in vivo, which increased
the production of lymphocyte mitosis and interleukin-2 (IL-2), and had an anti-aging effect [23]. Lu et al.
studied the effects of SDS on the number of helper T cells and the delayed type hypersensitivity response
in aged rats, and found that SDS stimulated the body's humoral and cellular immune responses [16].
Zhang found that SDS inhibited H2O2-induced cell viability loss, reduced cell apoptosis rate, inhibited
mitochondrial membrane potential decline, and increased intracellular Ca2+ concentration, which can be
used to treat and prevent neurodegenerative diseases [24]. Guan demonstrated SDS resisted
lipopolysaccharide (LPS)-induced acute pneumonia in a mouse model [25]. Li reported that SDS
prevented mouse mastitis induced by LPS, reduced the activity of myeloperoxidase and the
concentrations of TNF-α, IL-1β, and IL-6 in breast muscle tissue, inhibited the inflammatory cell
infiltration, and produced anti-inflammatory effects [26].
Additionally, SDS protected against LPS-induced liver failure in mice by its antioxidant activity and
inhibited hypoxia-inducible factor-1α expression [27], protected against acetaminophen-induced
hepatotoxicity by preventing or mitigating intracellular glutathione depletion and oxidative damage [28],
and inhibited chronic hepatitis C virus by inhibiting serine protease activity [29]. Recent studies indicated
that SDS alleviated hypoxia-induced liver injury and inhibited cell apoptosis via the IRE1α/JNK pathway
[30], alleviated carbon tetrachloride-induced liver damage in mice by activating mitochondria to resist
oxidative stress [31], inhibited apoptosis and autophagy in a Concanavalin A-induced liver injury model
[32], protected oxidative stress induced by diabetes mellitus, effectively reduced blood TC and TG levels
[33], alleviated liver steatosis in type 2 diabetic mice [34], and reduced obesity and liver lipid deposition
induced by a high-fat diet by inhibiting oxidative stress and activation of inflammatory bodies in the liver
[35].
Generally, SDS protected liver and treated liver diseases in mammalian studies. Thus, we hypothesis that
SDS may have positive effect on relieving the fatty liver in laying hens. Here, we used oleic acid (OA) [36–
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38], dietary energy, and protein structure recombination [39–42] to establish chicken fatty liver models in
vitro and in vivo to explore the effects of SDS on lipid metabolism, proliferation, apoptosis, and
mitochondrial function of fatty liver in chickens.

Materials And Methods

Purity determination of SDS
The SDS was purchased from Nanjing Herb-Source Biotechnology Co. Ltd (Nanjing, China). Its purity and
structure were examined via High Performance Liquid Chromatography (HPLC) (Agilent Technologies Inc.,
California, USA), Nuclear Magnetic Resonance Spectrometer (NMR) (Avance III HD 400, Bruker,
Switzerland), and Mass Spectrometry (MS) (Thermo Fisher Scientific, San Jose, CA).

Animals
A total of three hundred 35-week-old Rohman layers were raised at the Animal Breeding Farm, Sichuan
Agricultural University (Ya’an, China). All animal experiments were approved by the Institutional Animal
Care and Use Committee of Sichuan Agricultural University (Certification No. YCS-B2018102013). All
experiments were conducted in accordance with the Laboratory Animal Welfare and Ethics guidelines of
Sichuan Agricultural University.

Cell culture and treatment
Primary hepatocytes were isolated from the Rohman layers according to the methods described by [43,
44]. The hepatocytes were resuspended in William’s medium E (Sigma, Shanghai, China) and plated into
6-well plates (2 × 106 cells/well) after cell counting. The hepatocytes were cultured in a cell culture
incubator at a constant temperature of 37 ℃, 5 % CO2, and 95 % air saturated humidity. After 24 h, the
hepatocytes were cultured with 0.6 mM OA for 12, 24, 36 and 48 h and treated with/without SDS. All
hepatocytes were collected for further experiments.

RNA extraction and quantitative real time PCR (qRT-PCR)
Total RNA was extracted from all samples according to the instructions of the Trizol reagent (Molecular
Research Center, Cincinnati, OH). The RNA concentration and purity were estimated by determining the
A260/A280 absorbance ratio, and the 18 S and 28 S bands in a 1 % agarose gel. Reverse transcription
and qRT-PCR were performed as described previously [45]. GAPDH and β-actin were used as endogenous
controls to normalize gene expression using the 2−ΔΔCt method [46]. Gene-specific primers designed with
software Primer Premier 5.0 according to the coding sequences of target genes are summarized in
Supplementary table 1.

Protein extraction and western blot analysis
Hepatocyte protein was isolated using a protein extraction kit (BestBio Biotech Co. Ltd., Shanghai, China),
and the BCA protein assay kit (BestBio) was used to determine the concentration of protein samples.
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Western blotting was performed with the method described by [47] with the following primary antibodies:
anti-PPARα (Abcam, Cambridge, UK), anti-PCNA (ABclonal Technology, Wuhan, China), anti-CDK2 (ZenBio, Chengdu, Chin), anti-caspase-3 and caspase-8 (Abcam), and caspase-9 (Bioss, Beijing, China), antiPI3K [Cell Signaling Technology (CST), USA], anti-p-PI3K (CST), anti-AKT and p-AKT (CST), and anti-Gsk3β and p-Gsk3-β (ABclonal). Goat anti-mouse and goat anti-rabbit secondary antibodies (Zen-Bio) βTubulin (Zen-Bio) was used as a reference.

Staining for liver tissue and hepatocyte
Liver tissues (µm/g) were fixed with 4 % paraformaldehyde for 24 h and dehydrated with different
concentrations of alcohol. Thereafter, the tissue mass was embedded in paraffin, cut into thin slices and
placed on a slide. After hematoxylin and eosin (HE) staining, the sections were sealed with neutral resin.
Liver tissue was sampled as a size of 24 mm×24 mm×2 mm, frozen and then placed on a tissue bearer
dripping with an OTC embedding agent. Slices (thickness 10 µm) were obtained with the slicing machine
(Leica CM1520, Germany) and affixed to the anti-slip slide. After staining with oil red O staining solution
for 15 min, the slices were sealed with a neutral resin.
Hepatocyte Oil red O staining was performed following the manufacturers’ protocol. Briefly, hepatocytes
were washed with phosphate buffered saline (PBS) and fixed with ORO Fixative for 30 min, and then the
stationary fluid was discarded and washed with PBS twice. Thereafter, 60% isopropanol was added and
maintained for 5min, after which the ORO Stain was added and retained for 20 min. After washing 5
times, the Mayer Hematoxylin staining solution was added and kept for 2 min. Hepatocytes were washed
and ORO Buffer was added and sustained for 1 min. After washing with PBS, the hepatocytes were
covered with distilled water. All sections and hepatocytes were viewed under a microscope (DP80Digital,
Olympus, Tokyo, Japan) and ten fields were randomly selected for statistical analysis.

Cell counting kit-8 (CCK‐8) and 5‐ethynyl‐2‐deoxyuridine
(EdU) assay
The CCK-8 Kit (MeilunBio, Dalian, China) was used to test hepatocyte activity and choose the optimum
concentration and treatment time of SDS in the OA-induced fatty liver model of primary hepatocytes. Ten
µL of CCK-8 reagent was added to each well and incubated in a cell culture incubator for 2 h after being
treated with SDS for 12, 24, 36, and 48 h. A microplate reader (Varioskan LUX, Thermo Fisher, USA) was
used to determine the optical density (OD) of each sample at 450 nm. The proliferation state of
hepatocytes was determined using a Cell‐Light™ EdU kit (RiboBio, Guangzhou, China) according to the
manufacturer’s instructions. A fluorescent microscope was used to calculate the number of EdU-positive
cells.

Cell apoptosis and reactive oxygen species (ROS) analysis
Hepatocyte apoptosis was detected using Flow Cytometry (CytoFLEX, Beckman, USA) and Kaluza 2.1
software. Hepatocytes were washed with PBS and the concentration was adjusted to 1×106 cells/mL,
and determination was performed as previously described [48]. DCFH-DA (2, 7-Dichlorofluorescin; Sigma)
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was added to hepatocytes at a final concentration of 10 µM for 20 min at room temperature and
hepatocyte ROS were analyzed using a Shimadzu RF-3501 fluorescence spectrophotometer at an
excitation wavelength of 488 nm and an emission wavelength of 525 nm.

PI3K/AKT/Gsk3-β pathway analysis
LY294002 (Houston, Texas, United States) was used as a PI3K inhibitor to explore whether SDS exerts its
biological function through PI3K/AKT/Gsk3-β. LY294002 was purchased from Selleck Chemicals and preincubated with hepatocytes for 2 h.

In vivo experiments in laying hens
In Trial 1, we wanted to find out the optimal feeding concentration of SDS. Thus, 180 35-week-old
Rohman layers were randomly divided into six groups, including the Control (Con) and SDS feeding
groups (5, 10, 20, 40, and 80 mg/kg, respectively). Additive feeding experiment lasted for 4 weeks. Serum
biochemical parameters including total cholesterol (TC), Triglyceride (TG), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and superoxide dismutase (SOD) were measured with enzymelinked immunosorbent assay (ELISA) kits (Baolai Biotechnology Co., Ltd, Yancheng, China), following the
manufacturer’s instructions. Moreover, the expression abundances of lipid metabolism-related genes and
inflammatory factors were detected using qRT-PCR.
In Trial 2, our purpose was to make clear whether SDS can prevent fatty liver in laying birds. Thus, 144 35week-old Rohman layers were adopted and separated into four groups: Con, Con + SDS, Model, and
Model + SDS. Based on Trial 1, optimal feeding dosage of SDS (20 mg/kg) was used to feed the birds for
4 weeks in group Con + SDS and Model + SDS. The fatty liver model (Model) of laying hens in vivo was
established with the method previously described by [39–42]. The diet composition was summarized in
Supplementary table 2.

Statistical analysis
The statistical analyses were carried out using SAS 9.3 software (SAS Institute Inc., Cary, NC, USA), and
the mean of three replicates were evaluated and presented as mean ± standard error (SE). Significance
level was determined using Duncan’s multiple range tests and displayed as P < 0.05 (*) and P < 0.01 (**).

Results

Purity determination of SDS
The purity and structure of SDS (C14H20O7, 300.30, Fig. 1A) were detected using HPLC, NMR, and MS. The
HPLC analysis results showed that the area reached a peak at a run time of 14.196 min, with a peak area
rate of 99.81 % (Fig. 1B). NMR analysis results showed that the structure complied with the molecular
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formula of C14H20O7 (Fig. 1C). MS analysis showed that the structure complied with the molecular weight
of 300.30 Da (Fig. 1D).

SDS treatment with OA-induced fatty liver model in primary
hepatocytes
OA (0.6 mM) was used for inducing fatty liver model in primary hepatocytes. Cells were treated with 0.1,
0.2, 0.3, 0.4 mg/mL SDS for 48 h, respectively (Supplementary table 3). According to the OD values of the
CCK-8 assay at 12, 24, 36, and 48 h, OA significantly decreased hepatocyte activity compared with the
control, while SDS significantly increased hepatocyte activity at the concentration of 0.3 mg/mL at 36 h
(Fig. 2).

SDS inhibits OA-induced lipid accumulation in chicken
primary hepatocytes
Oil red O staining was used to test lipid accumulation and the results showed that numerous lipid
droplets appeared in the OA group. SDS significantly decreased OA-induced lipid accumulation in
hepatocytes (Fig. 3A). In addition, the mRNA abundance and protein level of peroxisome proliferatoractivated α (PPARα) significantly decreased in the OA group, whereas SDS significantly increased the
mRNA and protein levels of PPARα (Fig. 3B and C). The mRNA expression of acyl-CoA synthetase longchain 1 (ACSL1) and microsomal triglyceride transport protein (MTTP) were decreased in the OA group.
However, SDS increased their mRNA expression levels in group OA + SDS. The mRNA expression
abundances of peroxisome proliferator-activated γ (PPARγ), fatty acid synthase (FASN), Fatty acid
desaturase 1 (FADS1), and fatty acid desaturase 2 (FADS2) were significantly increased in the OA group
while SDS decreased their mRNA expression levels in group OA + SDS (Fig. 3B).

SDS promotes hepatocyte proliferation in OA-induced fatty
liver model
We investigated the effect of SDS on chicken hepatocyte proliferation in an OA-induced fatty liver model.
We found that OA resulted in a decrease in the mRNA and protein levels of proliferation related genes
[cyclin-dependent kinase 2 (CDK2) and proliferating cell nuclear antigen (PCNA)], and decreased the
mRNA expression of cyclinD1. SDS significantly increased the mRNA expression of PCNA, CDK2, and
cyclinD1, as well as the protein expression level of PCNA and CDK2 (Fig. 4A, B and C). The EdU assay
revealed a decrease in the number of proliferating cells in response to treatment with OA, while the cell
proliferation rate significantly increased in the SDS treatment group (Fig. 4D and E).

SDS inhibits hepatocyte apoptosis in OA-induced fatty liver
model
We further investigated whether SDS influenced hepatocyte apoptosis in OA-induced fatty liver and found
that OA significantly increased the mRNA expression of Caspase-8, Caspase-9, and Caspase-3, and
protein expression levels of Caspase-9 and Caspase-3, didn’t affect the protein expression of Caspase-8.
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However, the mRNA expression and cleavage levels of Caspase-9, Caspase-8, and Caspase-3 were
significantly decreased in the SDS treatment group (Fig. 5A, B, and C). Excessive ROS production and
mitochondrial dysfunction lead to liver steatosis and hepatocyte apoptosis [49, 50]. We further examined
the effect of SDS on hepatocyte ROS levels in the OA-induced fatty liver model. The results showed that
OA led to an increase in hepatocyte mitochondrial ROS production, while SDS significantly decreased the
ROS level compared to the NC group (Fig. 5D and E). An increased number of early and necrotic late
apoptosis hepatocytes appeared in the OA-induced fatty liver group, and SDS significantly decreased
both early and necrotic late apoptosis in hepatocytes compared with the NC group (Fig. 5F and G).

SDS targets the PI3K/AKT/Gsk3-β pathway
Phosphoinositide 3-kinase (PI3K)/AKT-glycogen synthase kinase 3 beta (Gsk3-β) is an important antiapoptotic signaling pathway that activates a series of growth signaling pathways and blocks a series of
apoptotic signaling pathways, thus promoting cell survival and proliferation [51, 52]. In the present study,
we attempted to uncover the function and regulation pathways of SDS in an OA-induced fatty liver model.
The results showed that protein levels of p-PDK1, p-AKT, and p-Gsk3-β in the OA treated group were lower
than those in the NC group (P < 0.05), while the SDS (OA + Salidroside) treatment group had higher protein
levels than the OA treatment group (P < 0.05). Moreover, we added LY294002 as a PI3K inhibitor in the
SDS treatment group, and found that the protein levels of p-PDK1, p-AKT, and p-Gsk3-β in the PI3K
inhibitor (OA + Salidroside + LY294002) treated group were lower than those in the SDS treatment group
(Fig. 6A and B) (P < 0.05). Generally, SDS inhibits lipid accumulation and hepatocyte apoptosis, and
promotes hepatocyte proliferation in an OA-induced fatty liver model targeting the PI3K/AKT/Gsk3-β
pathway.

SDS alleviates hepatic steatosis and inflammatory response
of laying hens in vivo
In Trail 1, we found that TC, TG, ALT, and AST levels in the serum of SDS feeding groups were decreased,
compared with the Control group (Con). The TC concentration was significantly decreased at the level 10,
20, and 40 mg/kg for SDS, and reached the bottom at the level 20 mg/kg (P < 0.05). The AST level was
significantly decreased in all SDS concentration groups, compared with the control (P < 0.05). There were
no significant differences for SOD levels among the groups (Fig. 7). Moreover, compared to the Con
group, the mRNA expression abundance of PPARα was significantly increased in all SDS treatment
groups (5, 10, 20, 40, and 80 mg/kg) (P < 0.05). The mRNA expression of PPARγ significantly decreased in
the groups 40 and 80 mg/kg SDS (P < 0.05). The mRNA expression of MTTP was significantly increased
in all the SDS treatment groups. The mRNA expression of FASN was significantly decreased at the groups
5, 20, 40 and 80 mg/kg SDS (P < 0.05). The mRNA levels of the inflammatory factors IL-6 and IL-1β were
significantly decreased in the groups 20, 40 and 80 mg/kg SDS (P < 0.05) (Fig. 8).
Based on above results, optimal feeding concentration of SDS was verified as 20 mg/kg. In Trial 2, we
found that the body weight, liver weight, and abdominal fat weight were significantly increased in the
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Model group, and significantly decreased in the Con + SDS and Model + SDS group, compared with the
Con group (Table 1). H & E staining of the liver tissues in the Con group showed that the cytoplasm was
lightly stained, and appeared a few small fatty vacuoles. Oil red O staining showed that small lipid
droplets appeared in the liver, which indicated mild steatosis. In the Model group we found a large
number of fatty vacuoles, the hepatic cord was disorganized the sinuses were atretic, and oil red O
staining showed that numerous lipid droplets appeared in the liver, which indicated severe steatosis. In
group Con + SDS and Model + SDS, we observed that the hepatocytes were arranged neatly and clearly,
the nucleus were at the center of the cell (blue) and the cytoplasm of the hepatocytes were evenly
distributed (pink). Oil red O staining showed that both Con + SDS and Model + SDS groups had fewer fat
droplets than the Con group (Fig. 9).

Table 1
Body, liver and abdominal fat weight measurements
Weight (g)

Con

Con + SDS

Model

Model + SDS

Body (0 d)

1760 ± 190

1740 ± 190

1730 ± 140

1740 ± 130

Body (28 d)

1770 ± 110b

1650 ± 110c

1920 ± 150a

1700 ± 90c

Liver

50.67 ± 7.52b

33.53 ± 3.62c

58.72 ± 6.88a

26.17 ± 1.82c

Abdominal fat

72.34 ± 15.35b

33.05 ± 12.52c

94.98 ± 16.12a

40.97 ± 13.02c

Data was shown as the mean ± standard error (SE) (n = 9). Means within a line marked without the
same superscripts differed significantly (P < 0.05).
Compared with the Con group, both TC and TG levels in serum were significantly increased in Model
group and decreased in Con + SDS and Model + SDS groups (P < 0.05). The ALT and AST levels in group
Con + SDS and Model + SDS were significantly lower than those in Model group (P < 0.05). Moreover, we
found that SOD activity in group Con + SDS was higher than those in group Con and Model (P < 0.05, Fig.
10).
Compared with the Con group, the mRNA expression abundances of PPARα and MTTP was significantly
increased in the group Con + SDS and Model + SDS (P < 0.05). The mRNA expressions abundances of
PPARγ, SCD, and FAS were significantly increased in the Model group while decreased in the Con + SDS
and Model + SDS group (P < 0.05). Moreover, the mRNA expressions of TNF-α, IL-1β, IL-6, and IL-8 were
significantly increased in the Model group while decreased in the Con + SDS and Model + SDS groups (P
< 0.05) (Fig. 11). Our results suggest that SDS alleviates high-fat diet-induced hepatic steatosis, oxidative
stress and the inflammatory response of laying hens in vivo.

Discussion
Fatty liver hemorrhagic syndrome (FLHS) is a chronic hepatic disease caused by a disorder of lipid
metabolism, which usually presents as steatosis, cirrhosis, liver fibrosis, and NAFLD [53, 54]. FLHS occurs
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in cage laying hens with high frequency and is characterized by decreased egg production and
unexplained death of laying hens. FLHS accounts for 74% of the total mortality of cage laying hens in
Queensland, Australia [40]. In addition, FLHS is the most common cause of non-communicable chicken
deaths in Northern California [55]. FLHS caused huge losses to the poultry industry.
SDS is a herbal drug which grows at high altitude areas [56] and have numerous pharmacological
effects, e.g. protective effects on mitochondrial function [57], anti-apoptotic and anti-inflammatory
effects [58], and antioxidant effects [59, 60]. Multiple studies suggested that SDS could reduce the liver
lipid accumulation in both the type 2 diabetic [34] and NAFLD mice [35]. In the current study, we found
that SDS inhibited OA-induced lipid accumulation in primary chicken hepatocytes. Moreover, SDS
promoted hepatocyte proliferation and inhibited its apoptosis in an OA-induced fatty liver model. SDS
increased the hepatocyte activity and the mRNA expression of proliferation related genes PCNA, CDK2,
and cyclinD1, and the protein expression levels of PCNA and CDK2. Moreover, SDS decreased the
cleavage levels of Caspase-9, Caspase-8, and Caspase-3, and also the hepatocytes apoptosis. These
results were consistent with the previous studies which indicated that SDS increased the protein
expression of cyclin-dependent kinases (CDKs) [61] and Cyclin D1 [62], and suppressed cell apoptosis by
inhibiting the pro-apoptotic protein expression of cleaved-Caspase-3/9 [62]. Our study showed that SDS
significantly attenuated OA-induced ROS generation, which was consistent with the finding that SDS
attenuated high-fat diet-induced ROS generation in NAFLD mice [35].
PI3K/AKT/Gsk3-β is a critical anti-apoptotic signaling pathway which activates a series of growth
signaling pathways and blocks apoptotic signaling pathways, thereby promoting cell survival and
proliferation [51, 52]. Zhang et al. suggested that SDS protected against 1-methyl-4-phenylpyridineinduced cell apoptosis in part by regulating the PI3K/AKT/Gsk3-β pathway. SDS increased the
phosphorylation levels of AKT and Gsk3-β, and inhibited the activation of caspase-3, caspase-6, and
caspase-9 [52]. SDS dose-dependently increased the phosphorylation of the mitochondria-associated
PI3K/AKT/Gsk3-β pathway in hepatocytes [63], and alleviated sepsis induced myocarditis in rats by
regulating the PI3K/AKT/Gsk3-β signaling pathway [64]. In the present study, we found that SDS
increased the phosphorylation levels of PDK1, AKT, and Gsk3-β but decreased the PI3K inhibitor. We
determined that SDS alleviated lipid accumulation, hepatocyte apoptosis, and promoted hepatocyte
proliferation in the OA-induced fatty liver model by targeting the PI3K/AKT/Gsk3-β pathway.
Furthermore, we investigated the effects of SDS on HFD-induced FLHS in laying hens in vivo. Results
indicated that the layer’s body weight, liver weight, and abdominal fat weight were significantly increased
in the Model group which having severe steatosis, whereas all those traits were decreased and improved
in SDS feeding groups. Additionally, high-fat diet-induced FLHS of laying hens showed the high levels of
TC, TG, ALT, and AST in serum, while SDS improved all those indexes and increased SOD activity of highfat diet-fed birds. Zheng et al. detected that SDS alleviated hepatic steatosis, oxidative stress, and
inflammatory reactions in the liver of NAFLD mice, characterized by the decreased levels of TC, TG, ALT,
and AST in serum, inhibition of hepatic lipid deposition and the gene expression of FAS, and suppression
of the gene expression of TNF-α and IL-1β in the liver [35]. Moreover, Amevor et al. [65] reported there were
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decreased levels of AST and ALT in serum, and no liver steatosis in chickens fed with the diets containing
both dietary quercetin and vitamin E (dietary antioxidants). The increased expression of lipogenesis gene
FAS accelerated the ectopic deposition of TG [66]. In the current study, we found that SDS decreased the
liver mRNA expression of PPARγ, SCD, and FAS, whereas increased the mRNA expression of PPARα and
MTTP in high-fat diet-induced FLHS of laying hens in vivo. Inflammatory cytokine TNF-α, IL-6, IL-8, and IL1β played important roles in the inflammatory response [67]. Previous studies reported that SDS
alleviated cell injury and lipid accumulation, and inhibited the mRNA expression of IL-1β and IL-6 in
human NAFLD [68], alleviated LPS-induced injury in humans by decreasing inflammatory chemokines IL6 and TNF-α [62], and improved the survival rate of endotoxemia mice by blocking the activation of NF-κB
and inhibiting the expression and release of inflammatory cytokines TNF-α, IL-6, and IL-1β [69]. We found
that SDS decreased the mRNA expression of TNF-α, IL-1β, IL-6, and IL-8. These results indicate that SDS
alleviates HFD-induced hepatic steatosis, oxidative stress, and the inflammatory response of laying hens

in vivo.

Conclusions
Oleic acid (OA)-induced fatty liver model and high-fat diet-induced FLHS were successfully built in vitro
and in vivo in the present study. SDS attenuated OA-induced ROS generation, inhibited lipid accumulation
and hepatocyte apoptosis, and promoted hepatocyte proliferation in the OA-induced fatty liver model in
vitro by targeting the PI3K/AKT/Gsk3-β pathway. Moreover, SDS alleviated high-fat diet-induced hepatic
steatosis, oxidative stress, and the inflammatory response of laying hens in vivo.
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Figure 1
The purity and structure of SDS were detected using HPLC (b), NMR (c), and MS (d).
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Figure 2
The OD values of hepatocytes treated with 0.3 mg/mL Salidroside for 12, 24, 36, and 48 h, respectively.
Bars represent SEM; *P < 0.05 and **P < 0.01.

Figure 3
SDS inhibits OA-induced lipid accumulation in primary chicken hepatocytes. (a) The oil red O staining of
chicken primary hepatocytes. (b) The mRNA expression abundances of lipid metabolism related genes.
(c) The protein level of PPARα was detected by western blot. Replications = 3. Bars represent SEM; *P <
0.05 and **P < 0.01.

Page 20/28

Figure 4
SDS promotes hepatocyte proliferation in OA-induced fatty liver model. (a) The mRNA expression of
proliferation related genes. (b, c) The protein expression of PCNA and CDK2 were detected by western
blot. (d, e) EdU staining-positive hepatocytes were detected by EdU kit. EdU (red), DAPI (blue); Replications
= 3. Bars represent SEM; *P < 0.05 and **P < 0.01.

Page 21/28

Figure 5
SDS inhibits hepatocyte apoptosis in an OA-induced fatty liver model. (a) The mRNA expression of
apoptosis related genes (Caspase-8, Caspase-9, and Caspase-3). (b, c) Western blot analysis revealed the
levels of Caspase-8, Caspase-9, and Caspase-3 cleavage. (d, e) ROS levels in chicken primary hepatocytes
were determined by FITC-staining flow cytometry with an excitation wavelength of 488 nm and an
emission wavelength of 525 nm. (f, g) Apoptotic hepatocytes were detected by annexin V-FITC/PIstaining flow cytometry. ROS: reactive oxygen species; NC: negative control. OA: oleic acid. Replications =
3. Bars represent SEM; *P < 0.05 and **P < 0.01.
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Figure 6
SDS targeted the PI3K/AKT/Gsk3-β pathway. (a, b) The total protein and phosphorylation levels of PDK1,
AKT, and Gsk3-β were detected by western blot. NC: negative control. OA: oleic acid. LY294002: PI3K
inhibitor. Replications = 3. Bars represent SEM; *P < 0.05 and **P < 0.01.

Figure 7
Serum biochemical parameters: (a) TC (total cholesterol), (b) TG (triglyceride), (c) ALT (alanine
aminotransferase), (d) AST (aspartate aminotransferase), and (e) SOD (superoxide dismutase) were
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measured with ELISA kits. Bars represent SEM (n = 9). Different letters indicate significant differences (P
< 0.05).

Figure 8
Feeding SDS affected gene expression. (a, b, c, and d) The mRNA expression of lipid metabolism related
genes in chicken liver. (e, f) The mRNA expression level of pro-inflammatory cytokines (IL-6 and IL-1β) in
chicken liver. Bars represent SEM (n = 3). Different letters indicate significant differences (P < 0.05).
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Figure 9
The morphological and histological characteristics of chicken liver. Hematoxylin-eosin (HE) staining and
Oil red O staining were magnified 200×. The black arrow indicates the “fatty vacuoles”, the green arrow
indicates the “lipid droplets”, and the red arrow indicates severe pathological changes of the fatty liverhemorrhagic syndrome of laying hens.
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Figure 10
Serum biochemical parameters (a) TC (total cholesterol), (b) TG (triglyceride), (c) ALT (alanine
aminotransferase), (d) AST (aspartate aminotransferase), (e) GSH (glutathione), and (f) SOD (superoxide
dismutase) were detected in chicken blood. Bars represent SEM (n = 9). Columns without the same
lowercase indicate significant differences between the groups (P < 0.05).
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Figure 11
SDS alleviates high-fat diet-induced hepatic steatosis and inflammatory response of laying hens in vivo.
(a, b, c, d, and e) The mRNA expression of lipid metabolism related genes (PPARα, PPARγ, FASN, SCD, and
MTTP). (f, g, h, and i) The mRNA expression level of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and
IL-8) in chicken liver. Bars represent SEM (n = 3). Different lowercase indicates significant differences
between the groups (P < 0.05).
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