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Abstract: Metabolic-associated fatty liver disease (MAFLD) is a chronic liver disease caused by fat
deposition in the liver of humans and mammals, while fatty liver hemorrhagic syndrome (FLHS) is a
fatty liver disease in laying hens which can increase the mortality and cause severe economic losses
to the laying industry. Increasing evidence has shown a close relationship between the occurrence
of fatty liver disease and the disruption of mitochondrial homeostasis. Studies have proven that
taurine can regulate hepatic fat metabolism, reduce hepatic fatty deposition, inhibit oxidative stress,
and alleviate mitochondrial dysfunction. However, the mechanisms by which taurine regulates
mitochondrial homeostasis in hepatocytes need to be further studied. In this study, we determined
the effects and mechanisms of taurine on high-energy low-protein diet-induced FLHS in laying
hens and in cultured hepatocytes in free fatty acid (FFA)-induced steatosis. The liver function, lipid
metabolism, antioxidant capacity, mitochondrial function, mitochondrial dynamics, autophagy, and
biosynthesis were detected. The results showed impaired liver structure and function, mitochondrial
damage and dysfunction, lipid accumulation, and imbalance between mitochondrial fusion and
fission, mitochondrial autophagy, and biosynthesis in both FLHS hens and steatosis hepatocytes.
Taurine administration can significantly inhibit the occurrence of FLHS, protect mitochondria in
hepatocytes from disease induced by lipid accumulation and FFA, up-regulate the expression levels
of Mfn1, Mfn2, Opa1, LC3I, LC3II, PINK1, PGC-1α, Nrf1, Nrf2, and Tfam, and down-regulate the
expression levels of Fis1, Drp1, and p62. In conclusion, taurine can protect laying hens from FLHS
through the regulation of mitochondrial homeostasis, including the regulation of mitochondrial
dynamics, autophagy, and biosynthesis.

Keywords: taurine; laying hens; fatty liver hemorrhagic syndrome; mitochondrial; autophagy

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), which has been renamed as metabolic-
associated fatty liver disease (MAFLD) in recent years [1], is a common chronic disease
characterized by fatty deposits in hepatic cells and liver steatosis [2]. Liver steatosis is
mainly characterized by an imbalance between fat secretion and metabolism after the
transportation of fat to the liver [3]. In recent years, the combination of image-based digital
liver biopsy with liver histology and liquid biopsy could yield a new multimodal approach
to the study of the human fatty liver in clinical pathology [4]. In addition, fatty liver disease
has become the disease with the highest incidence of chronic liver disease worldwide, the
incidence of which in China is approximately 15–40% [5–7]. In Korea, the incidence of
fatty liver disease (per 1000 person-years) is 42.8 overall [8]. It was also estimated by the
United States that by 2030, the number of fatty liver disease cases will be approximately
100 million [9]. In addition to human and mammalians, fatty liver disease can also occur in
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high-yield laying hens, named fatty liver hemorrhagic syndrome (FLHS), the incidence of
which can be as high as 30%, seriously causing enormous economic loss that affects the
poultry industry [10]. FLHS is a metabolic disease characterized by a lipid metabolism dis-
order and accompanied by individual obesity, a decreased egg production rate, abdominal
or subcutaneous fat accumulation, or even death induced by internal bleeding [11]. The
pathogenesis of FLHS is the imbalance of lipid metabolism caused by various factors such
as nutrition, metabolism, environment, hormone and heredity, and the pathogenesis of fatty
liver disease is similar to that of FLHS [12]. Especially in birds, the liver is a crucial organ
for lipid metabolism. Mitochondria play a crucial role in lipid catabolism and anabolism
in addition to acting as a power plant of the cell. During these processes, reactive oxygen
species (ROS) are produced within the mitochondria. The excessive accumulation of ROS
increases the permeability of the mitochondrial outer membrane (MOMP), decreases mito-
chondrial membrane potential (MMP), and ultimately destroys mitochondrial integrity [13]
and homeostasis, which are key cellular biological processes involved in controlling mi-
tochondrial quality, function, shape, apoptosis signal transduction, and cell survival [14].
Mitochondrial fusion, fission, autophagy, and biosynthesis work together to maintain
mitochondrial homeostasis. Numerous studies have shown that mitochondrial damage
and dysfunction are closely related to fatty liver disease, which may be caused by abnormal
mitochondrial dynamics defined as continual fusion and division [15,16]. Meanwhile,
damaged mitochondria participate in mitochondrial autophagy (mitophagy), which plays a
crucial role in NASH by regulating lipid droplet accumulation (lipophagy) [17,18]. The loss
of mitochondria can be compensated with mitochondrial biosynthesis, and maintaining
the number, function, and integrity of mitochondria has been shown to be a new promising
treatment for liver disease [19]. Therefore, reducing hepatic mitochondrial damage and
maintaining mitochondrial homeostasis are essential to ensuring normal fat metabolism in
the liver and further preventing fatty liver disease.

Taurine, one of the few free amino acids, is named due to its first being identified and
isolated from the bile of cattle. Taurine exerts many physiological and pharmacological ef-
fects, including anti-oxidation, cell membrane stabilization, detoxification, osmotic pressure
regulation, brain and retina development [20]. Taurine has been reported to prevent hepatic
fat metabolism disorders caused by various factors not only in mammals [21–24] but also in
laying hens [25]. Our previous studies in rats with alcoholic liver disease also revealed the
regulatory effects of taurine on hepatic lipid metabolism [26,27], the mechanism of which
involves its anti-oxidative, anti-inflammatory, and anti-apoptotic effects [28,29]. Taurine can
also protect mitochondrial damage from a variety of hazardous influences [30] by reducing
mitochondrial swelling [31], maintaining the mitochondrial membrane potential [32], and
increasing mitochondrial ATP production [31]. Taurine transporter knockout mice with
taurine deficiency were observed to exhibit severe steatosis, which may be the consequence
of the disruption to the mitochondrial structure and function [33]. Thus, we speculated
that taurine might protect laying hens from FLHS through anti-oxidative and protective
effects on mitochondria, especially maintaining mitochondrial homeostasis.

In this study, taurine was administered to both laying hens with FLHS, and steatosis
hepatocytes were cultured in vitro to detect the protective effects of taurine on FLHS and
to reveal its mechanism from the mitochondrial perspective.

2. Results
2.1. Effects of Taurine on Liver Index, Pathological Anatomy Changes and Incidence of FLHS

The liver index was determined by the ratio of the hepatic weight to the body weight
of laying hens (Figure 1A). The liver index in the model group was significantly increased
compared with that in the normal control group (p < 0.01). The liver index of hens with
FLHS decreased significantly by taurine administration (p < 0.01). There were no differences
between the normal control and taurine control groups, which were similar to the taurine
prevention groups (p > 0.05). It can be seen from the figures of liver pathological anatomy
that the liver of the normal control group was smooth and glossy, and the liver was compact,
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showing a normal dark red color and no bleeding. The liver of the model group was yellow,
soft and fragile, and there were large blood clots or bleeding spots in the liver. In the taurine
prevention groups, the liver returned to normal appearance with only a small amount of
bleeding points exist locally (Figure 1B). The incidence of FLHS was calculated according
to the situation of liver hemorrhage in each group, and the incidence of FLHS in the model
group was as high as 70%, indicating that the FLHS model of laying hens was successfully
established by using a high-energy and low-protein diet in this experiment. The incidence
of FLHS in the taurine prevention groups was reduced to 10–12%, indicating that dietary
taurine can effectively alleviate the occurrence of FLHS, which is basically consistent with
the expected effect of the experiment (Table 1).
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Figure 1. Effects of taurine on liver index and pathological anatomy changes. (A) Effects of taurine
on liver index of laying hens. (B) Effects of taurine on pathological anatomy changes of laying hens.
Data are described as the mean ± SEM. Not significant (NS.) p > 0.05, ** p < 0.01.

Table 1. Effects of taurine on incidence of FLHS in laying hens.

Grouping C T1 T2 FLHS FLHS + T1 FLHS + T2

Incidence of FLHS 4% 3% 3% 70% 10% 12%

2.2. Screening the Concentrations of Taurine and FFA In Vitro

LO2 cells were cultured with 0, 5, 10, 15, and 30 mmol/L taurine for 24 h. As shown
in Figure 2A, the cell activity increased with increasing taurine concentration from 0 to
10 mmol/L but decreased with increasing taurine concentration from 10 to 30 mmol/L.
Therefore, 10 mmol/L taurine was selected for subsequent tests. Similarly, different concen-
trations of FFA (0–1.5 mmol/L) were administered for 24 h to establish steatosis models. As
shown in Figure 2B, there were no significant differences in cell viability at concentrations
of 0, 0.25 to 0.5, and 0.8 mmol/L FFA. However, cell viability decreased significantly under
the concentrations of 1 and 1.5 mmol/L FFA (p < 0.01). Therefore, 0–0.8 mmol/L FFA was
administered to the LO2 cells, which was followed by the determination of TG. Figure 2C
illustrates that the TG concentration increased significantly at 0.5 and 0.8 mmol/L FFA
compared with 0 mmol/L FFA (p < 0.01). Oil red O staining was further carried out to
verify the effects of 0.5 mmol/L FFA on LO2 cells. There were a large number of red lipid
droplets in LO2 cells treated with 0.5 mmol/L FFA, as shown in Figure 2D, indicating
that 0.5 mmol/L FFA was sufficient to induce obvious steatosis in the LO2 cells without
affecting cell viability.
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Figure 2. Results of the FFA and taurine concentration selection. (A) Cell viability under different
concentrations of taurine. (B) Cell viability under different concentrations of FFA. (C) Effects of
different concentrations of FFA on TG in the LO2 cells. (D) Oil red O staining of the LO2 cells in the
normal group and the 0.5 mmol/L model group. NS. p > 0.05, ** p < 0.01.

2.3. Effects of Taurine on Liver Function, Lipid Parameters, and Antioxidant Capacity Both In Vivo
and In Vitro

As illustrated in Figure 3A, compared with laying hens in the normal control group,
the serum hepatic function indices ALT and AST, serum lipid parameters TC, TG and
LDL-C, and hepatic lipid parameters TC and TG were all significantly increased in the
FLHS laying hens, while serum HDL-C was significantly decreased (p < 0.01). Compared
with the FLHS groups, serum ALT, AST, TC, TG, and LDL-C, hepatic TC, and TG in
taurine prevention groups were all significantly decreased (p < 0.01), while serum HDL-C
levels were increased even further (p < 0.05). Meanwhile, the activities of ALT and AST
and the concentrations of TG in the LO2 cells cultured with FFA were also significantly
increased compared with the cells in the normal control group (p < 0.05 or p < 0.01), while
taurine administration to the steatosis model cells significantly decreased ALT, AST, and TG
(p < 0.05 or p < 0.01) (Figure 3B). None of the above results showed significant differences
between the taurine control groups and the normal control group (p > 0.05). The above
results indicated that taurine could protect hepatic cells and regulate lipid metabolism in
both FLHS hens and steatosis LO2 cells cultured in vitro.

The antioxidant ability of hens was detected and is shown in Figure 3C. The hepatic
MDA content was significantly increased, while the hepatic SOD, GSH-Px, and CAT
activities were significantly decreased in the FLHS hens compared with the normal hens
(p < 0.01). In the taurine prevention groups, the hepatic MDA content was significantly
lower, while the hepatic SOD, GSH-Px, and CAT activities were significantly higher than
those in the FLHS group (p < 0.05 or p < 0.01). Similar results were observed in vitro, as
shown in Figure 3D. The expression levels of Sod2 and the activity of CAT in the steatosis
LO2 cells cultured with FFA were decreased, while taurine intervention significantly
increased Sod2 expression and CAT activity. These results suggested an augmentation effect
of taurine on hepatic antioxidant capacity both in vivo and in vitro.
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Figure 3. Effects of taurine on liver function, lipid parameters, and antioxidant capacity. (A) Effects of
taurine on liver function and lipid parameters of laying hens. (B) Effects of taurine on liver function
and lipid parameters in the LO2 cells. (C) Effects of taurine on antioxidant capacity in laying hens.
(D) Effects of taurine on antioxidant capacity of the LO2 cells. Data are described as the means ± SEM
(n = 6). NS. p > 0.05, * p < 0.05, ** p < 0.01.

2.4. Effects of Taurine on Pathological Changes and Lipid Accumulation of Hepatocytes Both
In Vivo and In Vitro

H&E staining of the liver in laying hens was shown in Figure 4A. The liver lobules
in the normal control and the taurine control hens had a normal structure, cell sizes were
uniform, and cell cords were clear without lipid droplets. The FLHS hens exhibited more
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lipid droplets and inflammation in the liver than the normal control hens. Although
there were still lobular structures in the FLHS hens, the arrangement of hepatocytes was
disordered, and a large amount of granular degeneration and steatosis was observed.
Meanwhile, karyolysis and necrosis were observed in the FLHS hens. In taurine preventive
groups, liver injury and steatosis were much alleviated compared to the FLHS model hens.
Oil red O staining in the LO2 cells cultured in vitro is shown in Figure 4B. Severe steatosis
occurred in the model group, with a large number of red lipid droplets, while in the taurine
intervention groups, there were fewer red lipid droplets than in the model group. The
histological results showed that taurine could significantly ameliorate steatosis both in the
FLHS hens and the hepatocytes cultured in vitro.
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Figure 4. Effects of taurine on pathological changes and lipid accumulation in hepatocytes. (A) Rep-
resentative images of H&E-stained liver tissues of the laying hens (magnification: 400×). The blue
arrows indicate pathological changes. (B) Representative images of oil red O-stained LO2 cells
(magnification: 400×).

2.5. Effects of Taurine on Mitochondrial Function Both In Vivo and In Vitro

The MMP in the liver of the laying hens was detected by JC-1, as shown in Figure 5A.
The MMP in the model group decreased significantly compared with that in the normal
control and taurine prevention groups (p < 0.01), while there were no obvious differences
between the normal control and the taurine control groups (p > 0.05), indicating that
taurine can significantly increase the MMP of FLHS hens. Meanwhile, CS, COX, and CPT-1
activities were also assayed, and the results in Figure 5B showed that the activities of these
enzymes decreased significantly in the FLHS hens compared with the normal control group
(p < 0.01) and taurine prevention groups (p < 0.05 or p < 0.01). In the above experiments,
the indexes of the taurine prevention groups were significantly different from the FLHS
model group, while there was almost no significant difference between the two taurine
prevention groups. At the same time, there was no significant difference among the taurine
control groups and the normal control group. Therefore, in the following experiments,
0.05% taurine was administered in the taurine control and taurine prevention groups.
Compared with the normal control group, the mRNA expression of Cpt1 in the FLHS hens
was significantly decreased (p < 0.01), while the mRNA expression of Cpt1 was remarkably
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up-regulated by taurine administration in the taurine prevention group (p < 0.01), as shown
in Figure 5C. The results indicated that taurine could increase the mitochondrial function
of FLHS hens. Mitochondrial function was also detected in vitro, and Figure 5D shows that
the activities of CPT-1 and the content of UCP2 in the LO2 cells cultured with FFA were
significantly decreased compared with those in the normal control cells (p < 0.01). After
taurine was administered to FFA-cultured LO2 cells, the expression of these parameters
was significantly increased compared with the model group (p < 0.01), suggesting that
taurine can also increase the mitochondrial function of hepatocytes cultured with FFA
in vitro.
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Figure 5. Effects of taurine on mitochondrial function. (A) Effects of taurine on the mitochondrial
membrane potential in the liver of the laying hens. (B) Effects of taurine on mitochondrial marker
enzymes in the liver of the laying hens. (C) Effects of taurine on the mRNA expression level of
mitochondrial marker enzymes in the liver of the laying hens. (D) Effects of taurine on mitochondrial
marker enzymes in the LO2 cells. Data are described as the means ± SEM. NS. p > 0.05, * p < 0.05,
** p < 0.01.

2.6. Effects of Taurine on Mitochondrial Homeostasis Both In Vivo and In Vitro
2.6.1. Effects of Taurine on Mitochondrial Dynamic Balance

The effects of taurine on mitochondrial dynamics in the FLHS hens were manifested
by the mRNA expression of Mfn1, Mfn2, and Opa1, which are mitochondrial fusion proteins,
and the mRNA expression of Fis1 and Drp1, which are mitochondrial fission proteins. The
results are shown in Figure 6A,B. The mRNA expression of Mfn1, Mfn2, and Opa1 in FLHS
hens was significantly decreased compared with that in the normal control hens (p < 0.01)
and the taurine preventive hens (p < 0.05 or p < 0.01), while the mRNA expression of Fis1
and Drp1 in the FLHS hens was significantly higher than that in the normal control and the
taurine preventive groups (p < 0.01). The results illustrated that taurine could maintain the
balance of mitochondrial dynamics by regulating hepatic mitochondrial fusion and fission
in the livers of FLHS hens. This effect of taurine was also verified in vitro, as illustrated
in Figure 6C,D. Mfn1, Mfn2, and Opa1 mRNA expression in steatosis LO2 cells was also
significantly lower, while the mRNA expression levels of Fis1 and Drp1 were much higher
than those in the control (p < 0.01) and the taurine groups (p < 0.01). Meanwhile, the
protein levels of MFN1, FIS1, and DRP1 were also examined, and the change trends in these
protein levels shown in Figure 6E were the same as those in mRNA expression, further
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indicating that taurine administration can also regulate the mitochondrial dynamic balance
of steatosis hepatic cells cultured in vitro.
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Figure 6. Effects of taurine on mitochondrial dynamic balance. (A) mRNA expression of mitochon-
drial fusion-related factors in the livers of the laying hens. (B) mRNA expression of mitochondrial
fission-related factors in the livers of the laying hens. (C) mRNA expression of mitochondrial fusion-
related factors in the LO2 cells. (D) mRNA expression of mitochondrial fission-related factors in the
LO2 cells. (E) The expression of mitochondrial dynamic-related factors, MFN1, FIS1 and DRP1 in
the LO2 cells were determined by Western blot analysis. Data are described as the means ± SEM.
NS. p > 0.05, * p < 0.05, ** p < 0.01.

2.6.2. Effects of Taurine on Mitochondrial Autophagy

Mitochondrial autophagy in the laying hens and the LO2 cells was observed by
electron microscopy in vivo and in vitro. The results showed that normal mitochondria
were observed in the normal control hens and the LO2 cells with clear mitochondrial
contours and mitochondrial crests, as shown in Figure 7A,B. Autophagosomes could be
found inside the cells. In the liver of the FLHS hens and the steatosis LO2 cells, the
mitochondria were abnormal in morphology, as manifested by mitochondrial swelling,
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fuzzy contours, and unclear mitochondrial crests. In the taurine prevention groups both
in vivo and in vitro, the mitochondrial injury was improved compared with that in the
model groups. The mRNA expression levels of Lc3I, Lc3II, and Beclin1 in the livers of the
FLHS hens were significantly lower than those in the livers of the normal control hens
(p < 0.05 or p < 0.01) and the taurine prevention hens (p < 0.05 or p < 0.01), while p62
was significantly increased in the FLHS hens compared with the other groups (p < 0.01)
(Figure 7C). The effect of taurine on mitochondrial autophagy was also detected by the
protein levels of LC3B, PINK1, and p62 in the steatosis LO2 cells. Figure 7D shows that the
protein expression levels of LC3B and PINK1 in the steatosis LO2 cells were significantly
lower than those in the normal control group (p < 0.01), while taurine administration to the
steatosis LO2 cells up-regulated the protein expression levels of LC3B and PINK1, and it
down-regulated the protein expression of p62, indicating that taurine administered to both
the FLHS hens and the steatosis LO2 cells can regulate mitochondrial autophagy.
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Figure 7. Effects of taurine on mitochondrial autophagy. (A) Ultrastructure examination of mitochon-
dria and autophagosomes in the livers of the FLHS hens under transmission electron microscopy
(magnification: 1 µm). The red arrows indicate disrupted mitochondria; the red boxes represent au-
tophagosomes. (B) Ultrastructure examination of mitochondria and autophagosomes in the LO2 cells
under transmission electron microscopy (magnification: 2 µm). The red arrows indicate disrupted
mitochondria. (C) mRNA expression of mitochondrial autophagy-related factors in the livers of the
FLHS hens. (D) The expression of mitochondrial autophagy-related factors, LC3B, Pink1 and p62 in
the LO2 cells were determined by Western blot analysis. Data are described as the means ± SEM.
NS. p > 0.05, * p < 0.05, ** p < 0.01.
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2.6.3. Effects of Taurine on Mitochondrial Biosynthesis

PGC-1α, NRF1, NRF2, and TFAM, which have been reported as key promoters of
mitochondrial biogenesis, were detected both in vivo and in vitro. Figure 8A showed that
compared with the normal control hens, mRNA expression levels of Pgc1α, Nrf1, Nrf2,
and Tfam in the FLHS hens were significantly decreased (p < 0.05 or p < 0.01) and were
significantly up-regulated by taurine administration to FLHS hens (p < 0.05 or p < 0.01). The
results in Figure 8B,C showed the expression of key factors for mitochondrial biosynthesis
in the cultured LO2 cells. Both the mRNA and protein expression levels of PGC-1α, NRF1,
NRF2, and mtTFA in steatosis cells were down-regulated compared with those in the
control cells and the steatosis LO2 cells administered taurine. The results indicated that
hepatic mitochondrial biosynthesis was inhibited in the FLHS hens and the steatosis LO2
cells and that taurine can promote mitochondrial biosynthesis both in vivo and in vitro.
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Figure 8. Effects of taurine on mitochondrial biosynthesis. (A) mRNA expression of mitochondrial
biosynthesis-related factors in the livers of the FLHS hens. (B) mRNA expression of mitochondrial
biosynthesis-related factors in the LO2 cells. (C) The expression of mitochondrial biosynthesis-related
factors, PGC-1α, NRF1, NRF2, and mtTFA in the LO2 cells were determined by Western blot analysis.
Data are described as the means ± SEM. NS. p > 0.05, * p < 0.05, ** p < 0.01.

3. Discussion

Nonalcoholic fatty liver disease is divided into early and late stages. The early stage
is manifested by simple fatty liver disease, which is often ignored and neglected but can
lead to further cirrhosis and hepatocellular carcinoma (HCC) in severe cases. Therefore,
it has become increasingly urgent to study the pathogenesis and targets of early MAFLD.
Similarly, FLHS is a common nutritional metabolic disease in laying hens during the peak
laying period caused by the imbalance of nutrient metabolism, which leads to a disorder
of the fat metabolism in laying hens. A variety of factors have been reported to induce
FLHS, and there are currently multiple methods to establish the FLHS model, including
excessive feed intake through forced feeding [34,35] and the injection of estradiol into
laying hens [36]. Recently, a large number of studies demonstrated that a high-energy
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low-protein diet, which is rich in carbohydrates and low in protein, can successfully induce
FLHS because it can readily convert acetyl-CoA into excessive fat and that fat cannot
be exported from the liver [37,38]. In the current study, corn and soybean meal with a
metabolic energy of 12.85 MJ/kg and a crude protein of 13.51% was fed to laying hens for
16 weeks, successfully inducing FLHS, which was manifested by the histological changes,
the liver function indices, and the lipid metabolism parameters of the liver. Under these
feeding circumstances, lipid synthesis increased in the liver, while the insufficient protein
content led to a lower formation of apolipoprotein that binds and transports fat from the
liver and finally induced hepatic fat accumulation. In addition, the low protein resulted
in reduced egg production and lowered fat consumption, which further increased the fat
accumulation in the liver. Meanwhile, high-energy and low-protein diets can also lead to
the abnormal oxidation of fatty acids in the liver, further aggravating liver steatosis.

In an in vitro experiment, a steatosis cell model was established by the administration
of free fatty acids (FFAs) to LO2 cells. Palmitic acid (PA), which is a kind of saturated fatty
acid, and oleic acid (OA), which is a kind of monounsaturated fatty acid, were the most
abundant FFAs in the diet and the serum [39]. A high level of serum FFA is closely related
to metabolic syndrome and fatty liver disease [40]. Previous studies have shown that fatty
acids (especially higher levels of saturated fatty acids) can induce steatosis and apoptosis.
Compared with single unsaturated fatty acids (e.g., OA), the primary hepatocytes of mice
and HepG2 cells exposed to saturated FFAs (e.g., PA) showed more advanced steatosis
and apoptosis [41]. According to previous studies, FFA with a ratio of OA to PA of 2:1
was administered in this present study and successfully established a simple steatosis cell
model with obvious lipid droplets and increased contents of TG inside the cells [42–44].
The results were similar to the report that cultured LO2 cells in a medium with FFA of
0.5 mmol/L (OA:PA = 2:1), which did not cause cytotoxicity and apoptosis but induced
obvious steatosis in cells [45]. Both animal and cell models were successfully constructed
in the present study and provided a theoretical basis for further study of the pathogenesis
of MAFLD.

The liver is the main organ capable of fat storage and metabolism. ALT and AST, which
are enzymes synthesized in hepatocytes, are sensitive indices for liver function because
an elevated serum level of the two enzymes is detected when they are released into the
blood under the circumstances of liver injury. In the present study, serum concentrations
of ALT and AST were significantly higher in the FLHS hens, suggesting the destruction
of the liver cells and an increase in the membrane permeability that resulted in a large
amount of transaminase spilling into the blood from the hepatocytes, which subsequently
leads to changes in organelles and other structures. Similar results were also observed in
the cultured hepatic cells, in which the concentrations of ALT and AST increased in the
steatosis LO2 cells. Taurine inhibited the increase in ALT and AST caused by hepatocyte
injury in both the FLHS hens and the steatosis LO2 cells. The results were consistent
with numerous studies confirming a protective effect of taurine on the liver, including our
previous studies in rats with alcoholic liver disease and cultured hepatic cells [26,27,46].
TG and TC are components of lipids, and the serum concentrations of these can be used as
indicators of lipid metabolism. HDL-C and LDL-C are responsible for the transportation of
cholesterol. HDL-C promotes the clearance of cholesterol from tissue cells into the liver
to be further metabolized, while LDL-C carries cholesterol into tissue cells. In the present
study, the concentrations of serum/hepatic TC and TG and serum LDL-C were significantly
increased, while serum HDL-C was significantly decreased in the FLHS hens, indicating
a disorder in lipid metabolism of the liver. It can be observed that taurine significantly
reduced the concentrations of TC, TG and LDL-C while increasing the concentration of
HDL-C in the FLHS hens, indicating that taurine restored the hepatic lipid metabolism in
the FLHS hens. Meanwhile, in cultured steatosis LO2 cells, the increase in TG concentration
was significantly inhibited by taurine administration. The results of the current study
were consistent with previous studies showing that taurine was found to reduce plasma
and hepatic concentrations of TC, TG, and LDL-C while increasing HDL-C levels in rats
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fed a high-cholesterol diet [47,48]. It has also been reported that taurine can reduce TG
levels in an NAFLD model in vitro [49]. Furthermore, the onset of a lipid metabolism
disorder and increased fatty acid accumulation lead to surges in free radicals and lipid
peroxidation, during which a large number of free radicals exceed the upper limit of
the hepatic antioxidant capacity and aggravate the oxidative stress of the hepatocytes,
which is known as the “two-hit” theory in the pathogenesis of NAFLD. MDA is a lipid
peroxidation product produced in the peroxidation process which can reflect the level of
lipid peroxidation. SOD and GSH-Px are active enzymes that can scavenge free radicals, and
CAT is an enzyme scavenger that removes H2O2 in the body and is one of the key enzymes
in the biological defense system. In this study, the results in the FLHS hens illustrated that
the hepatic contents of MDA increased significantly, while the hepatic activities of SOD,
GSH-Px, and CAT decreased. Taurine administered to the FLHS hens reduced hepatic
MDA and increased hepatic SOD, GSH-Px, and CAT. Meanwhile, the content of CAT
and the mRNA expression level of Sod2 in the steatosis LO2 cells decreased compared
with the normal control and the taurine prevention groups, indicating an antioxidant
capacity of taurine on both the FLHS hens and the steatosis LO2 cells. A similar result
of decreased antioxidant capacity during fatty liver development was demonstrated in
both the FLHS chickens and the NAFLD rats [50,51]. The antioxidant effect of taurine is
consistent with a study on the liver and kidney of mice fed ethanol and on the liver of rats
with NAFLD [24,52,53]. The above results confirmed that liver function, lipid metabolism,
and antioxidant capacity were affected when MAFLD occurred and that taurine played a
positive role in protecting liver function, enhancing antioxidant enzymes and inhibiting
lipid peroxidation.

Mitochondria are highly sensitive to oxidative stress [54]. ROS and lipid peroxides
generated during fatty liver development attack mitochondria. Since mitochondria are
responsible for the β-oxidation of fatty acids in the liver, dysfunction and damage in
mitochondria is an essential cause of MAFLD. Studies have found that fatty liver induced
by different factors is accompanied by mitochondrial damage in hepatocytes, which is
also the basis for the occurrence of various liver diseases [55]. It has been concluded
that fatty liver is also a mitochondrial disease [56,57]. The MMP can reflect the integrity
of the mitochondrial membrane and indirectly reflect the function of mitochondria, the
decline of which is an early indicator of mitochondrial injury. CPT-1, which is located in
the outer membrane of mitochondria, can catalyze the transportation of long-chain fatty
acids into mitochondria to further participate in β-oxidation and is considered to be a
rate-limiting enzyme in the process. COX, which is located in the mitochondrial inner
membrane, is the key enzyme for electron transfer in the respiratory chain. Abnormal COX
activity affects mitochondrial membrane permeability and the mitochondrial respiratory
chain, resulting in mitochondrial energy metabolism dysfunction. CS, located in the
mitochondrial matrix, affects the synthesis of fatty acids and participates in the redox
process of fatty acids and is one of the key enzymes in cell metabolism. As a transmembrane
protein of the mitochondrial inner membrane, UCP2 can regulate the mitochondrial proton
pump and alleviate mitochondrial damage. It has been reported that MMP decreases
during NASH [58] and that initial fat synthesis can be inhibited by regulating CPT-1 [59],
thereby inhibiting the development of fatty liver disease. Other studies have shown
that the activation of CPT-1 can reduce the serum levels of AST and ALT in steatosis
patients [60]. In addition, in the early stage of steatosis, the up-regulation of UCP2 can
inhibit a large amount of ROS damage and play a protective role in cells [61]. The results of
the present study also showed that MMP and mitochondrial marker enzymes decreased
when FLHS occurred in the hens. After the taurine intervention, MMP increased, which
was accompanied by increases in hepatic mitochondrial functional markers, including
CPT-1, COX, and CS. Meanwhile, in the cultured steatosis LO2 cells, a decline was observed
in the activities of CPT-1 and UCP2, the activities of which were significantly enhanced
after taurine administration. These results were also demonstrated by the mitochondrial
morphological changes in the model group observed by electron microscopy during the
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occurrence of fatty liver. When fatty liver occurred, the mitochondrial morphology of the
model group showed pathological changes, and there were no autophagosomes. Studies
on the hepatocytes of mice with fatty hepatitis have shown that the endoplasmic reticulum
ruptured, forming isolated membranes (phagosomes) that surround mitochondria, and that
defective autophagy contributed to the development and progression of steatohepatitis [62].
The changes in the mitochondrial morphology were significantly improved after the taurine
intervention. The above results showed that taurine could inhibit damage to the structure
and function of hepatic mitochondria in the FLHS hens and the steatosis LO2 cells through
the protection of the mitochondrial membrane integrity, permeability, the regulation of the
β-oxidation of fatty acids, and the mitochondrial respiratory chain.

Studies have considered that mitochondrial homeostasis, including mitochondrial
dynamics, autophagy, and biosynthesis, may be a further mechanism for regulating
NASH [63,64] and that these consequently highlight potential therapeutic targets for this
disease. The effects of the high-fat diet/FFA and the hypothetical role of taurine in the
regulation of mitochondrial homeostasis were detected and discussed in the present study.
Constant fusion and fission are called mitochondrial dynamics. Mitochondrial fusion
includes mitochondrial inner membrane fusion and outer membrane fusion, which are
regulated by different molecules. Mfn1 and Mfn2 are located on the mitochondrial outer
membrane. The N-terminus of Mfn1 and Mfn2 is a conserved GTPase active domain, while
the C-terminus is a coiled-coil domain, and the interactions of these coiled-coil domains
promote mitochondrial outer membrane fusion [65]. OPA1 is located on the mitochon-
drial inner membrane and binds to phospholipids, causing GTP hydrolysis, promoting the
recombination of lipid molecules on the mitochondrial membrane, and leading to mitochon-
drial inner membrane fusion [66]. At the same time, Drp1 is recruited to the mitochondrial
outer membrane by Fis1 and is enriched in the potential cleavage sites, forming a ring
structure around the mitochondria and changing the distance between molecules through
GTP decomposition, and it gradually compresses until the mitochondria is fragmented
into two independent mitochondria. This process is named mitochondrial fission. Then,
Drp1 returns to the cytoplasm to regulate a new round of mitochondrial division [67]. In
the present study, the decreased expression of Mfn1, Mfn2, and OPA1 was accompanied
by a significant increased expression of FIS1 and Drp1 observed in the FLHS hens and
the steatosis hepatic cells cultured in vitro, suggesting that the inhibition of mitochondrial
fusion and the promotion of mitochondrial fission were induced by the fatty liver disease.
These results were not completely surprising, since there were previous reports that the
mRNA expression levels of Mfn1, Mfn2, and OPA1 were significantly decreased in liver
injury induced by a high-fat diet [68], while the expression of mitochondrial fission me-
diators, including DRP1 and FIS1, induced by HFD was further exacerbated in the livers
of mice [69]. The expression of FIS1 and DRP1 was also up-regulated in steatosis HepG2
cells [70]. Taurine was found to up-regulate the expression of the mitochondrial fusion
proteins Mfn1, Mfn2, and OPA1 while down-regulating the expression of the mitochondrial
fission proteins FIS1 and Drp1 in both the FLHS hens and the steatosis LO2 cells, indicating
a regulatory effect of taurine on the mitochondrial dynamic balance, which is essential for
the maintenance of normal mitochondrial morphology and function.

Severely damaged mitochondria can be fragmented through abnormal fusion and
division and cleared through mitochondrial autophagy. First, the autophagy precursor,
which has a double-layer membrane, is formed in the cells and then gradually extends to
wrap up the mitochondria to form autophagosomes, which is followed by fusion with the
lysosome membrane to form autophagolysosomes and complete the mitophagy process. In
this process, the isolation membrane extends under the action of Beclin1, a key autophagy
protein, and gradually wraps the damaged organelles to form autophagosomes. The LC3
precursor (ProLC3) cleaves 22nd amino acids on the C-terminal 5-peptide catalyzed by
ATG4B to form LC3-I and then covalently binds with phosphatidylethanolamine (PE)
to form LC3-II catalyzed by ATG7. LC3-II is the structural protein of autophagosomes.
When autophagosomes are combined with lysosomes, LC3-II located on the membrane of
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autophagosomes can be degraded by breaking the conjugated double bond with PE, so the
LC3-II/LC3-I ratio can reflect the level of autophagy. In the meantime, LC3 also plays a role
in mitophagy, regulating the number and quality of mitochondria by reducing mitochondria
to basic levels to satisfy the cellular energy needs and prevent excessive ROS production.
Mitochondrial autophagy is mediated by the PINK1/Parkin pathway through the initiation
of PINK1, which degrades continuously under healthy circumstances. PINK1 remains
stable when the mitochondria are damaged and recruits Parkin, which is an E3 ligase, to
depolarize the mitochondria. This process induces mitochondrial ubiquitination, in the
matrix of which P62 accumulates and binds to LC3 to initiate mitochondrial autophagy [71].
The present results showed a decrease in the expression of Beclin-1, PINK1, Parkin, LC3-I,
and LC3-II in both the FLHS hens and steatosis hepatic cells, indicating that the autophagy
scavenging mechanism was weakened by steatosis in the hepatic cells. These results
were accompanied by previous studies in NAFLD mice showing that the expression of
positive autophagy and mitophagy-related factors were all decreased, while p62 was
increased [72]. Additionally, a decrease in autophagy levels was observed in male SD
rats with fatty liver disease [73]. The up-regulation of autophagy was reported to be
conducive to promoting the removal of hepatic lipids, while the inhibition of autophagy
levels promoted lipid accumulation [74,75]. In this study, taurine was found to up-regulate
the levels of autophagy and mitochondrial autophagy-related factors through the regulation
of the PINK1/Parkin pathway. Therefore, the increased expression of mitophagy-positive
regulatory proteins, after the taurine intervention, can be considered a compensatory
mechanism for mitochondrial over-injury in the FLHS hens and the steatosis LO2 cells.

Meanwhile, new mitochondria were formed through mitochondrial biosynthesis that
was conducted through the duplication, transcription, and translation of the mitochondrial
genome to compensate for the damaged mitochondria and further maintain normal en-
ergy metabolism and mitochondrial homeostasis. Mitochondrial biosynthesis is mainly
regulated by PGC-1α, which can activate the expression of TFAM by directly combining
with NRF1 and NRF2 and promoting the translocation of TFAM to the mitochondria and
multipoint binding with mtDNA, thereby regulating mtDNA transcription and replica-
tion [76]. In the present study, the levels of PGC-1α, NRF1, NRF2, and Tfam in the FLHS
hens and the steatosis model cells decreased significantly, the contents of which were
significantly up-regulated after the taurine intervention, which seemed to represent an
adaptive response of taurine to stimulate mitochondrial and tissue/cell renewal. Since
previous studies have concluded that increasing mitochondrial biosynthesis could be a
new method to treat fatty liver disease [19], the present results suggested a positive effect
of taurine on the PGC-1α-mediated mitochondrial biosynthesis mechanism and restored
the number and function of mitochondria.

4. Materials and Methods
4.1. Hens, Diets, and Experimental Design

A total of 48 healthy 23-week-old Hy-Line brown laying hens with similar body
weights and egg yields were obtained (average weight 1.5 kg ± 0.2 kg) and kept in three-
layer cages. During the experiment, the hens were provided with feed twice a day (at 8:00
and 16:30) and water ad libitum. The laying hens were housed under a 16–8 h light–dark
cycle at controlled temperature (18–21 ◦C) and humidity (40%–70%). Hens were randomly
divided into six groups after one week of acclimation: hens in the normal control group
(C) were fed a standard corn–soybean meal-based diet. Hens in the taurine control groups
(T1 and T2) were provided a corn–soybean meal-based diet supplemented with 0.05% and
0.3% taurine, respectively. A high-fat and low-protein diet for hens fed the FLHS model
group (FLHS). Hens in the taurine prevention groups (FLHS + T1 and FLHS + T2) were
fed the same diet as hens in the FLHS group supplemented with 0.05% and 0.3% taurine,
respectively. Hens were fed either a standard or high-fat and low-protein diet (Table 2).
After 16 weeks of feeding, all hens were sacrificed, and blood and livers were collected
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for further analysis. This study was reviewed and approved by the Animal Care and Use
Committee of Shenyang Agricultural University (2020090102).

Table 2. Ingredients of the diets and calculated nutrition levels for laying hens (%).

Ingredient, % Standard Diet High-Fat and Low-Protein Diet

Corn 61.5 61.5
Soybean meal 26.0 18.0
Soybean oil 0 8.0
Dicalcium Phosphate 1.2 1.2
Limestone 9.0 9.0
Premix 2.0 2.0
Salt 0.3 0.3
Total 100 100
Calculated composition
Metabolizable energy, MJ/kg 11.09 12.85
Crude protein 16.85 13.51
Calcium 3.68 3.65
Available P 0.38 0.37
Lysine 0.93 0.69
Threonine (%) 0.67 0.52

4.2. Cell Culture and Treatments

LO2 cells were purchased from Shanghai Boquan Biotechnology Co., Ltd. (Shanghai,
China), and the cells were cultivated in Roswell Park Memorial Institute (RPMI)-1640
medium (Gibco, Grand Island, NY, USA) containing 10% (v/v) fetal bovine serum (VivaCell,
Shanghai, China), 100 U/mL penicillin, and 100 µg/mL streptomycin at 5% CO2, 37 ◦C. The
cells were passaged for subculturing or subsequent experiments when they were 70–80%
confluent. The cells were treated with free fatty acid (FFA) (oleic acid (OA): palmitic acid
(PA) = 2:1) in serum-free media for 24 h to establish a steatosis cell model. Meanwhile,
taurine was administered to the medium and cultured at 37 ◦C for 24 h. The cells were
divided into four groups: the normal control group (N), the taurine control group (T), the
model group (M), and the taurine intervention group (MT).

4.3. Cell Viability Assay

LO2 cells were seeded in 96-well plates and treated differently when the cells grew to
90% confluency. Then, Cell Counting Kit-8 (CCK-8; Solarbio, Beijing, China) was used to
measure cell viability. First, 10 µL CCK-8 assay reagent was added to each well, which was
followed by incubation at 37 ◦C for 4 h. Finally, the absorbance of the formazan solution
was assessed using a microplate reader (Infinite M200 PRO, TECAN, Shanghai, China) at
450 nm.

4.4. Biochemical Analysis

All biochemical analyses were performed using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Lipid metabolism indices, including total triglyc-
erides (TGs) (A110-1-1), total cholesterol (TC) (A111-1-1), high-density lipoprotein choles-
terol (HDL-C) (A112-1-1) and low-density lipoprotein cholesterol (LDL-C) (A113-1-1); liver
function indices, including alanine aminotransferase (ALT) (C009-2-1) and aspartate amino-
transferase (AST) (C010-2-1); liver antioxidant capacity indices, including total superoxide
dismutase (T-SOD) (A001-1-2), malondialdehyde (MDA) (A003-1-2) and glutathione per-
oxidase (GSH-Px) (A005-1-2); and mitochondrial function indices, including hydrogenase
(CAT) (A007-1-1), citric acid synthase (CS) (A108-1-1), carnitine palmitoyltransferase-I
(CPT-1) (H230), cytochrome C oxidase (COX) (H210) and coupling protein 2 (UCP2) (H548-
1), were all measured according to the protocol of the manufacturer using an automatic
biochemistry analyzer (Infinite M200 PRO, TECAN, Shanghai, China).
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4.5. Hematoxylin and Eosin (H&E) Staining

Hepatic tissues from the exact location of the same lobe were fixed in 4% paraformalde-
hyde solution and embedded in paraffin. Five-micrometer-thick sections were cut and
stained with H&E. The sections were then examined and photographed under
400×magnification using a Leica inverted microscope (DM4000B).

4.6. Oil Red O Staining

LO2 cells cultured in six-well plates were pretreated with FFA and taurine for 24 h.
The cells washed with PBS were fixed with 4% formaldehyde for 10 min. Subsequently, the
cells were stained with oil red O working solution for 15 min. The nuclei were stained with
hematoxylin for another 1 min, and cell steatosis was observed under a light microscope
(OLYMPUS, Tokyo, Japan) at 400×magnification.

4.7. Transmission Electron Microscopy (TEM)

The samples were fixed in 2.5% glutaraldehyde for TEM and dehydrated in ethyl
alcohol and acetone. Then, the samples were embedded in epoxy resin. Ultrathin sections
(thickness, 50–70 nm) were cut with a diamond knife and then double-stained with uranyl
acetate and lead citrate. The ultra-microstructure of the samples was examined by a
transmission electron microscope (HITACHI, Tokyo, Japan).

4.8. Real-Time Quantitative PCR (RT-qPCR)

The total RNA from the liver and LO2 cells was obtained by using a total RNA
extraction kit (TIANGEN, Beijing, China, DP430). Then, cDNA was synthesized using
the PrimeScript RT Reagent Kit with a gDNA Eraser according to the manufacturer’s
instructions (Takara Bio, Dalian, China, RR047A). The expression levels of related genes
were quantified by RT-qPCR using TB Green Premix Ex Taq II (Takara Bio, Dalian, China,
RR820A). The sequences of all primers used for the RT–PCR are listed in Table 3. The
relative gene expression levels were calculated using the 2−∆∆Ct method [77]. The results
are presented as relative fold changes in the value of the control group after normalizing to
the endogenous control β-actin.

Table 3. Primers for PCR analysis.

Gene Primer Sequence

Gallus-Cpt1 Forward: 5′-GCCAAGTCGCTCGCTGATGAC-3′

Reverse: 5′-ACGCCTCGTAGGTCAGACAGAAC-3′

Gallus-Mfn1 Forward: 5′-TCCTGCTGCAACTCCAGAGA-3′

Reverse: 5′-ATCACTCCGCCAACAACGAT-3′

Gallus-Mfn2 Forward: 5′-CTGGCTCATGCCCTCCATCA-3′

Reverse: 5′-AATGCCAGGGCTGTCCATGA-3′

Gallus-Opa1 Forward: 5′-AGTCTGTGGAGCAGCAAGCA-3′

Reverse: 5′-TCCTGTCAAGCTCTCGCAAC-3′

Gallus-Fis1 Forward: 5′-TGTCTGTGGAGGACCTGCTGAAG-3′

Reverse: 5′-ACCAGGCACCAGGCGTACTC-3′

Gallus-Drp1 Forward: 5′- GAGCTCAACACTGCTATTTACG-3′

Reverse: 5′-TCAAAACAACCTTTCCGATCAC-3′

Gallus-Lc3I Forward: 5′-TTACACCCATATCAGATTCTTG-3′

Reverse: 5′-ATTCCAACCTGTCCCTCA-3′

Gallus-Lc3II Forward: 5′-CTTCTTCCTCCTGGTGAACG-3′

Reverse: 5′-GCACTCCGAAAGTCTCCTGA-3′

Gallus-P62 Forward: 5′-GACCCAGCCAAGACTACCAT-3′

Reverse: 5′-CAGAGGCATGTAGTTTCGGC-3′

Gallus-Beclin1 Forward: 5′-CGACTGGAGCAGGAAGAAG-3′

Reverse: 5′-TCTGAGCATAACGCATCTGG-3′

Gallus-Pgc1α Forward: 5′-ATGTGTCGCCTTCTTGCTCTTC-3′

Reverse: 5′-GGACCTTGATCTTGACCTGGAA-3′
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Table 3. Cont.

Gene Primer Sequence

Gallus-Nrf1 Forward: 5′-AGCATTGAGGACTATCGTGAAG-3′

Reverse: 5′-TGGTTGTGGTCTGTTGCTGTGT-3′

Gallus-Nrf2 Forward: 5′-GCCTTCCTCTGCTGCCATTAGT-3′

Reverse: 5′-TGCCTTCAGTGTGCTTCTGGTT-3′

Gallus-Tfam Forward: 5′-TTCCAGGAGGCTAAGGATGAG-3′

Reverse: 5′-CACTGCGACGGATGAGATCACT-3′

Gallus-β-actin Forward: 5′-GAGAAATTGTGCGTGACATCA-3′

Reverse: 5′-CCTGAACCTCTCATTGCCA-3′

Homo-Sod2 Forward: 5′-GAGATGTTACACGCCCAGATAGC-3′

Reverse: 5′-AATCCCCAGCAGTGGAATAAGG-3′

Homo-Mfn1 Forward: 5′-TGCTGGCTAAGAAGGCGATTACTG-3′

Reverse: 5′-TGTCTCCGAGATAGCACCTCACC-3′

Homo-Mfn2 Forward: 5′-GTGCTTCTCCCTCAACTATGAC-3′

Reverse: 5′-ATCCGAGAGAGAAATGGAACTC-3

Homo-Opa1 Forward: 5′-TCTGCACACTCAGTTGAAGTAT-3′

Reverse: 5′-GCCTTTGTCATCTTTCTGCAAT-3′

Homo-Fis1 Forward: 5′-TGTCTGTGGAGGACCTGCTGAAG-3′

Reverse: 5′-ACCAGGCACCAGGCGTACTC-3′

Homo-Drp1 Forward: 5′-GAGCTCAACACTGCTATTTACG-3′

Reverse: 5′-TCAAAACAACCTTTCCGATCAC-3′

Homo-Pgc1α Forward: 5′-CAGAGAGTATGAGAAGCGAGAG-3′

Reverse: 5′-AGCATCACAGGTATAACGGTAG-3

Homo-Nrf1 Forward: 5′-GCTACTTACACCGAGCATAGTA-3′

Reverse: 5′-CTCAAATACATGAGGCCGTTTC-3′

Homo-Nrf2 Forward: 5′-ACGGTATGCAACAGGACATTGAGC-3′

Reverse: 5′-TTGGCTTCTGGACTTGGAACCATG-3′

Homo-Tfam Forward: 5′-AGCTCAGAACCCAGATGCAA-3′

Reverse: 5′-CCTGCCACTCCGCCCTATAA-3′

Homo-β-actin Forward: 5′-GAGAGGGAAATCGTGCGTGACA-3′

Reverse: 5′-CGATAGTGACCTGACCGTCA-3′

4.9. Western Blot

LO2 cells were lysed using the RIPA lysate (Beyotime, Shanghai, China). The protein
concentration was determined using the bicinchoninic acid (BCA) method. Equal amounts
(20 µg) of total proteins were separated by 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE), which was followed by electrotransfer to polyvinyli-
dene difluoride (PVDF) membranes. The membranes were blocked in 5% nonfat dried
milk for 1 h at room temperature and then incubated with GAPDH (dilution 1:5000, Im-
munoway, Texas, USA, YM3029), mitofusin 1 (Mfn1) (dilution 1:1000, Abcam, Cambridge,
UK, ab129154), fission protein 1 (Fis1) (dilution 1:1000, Abcam, Cambridge, UK, ab156865),
dynamin-related protein 1 (Drp1) (dilution 1:1000, Abcam, Cambridge, UK, ab184247),
microtubule-associated protein light chain 3B (LC3B) (dilution 1:1000, Abcam, Cambridge,
UK, ab192890), PTEN-induced kinase 1 (PINK1) (dilution 1:1000, CST, Massachusetts, USA,
6946), p62 (dilution 1:1000, Abcam, Cambridge, UK, ab109012), peroxisome proliferator-
activated receptor γ coactivator 1-α (PGC-1α) (dilution 1:1000, Abcam, Cambridge, UK,
ab106814), nuclear respiratory factor 1 (NRF1) (dilution 1:1000, Abcam, Cambridge, UK,
ab175932), nuclear respiratory factor 2 (NRF2) (dilution 1:1000, Abcam, Cambridge, UK,
ab137550), mitochondrial transcription factor A (mtTFA) (dilution 1:1000, Abcam, Cam-
bridge, UK, ab176558), and second antibodies (dilution 1:5000, Proteintech, Rosemont, PA,
USA) overnight at 4 ◦C. The levels of GAPDH were used as loading controls. The bands
were visualized with an enhanced chemiluminescent direct labeling (ECL) system. The
optical density of each band was scanned and semi-quantified by using the Quantity One
software (Bio–Rad, Hercules, CA, USA).
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4.10. Statistical Analyses

All statistical analyses were performed using IBM SPSS Statistics. One-way analysis
of variance (ANOVA) followed by a LSD post-hoc test was used to compare differences
between groups. Data are expressed as the mean ± standard error of the mean (SEM).
Differences were considered significant at p < 0.05.

5. Conclusions

In conclusion, the occurrence of fatty liver disease is related to mitochondrial injury
and an imbalance in mitochondrial homeostasis. Taurine exerts a protective effect on
hepatic cells and inhibits FLHS through the maintenance of mitochondrial homeostasis,
including the balance of mitochondrial kinetics, autophagy, and biosynthesis, thereby
reducing mitochondrial damage and further promoting the key transformation of liver
tissue and cells. The results provide a possible target and a scientific basis for the application
of taurine to prevent the occurrence of fatty liver disease and mitochondria-related diseases.
Both the pathophysiological roles and actions of taurine in hepatocytes may be more
complex than currently thought, and these roles need further clarification.
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