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ARTICLE INFO ABSTRACT
Keywords: Taurine has been proven in many trials to alleviate the symptoms of metabolic associated fatty
Taurine liver disease. Here its protective effect for hepatic steatosis and modulation of AMP-activated

AMP-activated protein kinase (AMPK)
Triacylglycerol
Hepatic steatosis

protein kinase and insulin signaling pathway were investigated. Steatotic HepG2 cell estab-
lished with oleic acid (0.05 mmol/L), treated with taurine (5 mmol/L), dorsomorphin (10 pmol/
L) for 24 h. Sprague Dawley rats were divided into regular and high-fat diet (HFD) groups, and
their corresponding taurine (70 or 350 mg/kg BW/d) groups, fed for 8 weeks. In steatotic cell,
taurine reduced the TG concentration and SREBP-1c, PPARy, FAS, ACC, SCD1 protein levels,
decreased phosphorylation of mTOR, IRS1 (Ser302), increased phosphorylation of AMPKa, LKB1,
PI3K, Akt, ACC. While dorsomorphin eliminated taurine’s TG-lowering effect. In HFD-fed rats,
taurine reduced liver TG, serum TG, ALT, AST, IL-1p, IL-4, TNF-a. The effects of taurine on the
main factors of fatty acid synthesis were mostly consistent with cell experiments, and the
reduction of microRNAs (451, 33, 291b) was aligned with the improvement in LKB1 and AMPK
expression in HFD rats. Taurine alleviated steatosis-induced inhibition of IRS1-PI3K-Akt pathway,
but suppressed its positively regulated downstream factor mTOR. In parallel, taurine reduced
steatosis by activating LKB1-AMPKa pathway via phosphorylation and no-phosphorylation
manner, then inhibiting SREBP-1c directly or by suppressing mTOR phosphorylation.

Abbreviations: ACC, acetyl-CoA carboxylase; Akt, protein kinase B; AMPK, AMP-activated protein kinase; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; CaMKK2, calcium/calmodulin-dependent protein kinase kinase 2; FA, fatty acid; FAS, fatty acid synthase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HE, hematoxylin and eosin; IRS-1/2, insulin receptor substrate-1/2; LKB1, liver kinase B1; MAFLD,
metabolic associated fatty liver disease; mTOR, mammalian target of rapamycin; miRNAs, microRNAs; OA, oleic acid; PI3K, phosphatidylinositol 3-
kinase; SCD1, stearoyl-CoA desaturasel; SREBP-1c, sterol regulatory element binding proteins-1c; TG, triacylglycerol.
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1. Introduction

Metabolic associated fatty liver disease (MAFLD), also named non-alcoholic fatty liver disease, is defined as a chronic liver disease
with hepatic steatosis (triacylglycerol (TG) accumulation) in combination with one of the following 3 criteria: overweight/obesity,
type 2 diabetes mellitus and metabolic dysfunction [1,2]. Its global prevalence is increasing yearly and has increased to 37.3% in 2019
[3]. If left untreated, hepatic steatosis can lead to end-stage liver disease (hepatocellular carcinoma) and cardiovascular co-morbidity
[4,5], which can greatly deteriorate the quality of human life and put enormous pressure on society. However, there are no phar-
maceuticals approved for the treatment of hepatic steatosis and MAFLD [6], so it is significant to explore effective treatment or active
ingredients in the food that can interfere with fat synthesis.

Taurine (2-aminoethanesulfonic), a small sulfur-containing amino acid, is a food ingredient and rich in marine products, also
widely exists in human tissues and organs, especially in the heart, retina, liver, brain, etc. [7,8]. A variety of biological functions are
performed by taurine in the body, including anti-oxidation, anti-inflammatory, regulation of osmolality, calcium homeostasis regu-
lation, central nervous system regulation, etc. [8]. The TG-lowering effect of taurine has been studied in different models, such as diet
induced hyperlipidemia mice and hamster, high-fat alcohol liquid diet induced FLD rats and epidemiological surveys etc. [9-13]. One
of the ways for taurine to reduce TG level and maintain the homeostasis of fat metabolism is to inhibit TG synthesis by repressing sterol
regulatory element binding proteins-1c (SREBP-1c) and its downstream lipase [14,15]. SREBP-1c is the dominant subtype of the SREBP
family in the liver and is involved in hepatic fatty acid (FA) synthesis by encoding the rate-limiting and key enzymes such as fatty acid
synthase (FAS), acetyl-CoA carboxylase (ACC) and stearoyl-CoA desaturasel (SCD1) [16].

SREBP-1c expression is mainly regulated by AMP-activated protein kinase (AMPK) and insulin signaling pathway [17,18]. AMPK, a
promising therapeutic target for the treatment of MAFLD, can be activated when the Thr172 site of core subunit a is phosphorylated by
the upstream kinases liver kinase B1 (LKB1) or calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) [19]. Activated
AMPK enhances deacetylase activity, thereby removing the acetyl groups on lysines 289 and 309 of SREBP-1c and directly inhibiting it
[20]. The insulin signaling pathway initiates with tyrosine phosphorylation of insulin receptor substrate-1/2 (IRS-1/2), which further
activates phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt) via phosphorylation [21]. Mammalian target of rapamycin
(mTOR), as a hub for regulating SREBP-1c, can increase the transcriptional level of SREBP-1c, while its phosphorylation level can be
inhibited and promoted by AMPK and insulin signaling pathways, respectively [22,23]. MicroRNAs (miRNAs) control the expression of
mRNA by binding to 3'-UTRs, and their effects on metabolism, especially on lipogenesis in MAFLD, have received much attention in
recent years. Among them AMPK-SREBP-1c is the main pathway regulated by miRNAs [24,25].

The present research is to study the regulative effect of taurine on AMPK and IRS1/2-PI3K-AKT pathway by oleic acid-stimulated
steatotic HepG2 cells and high fat/cholesterol diet-induced MAFLD rats.

2. Materials and methods
2.1. Experimental equipment

WD-9405B Shaking table, WD-9413 Gel imaging instrument (Beijing Liuyi Instrument Plant, China), Gel imaging system (Beijing
Thmorgan, China), DG-3D Large horizontal electrophoresis tank, DG-III Bistable Digital Electrophoresis Apparatus (Beijing Don-
glinchangsheng, China), ZWY-211B Horizontal constant temperature culture oscillator (Shanghai Zhicheng, China), HWS24 Electric-
heated thermostatic water bath (Shanghai Yiheng, China), Q-5000 UV-Visible Spectrophotometer (Unicosh, China), ME204E Elec-
tronic balance (Mettler Toledo, China), SG-603A Biological safety cabin (Baker, USA), N-EVAP112 Nitrogen blowing instrument
(Organomation, USA), Vibra-Cell Ultrasonic disruptor (SONICS, USA), Mini-PROTEAN Tetra Electrophoresis System, Mini Trans-Blot
(Bio-Rad, USA), ABI PRISM 7500 Fluorescence quota PCR meter, 9600 PCR instrument (ABI, USA), MCO-15AC CO, incubator (Sanyo,
Japan), IX71 Inverted trinocular microscope (Olympus, Japan).

2.2. Reagents, antibodies and preparation of main solutions

Taurine was purchased from Sigma-Aldrich Co. (MO, USA) for cell experiments and YONGAN Pharmaceutical (Hubei, China) for
animal experiments. Oleic acid, Triton X-100 were purchased from Sigma-Aldrich Co. (MO, USA). Dulbecco’s modified eagle medium
(DMEM), 100 units/mL anti-biotic mixture of penicillin, streptomycin and gentamicin, 2.5% trypsin, bovine serum albumin (BSA)
were purchased from Gen-view Scientific Inc. (DE, USA). Fetal bovine serum (FBS) and dimethyl sulfoxide were purchased from Absin

Table 1

Antibodies and their manufacturers.
Antibody Manufacturer
Primary antibodies against AMPKoa (CAT#5831), Phospho-AMPKa (Thr172) (CAT#2535), LKB1 (CAT#3047), Phospho-LKB1 (Ser428) CST, USA

(CAT#3482), CaMKK2 (CAT#16810), mTOR (CAT#2983), Phospho- mTOR (Ser2448) (CAT#5536), IRS1 (CAT#2390), Phospho-IRS1

(Ser302) (CAT#2384), Phospho-IRS1 (Ser307) (CAT#2381), PI3K (CAT#4249), Akt (CAT#4685), Phospho-Akt (Thr308) (CAT#13038),

Phospho-Akt (Ser473) (CAT#4060), PPARy (CAT#2435), FAS (CAT#3180), ACC (CAT#3676), Phospho-ACC (Ser79) (CAT#11818), GAPDH

(CAT#2118); Secondary antibody: anti-rabbit IgG, HRP-linked antibody (CAT#7074)
Primary antibody against SREBP-1c (CAT#AF4728) Affinity, USA
Primary antibodies against Phospho-PI3K (p85) (Tyr607) (CAT# ab182651), SCD1 (CAT#ab236868) Abcam, UK
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Inc. (Shanghai, China). Dorsomorphin was purchased from Cell Signaling Technology (CST) (MA, USA). The antibodies used in the
Western blot are listed in Table 1. Radio immunoprecipitation assay (RIPA) lysis buffer, 100 x phenylmethanesulfonyl fluoride
(PMSF), 50 x Phosphatase inhibitor, 5 x Sodium dodecyl sulfate (SDS) protein loading buffer, skimmed milk powder and all other
reagents were purchased from Dingguochangsheng Biotechnology Inc. (Beijing, China).

Preparation of the solutions required in further experiments: 1. Cell lipid extracting solution: A mixture of 50 mL n-hexane and 25
mL isopropanol. 2. Liver lipid extracting solution: A mixture of 50 mL chloroform and 25 mL methanol. 3. Lipid lysis solution (Iso-
propanol containing 10% Triton-X100): A mixture of 18 mL isopropanol and 2 mL Triton-X100. 4. Protein extraction lysate for Western
Blot: The protein extraction lysate was obtained by mixing 100x PMSF and 50x phosphorylation protease inhibitor with RIPA lysis
buffer.

2.3. Cell culture and treatment

The human HepG2 hepatocytes were cultured in DMEM medium supplemented with 10% FBS and an anti-biotic mixture at 37 °C in
a humidified atmosphere of 5% CO2, which were obtained from the Cell Culture Center of the Institute of Basic Medicine of Peking
Union Medical University (Beijing, China). The cells were treated as indicated [26,27]. HepG2 cells were incubated with 0.05mmol/L
oleic acid (OA) for 24 h in the model group (M group) to establish the steatotic cell model, corresponding to the control group (C group)
without treatment. For the exploration of the effect of taurine, the CT and MT groups were treated with 5 mmol/L taurine at the basis of
C and M groups. The role of AMPK on TG levels was verified in MD and MTD groups by treatment with Dorsomorphin (10 pmol/L) for
24 h.

2.4. Animal feeding and experimental design

SPF Male Sprague Dawley (SD) rats (120 + 5 g) were purchased from HFK bioscience Co., Ltd (Beijing, China) on arrival, pro-
duction license number SCXK (2014-0004), housed separately in a controlled environment (22 + 2°C with a humidity of 55 + 5%)
under a 12 h light-dark cycle with free access to food and water. After 1 week of acclimatization, the rats were randomly divided into
six groups (9 rats in each group), as follows: control group (C) and corresponding low/high dose taurine group (CT1, CT2), model
group (M) and corresponding low/high dose taurine group (MT1, MT2). The C/ CT1/ CT2 and M/ MT1/ MT2 groups were respectively
given a regular diet and a high-fat diet (HFK Bioscience Co., Ltd., China), the taurine groups were given taurine every day by intra-
gastrical administration with the low and high dose of 70 mg/kg BW and 350 mg/kg BW respectively. Bodyweight and food intake
were measured twice a week. After eight weeks, all rats fasted from 9 p.m. for 12 h and anesthetized. Blood was collected from the
femoral artery. The left lobe of liver was fixed with 10% formalin solution and the right lobe was collected and snap frozen in liquid
nitrogen for subsequent analyses. The research protocol was approved by Experimental Animal Ethics Committee of Functional Test
Center for Health Food of Beijing Union University.

2.5. Serum biochemical assays

After blood was set at room temperature for 30 min, serum was separated by centrifuging at 3500 rpm for 20 min at 4 °C. Serum TG
and TC contents were measured by triacylglycerol assay Kkit, total cholesterol assay kit (NANJINGJIANCHENG Bio, China), trans-
aminase levels were detected using alanine aminotransferase assay kit and aspartate aminotransferase assay kit (NANJINGJIAN-
CHENG Bio, China), and inflammatory factors levels were measured using Rat IL-1p ELISA kit (CUSABIO, China), Rat IL-4 ELISA kit
and Rat TNF-a ELISA kit (ExCELL Bio, China).

2.6. Extraction and quantification of TG and TC in hepatic cell and tissue

Lipids in cells were extracted using 1.5 mL/well cell lipid extracting solution on the ice for 1 h. The solution was dried using ni-
trogen and then dissolved in 80 pL of lipid lysis solution for TG quantification by triacylglycerol assay kit (NANJINGJIANCHENG Bio,
China). Subsequently, the cellular protein was extracted with 0.2 mL/well of RIPA lysis buffer on ice for 20 min and measured by BCA
protein assay kit (Dingguochangsheng, China). Liver tissue was homogenized with liver lipid extraction (mass (g): volume (mL) = 1:9)
and the supernatant was obtained by centrifugation at 3000 rpm for 10 min at 4 °C. The supernatant was dried by nitrogen and then
residue was dissolved in 3 mL lipid lysis solution for lipid quantification with triacylglycerol assay kit and total cholesterol assay kit
(NANJINGJIANCHENG Bio, China). The result is expressed as micromoles of lipid in per gram of cellular protein or per gram of liver
weight.

2.7. Histopathological assessment

Part of liver tissues from the left liver lobe were embedded in paraffin wax and cut into 5 pm slices and stained with hematoxylin
and eosin (H&E). Another part was frozen at —80 °C, cut into 10 pm slices and stained with oil red O according to standard procedures.

2.8. Measurement of miRNA levels in the liver

Total RNA was isolated from the liver by using the Trizol® reagent kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s
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instructions. Using total RNA as a template, cDNA was synthesized by reverse transcription kit (Invitrogen, Carlsbad, CA). qPCR was
performed using Fast SYBR® Green Master Mix Bulk Pack (Invitrogen, Carlsbad, CA) on ABI Prism® 7500 Sequence Detection System
to quantify the level of miRNA with the 2"22°T method. All miRNAs were normalized by using rat U6 as internal standard. Primer
sequences are shown in Table 2.

2.9. Western blot assay

HepG2 cells and liver tissues were lysed by using protein extraction lysate, then crushed by ultrasonic crusher and homogenized by
tissue grinder, respectively. After centrifugation, the supernatant was collected and the protein concentrations were determined using
BCA protein assay kit (Dingguochangsheng, China), which were subsequently adjusted to 4 pg/pL and the protein samples were de-
natured by boiling with the addition of 5 x SDS protein loading buffer. Equal amounts of protein were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to the 0.45 pm polyvinylidene difluoride
(PVDF) membranes (Cytiva, USA) by the wet transmembrane method. The target proteins were cut and blocked with 5% skimmed milk
powder or 5% BSA for 1 h at 25 °C, and incubated with the primary antibody overnight at 4 °C and then with the secondary antibody at
25 °C for 2 h. Finally, the target protein bands were exposed, photographed and analyzed in greyscale using the efficient chem-
iluminescence kit (Genview, USA). All proteins were normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.10. Statistical analyses

All data are resented as mean + Standard Deviation (mean + SD). The results were plotted using GraphPad Prism 8 (Graphpad
Software, La Jolla, CA, USA) and analyzed with the Student’s t-test. The differences were considered to be statistically significant at p
< 0.05.

3. Results
3.1. Effect of taurine on TG levels, SREBP-1c, PPARy and their downstream FA synthesis-related enzymes protein levels in HepG2 cells

In cell experiments, 0.05 mmol/L oleic acid treatment was used to establish the steatotic cell model, after 24 h a significant more
than two-fold increment in TG levels could be observed from Fig. 1a in M group compared to C group. It also shows that there was no
difference in TG levels between CT and C groups, and cellular TG levels in the MT group were significantly lower than those in the M
group. These results indicate that taurine can reduce TG levels in the steatotic cell model while not affecting cellular TG in the normal
state.

As shown in Fig. 1b-e, protein level of SREBP-1c, PPARy and their downstream FA synthesis-related enzymes (FAS, SCD1) were all
significantly increased in M group, but not altered by 5 mmol/L taurine supplementation in CT group. Compared to M group, taurine
decreased the level of SREBP-1c, PPARYy, FAS, SCD1 and ACC, suggesting that taurine may inhibit FA synthesis by regulating SREBP-1c
and PPARYy in steatotic cells. Notably, in CT and MT groups taurine not only decreased the ACC level but also increase p-ACC-Ser79
level compared to C and M groups respectively.

3.2. Effect of taurine on AMPK pathway and insulin signaling pathway in HepG2 cells

AMPK pathway and insulin signaling pathway, the main upstream of SREBP-1c and PPARy, were been detected through protein
level in the present study. As shown in Fig. 2a and b, oleic acid did not change the level of AMPKa pathway factors, compared to M
group taurine increased the p-AMPKa-Thr172 and p-LKB1-Ser428 level in MT group, indicating that taurine can activate AMPK by
increasing the phosphorylation level of LKB1 in the steatotic cell model.

In terms of insulin signaling pathway, there was no significant difference between 4 groups in the protein level of IRS-1, PI3K and
Akt. Compared to C group, oleic acid increased p-IRS1-Ser307 and decreased p-PI3K-Tyr607, p-Akt-Ser473 and p-Akt-Thr308 levels in
M group, while in MT group taurine reversed the oleic acid-induced changes of phosphorylation of the above factors (Fig. 2a, c). The
results suggest that oleic acid promoted IRS1 serine phosphorylation and thus inhibited its tyrosine phosphorylation then interfered
with the insulin signaling pathway, whereas taurine countered the oleic acid-induced increase in phosphorylation of the serine site of

Table 2
Primers for PCR.
gene Primers Sequence (5’ to 3') Length of PCR products
U6 rat F CCTGCTTCGGCAGCACAT 102bp
R AAATATGGAACGCTTCACG
miR-451 F GCGAAACCGTTACCATTACT 65bp
R GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAACTCAG
miR-33 F GCGTGCATTGTAGTTGCA 63bp
R GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACTGCAATG
miR291b F GGCGAAAGTGCATCCATTTTG 66bp
R GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACACTAACA
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Fig. 1. Effect of taurine on the TG level and FA synthesis-related enzymes and factors protein level in HepG2 cells. (a) TG levels; (b, d)
protein band diagram; (c, e) Relative protein level. C: control group; CT: control supplemented with taurine; M: steatotic cell model; MT: steatotic
model supplemented with taurine. *p < 0.05 vs. C group; #p < 0.05 vs. M group.

IRS1, thereby reducing the disruption of the PI3K-Akt signaling pathway.

mTOR is the pivotal protein in the role of AMPK pathway and insulin signaling pathway to regulate level of SREBP-1c and PPARy.
As shown in Fig. 2a, d, the level of p-mTOR-Ser2448 increased in M group compared to C group, and decreased in MT group compared
to M group. Taurine reduced the increase of mTOR phosphorylation induced by oleic acid and this alteration was in line with the
regulation of its inhibition by the AMPK pathway.

In order to further confirm that AMPK pathway is the key for taurine to reduce TG, we treated steatotic cell with 10 pmol/L
dorsomorphin, which is an inhibitor of AMPK, the TG level in MD group was further increased compared to M group, but taurine did
not change the TG level between MD and MDT groups (Fig. 2e). Dorsomorphin eliminated the effect of taurine in reducing TG levels in
steatotic cells. These results confirm that taurine inhibits mTOR by activating AMPK pathway, thereby interfering with FA synthesis.

3.3. Effect of taurine on body weight, organ weight, serum and liver lipid levels, serum transaminase and inflammatory factors in rats

To further investigate the effect of taurine on FA synthesis, animal experiments with SD rats were conducted. After 8 weeks feed,
there were no significant differences in food intake, cardiac or kidney weight among C, CT1 and CT2 group, as well among M, MT1 and
MT?2 group. Fig. 3a and b shows that high-fat diet increased the body weight and epididymal fat weight of rats, whereas high dose of
taurine alleviated this increasement.

In terms of TG level, serum TG level was significantly lower in CT2 group with a high dose of taurine and liver TG level was
significantly higher in M group fed a high-fat diet compared to the regular diet group; compared to M group, liver TG level of MT2
group with a high dose of taurine and serum TG level of MT1 and MT2 groups with both doses of taurine were significantly decreased.
TC level in serum and liver was significantly higher in M group compared with C group; serum and liver TC levels were significantly
lower in MT2 group than in M group (Fig. 3c and d). These data suggest that taurine ameliorated the increase in serum and liver lipids
induced by a high-fat diet in rats.

The effect of taurine on tissue morphology and fat deposition was represented in liver tissue sections. HE staining (Fig. 3e) showed
that in the visual field cells were arranged orderly with no abnormalities and no obvious fat vacuoles in groups C, CT1 and CT2. In M
group the normal hepatocytes were less and cell volume was larger, the nucleus was narrowed and irregular, and large fat vacuoles
were observed. Compared with M group, the morphology and boundary of hepatocytes in MT1 and MT2 groups became clearer, the
nucleus became larger and round, and the fat vacuoles were decreased significantly. The results of the Oil red O staining showed that
the accumulation of lipid droplets decreased in CT1 and CT2 groups, and increased in M group compared to C group (Fig. 3f).
Compared with M group, lipid droplets accumulation was alleviated in MT1 and MT2 groups. It can be suggested that taurine protected
against hepatocyte morphology and attenuated hepatic lipid accumulation in rats fed with high-fat diet.

As shown in Fig. 3g and h, compared with C group, the serum IL-1f level decreased in group CT1, CT2, and serum ALT, AST, IL-1p,
IL-4, TNF-a levels increased significantly in M group; compared with M group, serum ALT, AST, IL-1p, IL-4, TNF-« levels decreased in



Q. Song et al. Heliyon 9 (2023) e16401

2.5+

) ¥ # Il C
] - i CcT
3 20 1 - [ v
(a) § 154 I MT
C CT M MT £ . I
o 1.0=
AMPK« | — — — —| 62 kDa 2 I
T 0.54
0.0m

p-LKB1 [www s W W 51 Da AMPKa p-AMPKa p-LKB1 CaMKK2

-Thr172 -Ser428 Il C

camik: [P w58 B2 (¢) 4, =

IRS-1 [ N0 @8 @B 150kDa 3 I .y
2 15 * # * # * #
p-IRS1 (& & & = g 9| 180kDa £ il e il
LT T T RUC I | [ ol [ 1l 1 I R l I
e
o
p-Akt-Ser M 60 kDa IRS-1  p-IRS1 PI3K  p-PI3K Akt p-Akt p-Akt
f _ -Ser307 -Tyr607 -Ser473  -Thr308
P . - I (d) 201 « & ™MC (e) 30- 4
mTOR (9 0 &8 @) 25002 3 M -EAT « n
2 159 ° i :[
p-mTOR [ W @B ®88| 2s0kDa = MT & 2004
oo
S 404 =
GAPDH |[@s @SB &% @B 37 kD2 5 10 - I I I 2 I
=
2 = 100+
% 0.5+ 2
o
0.0- 0=
mTOR p-mTOR C M MT MD MDT
-Ser2448

Fig. 2. Effect of taurine on the protein level of the AMPK pathway, insulin signaling pathway and mTOR in HepG2 cells. (a) Protein band
diagram; (b,c,d) Relative protein level; (e) TG levels. C: control; CT: control supplemented with taurine; M: steatotic cell model; MT: steatotic model
supplemented with taurine. *p < 0.05 vs. C group; #p < 0.05 vs. M group.

MT2 group. The data were consistent with the HE staining results. Taurine reduced the serum transaminase levels, inhibited the
elevation of pro-inflammatory factors induced by high-fat diet, and improved liver damage and inflammation levels in rats.

3.4. Effect of taurine on the protein level of FA synthesis-related factors in rat liver

In Fig. 4, the protein level of PPARy in rat liver was not significantly different between the 6 groups, the SREBP-1c, FAS, SCD1, ACC
levels were significantly increased in M group compared to C group, and decreased in MT2 group with high-dose of taurine supple-
mentation compared to M group. Notably, the level of p-ACC-Ser79 and the ratio of p-ACC to ACC in M group decreased compared to C
group, and p-ACC/ACC was significantly higher in MT2 group than in M group. This suggests that in rat liver, taurine reduces fatty acid
and TG levels, both by inhibiting the level of SREBP-1c and FA synthesis-related enzymes (FAS, SCD1, ACC) and also by increasing
phosphorylation of ACC to inhibit its activity.

3.5. Effect of taurine on the AMPK and insulin signaling pathway in rat liver

We next examined the protein level of AMPK pathway and insulin signaling pathway-related factors in rat liver, which were shown
to correlate with reduced FA synthesis by taurine in cell experiments.

Regarding the AMPK pathway, Fig. 5a and b shows that there was no significant difference in CaMKK2 level among 6 groups.
Compared with C group, LKB1 expression was significantly increased in CT1, CT2 groups, AMPKa, p-AMPKa-Thr172, LKB1 and p-
LKB1-Ser428 levels were significantly decreased in M group; compared with M group, the level of p-AMPKa-Thr172, LKB1 and p-LKB1-
Ser428 were significantly increased both of MT1 and MT2 groups, the protein level of AMPKa was also significantly increased in MT2
group.

In relation to insulin signaling pathway, it can be observed from Fig. 5a, c that the level of IRS-1, PI3K and Akt did not differ in the
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Fig. 3. Effect of taurine on body weight, organ weight, serum lipid, transaminase and inflammatory factors level, liver lipid level and
tissue slices of rats. (a) Body weight; (b) Organ weight; (c) Serum lipid; (d) Liver lipid; (e) HE staining of hepatic tissue (arrow: lipid droplets); (f)
Oil red O staining (arrow) of hepatic tissue; (g) Serum transaminase; (h) Serum inflammatory factors. C: control group; CT1: control supplemented
with low dose of taurine; CT2: control supplemented with high dose of taurine; M: high-fat diet group; MT1: high-fat diet group supplemented with
low dose of taurine; MT2: high-fat diet supplemented with high dose of taurine. *p < 0.05 vs. C group; #p < 0.05 vs. M group. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

liver of the six groups. Compared with C group, the p-IRS1-Ser302 level was significantly increased and the level of p-PI3K-Tyr607, p-
Akt-Ser473 and p-Akt-Thr308 were significantly decreased in M group; compared with M group, in MT2 group p-IRS1-Ser302 level was
decreased and p-Akt-Thr308 level was significantly increased, besides the level of p-PI3K-Tyr607 and p-Akt-Ser473 were increased
both in MT1 and MT2 groups. The results showed that taurine improved the increase in serine phosphorylation level of IRS1 in the liver
of high-fat diet rats and the decrease in the phosphorylation levels of PI3K and Akt.

In Fig. 5d, high-fat diet and taurine did not affect the level of mTOR. p-mTOR-Ser2448 level in M group significantly increased
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*p < 0.05 vs. C group; #p < 0.05 vs. M group.

compared with C group, and high dose of taurine decreased it, which was consist with the results in HepG2 cells. The level of mTOR
was in line with AMPK pathway rather than insulin signaling pathway.

In summary, it can be concluded that taurine improves the interference of high-fat diet on IRS1/PI3K/Akt signaling pathway, and
also increases the phosphorylation level of LKB1 and AMPKa to decrease the phosphorylation level of mTOR and thereby decreasing
the level of SREBP-1c and its downstream lipid synthesis-related enzymes.

3.6. Effect of taurine on miRNAs which regulate AMPK protein level

To investigate whether taurine regulates the AMPK pathway to reduce the synthesis of TG in a manner other than phosphorylation
modifications, we measured the expression levels of microRNAs 33 and 291b, which regulate AMPK [28,29], and microRNA 451,
which regulates the upstream kinase LKB1 [30], in rat liver. As shown in Fig. Se, the levels of miR-451, miR-33 and miR-291b were
significantly higher in M group fed a high-fat diet than in C group, whereas they were significantly lower in MT2 group after sup-
plementation with high doses of taurine compared with M group. The results showed that taurine inhibited the expression of
miR-291b, miR-33 and miR-451 in the liver of rats induced by high fat diet.

4. Discussion

MAFLD is a disease continuum normally associated with obesity, that begins with an anomalous accumulation of TG in the liver,
parallels cellular injury as well as exacerbating inflammation, fibrosis and carcinogenesis [31,32]. Here, high dose of taurine (350
mg/kg bw/d) reduced the weight gain and epididymal fat induced by a high-fat diet in rats (Fig. 3a and b), exerted a suppressive effect
in the early stages of obesity, while the low dose was ineffective. Several lines of evidence indicate that taurine has the TG-lowering
effect in rats, mice, hamsters, and HepG2 cells MAFLD models [9-11,26], and 0.5%-5% taurine in diet or drinking water can show the
effect to decrease the hepatic TG level. In the currently reported experiments, taurine is added to drinking water or feed and fed to
animals, but animals can take feed and water ad libitum. Therefore, the intake of taurine is not accurate and individual differences are
large. In this animal experiments, the intragastrical administration method was chosen and precise dose of taurine was supplemented
to rat, high dose of taurine reduced the serum TG and TC levels in rats on a high-fat diet but also decreased serum TG levels on regular
diet fed rats (Fig. 3c). In steatotic HepG2 cells, 5 mM taurine significantly reduced TG levels, but had not impact on normal state
(Fig. 1a). Although no upper limit has been set for the safe dose of taurine in many countries, but current studies shows that the dose of
taurine used as a single ingredient is 1-6 g [33], so 350 mg/kg bw/d taurine may be somewhat high for rats in normal state. As for
hepatic lipid level, taurine had no effect on regular diet rats, both doses of taurine significantly inhibited the elevated liver TG levels
induced by high-fat diet, and high doses of taurine also reduced liver TC levels (Fig. 3d). The results of HE staining and oil red O
staining of liver sections were consistent with the above, taurine clarified hepatocyte borders, reduced fat vacuoles and droplets
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Fig. 5. Effect of taurine on the protein level of the AMPK pathway, insulin signaling pathway, mTOR and the miRNAs expression level
related to FA synthesis in rats liver. (a) Protein band diagram; (b, ¢, d) Relative protein levels; (e) Relative level of miRNA. C: control group; CT1:
control supplemented with low dose of taurine; CT2: control supplemented with high dose of taurine; M: high-fat diet group; MT1: high-fat diet
group supplemented with low dose of taurine; MT2: high-fat diet supplemented with high dose of taurine. *p < 0.05 vs. C group; #p < 0.05 vs.
M group.

(Fig. 3e and f).
When hepatocytes are damaged, serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activity increases
and then diffuse from cytoplasm and mitochondria of hepatocytes into the blood [34]. Serum ALS and ALT are usually used to access
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and monitor patients with liver diseases in clinic. Abd Elwahab AH et al. [35] found that 500 mg/kg BW/day of taurine oral solution for
12 weeks significantly reduced ALT and AST levels in rats with diet-induced steatohepatitis, however, in our experiments, 350 mg/kg
BW/d taurine orally for 8 weeks also reduced the elevated rat serum ALT and AST induced by a high-fat diet (Fig. 3g). Studies shown
that the release of proinflammatory cytokines such as TNFa, IL-4, and IL-1p will be stimulated in steatosis [36]. We found that taurine
reversed the elevated levels of serum IL-4, IL-1p and TNF-« in high-fat diet fed rats (Fig. 3h), suggesting the certain anti-inflammatory
effect of taurine in MAFLD.

De novo lipogenesis is a dominant abnormality in steatosis [37], in this process, acetyl-CoA synthetase 1 catalyzes the conversion of
acetic acid and coenzyme A to acetyl-CoA, and then carboxylated to methylmalonyl- CoA by ACC [38]. Subsequently under the
catalysis of FAS, acetyl-CoA and methylmalonyl- CoA undergo a 4-step cycle reaction. Both ACC and FAS play the role of rate limit in de
novo lipogenesis [39,40]. SCD1 restricts the synthesis of monounsaturated fatty acid through catalyzing the formation of N-9 series
monounsaturated fatty acids from the 9th carbon chain of saturated fatty acids [41]. SREBP-1c is one of the major transcriptional
factors for de novo lipogenesis, translocates its N terminus to the nucleus and upregulates all genes in the fatty acid biosynthetic
pathway, including FAS, ACC and SCD1 [42]. PPARy appears to regulate the expressions of genes involved in lipogenesis, and the
knockdown of PPARy gene in high-fat diet-induced fatty liver mice resulted in decreased expression of lipid synthesis-related factors
(such as SREBP-1c, SCD1, ACC) and improved hepatic steatosis [43]. In the present study, it was concluded for the first time that
taurine inhibited the protein level of PPARYy in steatotic HepG2 cells (Fig. 1b and c). Both 5 mM taurine in oleic acid-induced steatotic
HepG2 cells and 350mg/kg bw/d of taurine in the liver of SD rats fed with high-fat diet reduced the protein level of SREBP-1c, FAS,
ACC and SCD1 (Fig. 1b-e, 4a-d), which is basically consistent with the studies of Tang et al. [14] in the model of alcoholic liver disease
and Miyata et al. [15] in the genetic model of fatty liver disease. The above suggests that taurine inhibits the SREBP-1c, PPARy and
their downstream enzymes to reduce the accumulation of TG. In addition, our experiment observed that taurine also increased the
phosphorylation of ACC both in steatotic cell and high-fat diet-fed rat liver (Fig. 1d-e, 4c-d). ACC activity is reversibly regulated by
phosphorylation and AMPK can phosphorylate the Ser79 site of ACC and inactivate it [44], and providing further negative feedback on
TG accumulation.

AMPK pathway is involved in the regulation of SREBP-1c and PPARy, and mTOR plays a pivotal role in this process. mTOR, a point
of divergence of glucose and lipid metabolism in the liver, is positively regulated by the insulin signaling pathway and also depressed
by the AMPK pathway [45]. In this study, taurine inhibited the increase of mTOR phosphorylation induced by oleic acid and high-fat
diet (Fig. 2a, d, 5a, 5d), which echoed its regulation of AMPK pathway.

AMPK is known as an energy receptor and plays an important role in energy homeostasis [46]. In eukaryotes, such as mammals,
AMPK acts as a key master switch and phosphorylation on a conserved key threonine-172 residue in the N-terminal region of its alpha
subunit is the predominant way in which it is stimulated [47]. Two pieces of evidence in this study suggest that the TG-lowering effect
of taurine may be related to the AMPK pathway, one is that taurine elevated the phosphorylation level of the Ser37 site of ACC as
mentioned above, and the second is that taurine decreased the phosphorylation level of mTOR in both steatotic HepG2 cells and
high-fat dietary rat livers. Morsy et al. [48] showed that 500 mg/kg bw/d of taurine reversed the reduction in hepatic AMPKa
phosphorylation induced by a high-fat diet in rats. In the present study, taurine was consistently shown to increase AMPK phos-
phorylation levels both in cell and animal experiments. Taurine elevates phosphorylation of the Thr172 site of AMPK in steatotic
HepG2 cells (Fig. 2a and b). Both doses (70/350 mg/kg bw/d) of taurine significantly increased p-AMPKa-Thr172 levels in rats on a
high-fat diet in a dose-dependent manner, and even high doses of taurine significantly increased AMPKa protein level (Fig. 5a and b).

AMPK is regulated by upstream kinases (LKB1, CaMKK2). CaMKK2 is activated when intracellular Ca?" levels increase and LKB1 is
phosphorylated when intracellular AMP levels increase, both of which subsequently activate AMPKa by phosphorylating the Thr172
site [49,50]. Taurine at a certain concentration can stimulate the cells and rapidly increase the intracellular Ca?* concentration [51],
suggesting that taurine may activate AMPK through CaMKK2. In this paper, however, taurine did not affect CaMKK2 expression either
in rat liver or HepG2 cells (Fig. 2a, b, 5a, 5b). LKB1 is the most important kinase upstream of AMPKa, but there are few studies on the
regulatory effects of taurine on AMPK and LKB1. Consistent results were obtained in our studies both with steatotic cell and high-fat
diet-fed rat livers. Taurine significantly increased the levels of p-LKB1-Ser428 and taurine even increased the expression of LKB1
protein in the livers of high-fat diet-fed rats (Fig. 2a, b, 5a, 5b). All of the above results reflect the important role of the AMPK pathway
in the TG-lowering effect of taurine, and dorsomorphin treatment further clarified it. Dorsomorphin is a reversible, ATP-competitive
AMPK inhibitor [52]. And in this study, dorsomorphin eliminated the TG-lowering effect of taurine in steatotic cells (Fig. 2e), which
confirmed that taurine does lower TG levels via the AMPK pathway.

Insulin resistance is the common underlying pathophysiology of metabolic dysfunction in MAFLD [45]. High fat or fructose diet,
the common metabolic stress, could induce insulin resistance through suppressing IRS1 phosphorylation at Tyr608 and then inhibiting
its downstream PI3K and AKT phosphorylation [53]. 2% taurine drinking water improved the insulin sensitivity in skeletal muscle of
rats fed with high sugar and high-fat diet by increasing the mRNA and protein expression of IRS1 [54]. In this study, oleic acid
increased the serine phosphorylation of IRS-1 and decreased the expression of p-PI3K (p85)-Tyr607, p-Akt-Thr308, p-Akt-Ser473 in
HepG2 cells and induced insulin resistance, taurine reduced the serine phosphorylation level of IRS-1 and improved the interference of
oleic acid with IRS1-PI3K-Akt pathway (Fig. 2a, ¢). In agreement with the results of steatotic cells, taurine reduced the serine phos-
phorylation level of IRS-1 in the liver of rats fed with high-fat diet and improved the inhibition of the IRS1-PI3K-Akt pathway by
high-fat diet (Fig. 5a, ¢). Considering the opposite regulation of mTOR by AMPK and insulin signaling pathways, it seems unlikely that
taurine can improve both pathways. But taurine did, and it alleviated the inhibition of insulin signaling pathway and activated AMPK
pathway. From the perspective of mTOR, the common downstream target of the two pathways, taurine is ultimately shown to inhibit
its phosphorylation. This suggests the important role of AMPK pathway in the intervention of taurine in fat synthesis. Meanwhile, this
also suggests taurine is a fantabulous metabolic regulator because of showing a positive ameliorative effect on both of insulin
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resistance and steatosis of MAFLD.

Based on the results of animal experiments results, in terms of the dosage of taurine, both dose of taurine decreased the liver TG in
rats fed a high fat diet, and showed certain improvement effects on AMPK and insulin signaling pathways. And the effect of high-dose
taurine is more obvious, because only high-dose taurine inhibited the protein level of SREBP-1c and its downstream enzymes in the
liver of rats fed a high-fat diet, even decreased the serum TG level in regular diet fed rat. That indicated that the high dose is somewhat
high, while the optimal dose for taurine TG-lowering action may be in the range of high and low doses (70-350mg/kg bw/day), which
requires further investigation in the subsequent experiments.

In addition to post-translational modifications (phosphorylation of LKB1-AMPK), miRNAs, small endogenous RNAs, are also
capable of regulating the AMPK pathway, and they play important role in post-transcriptional gene regulation and regulate their
targets by translational inhibition [55]. miR-451 has been proved to be able to directly target the scaffold protein (Calcium-binding
protein 39) of LKB1 and increase the expression of SREBP-1c by inhibiting the LKB1-AMPK pathway in mice cardiac myocytes, thereby
promoting the synthesis of fatty acids [30]. In macrophages, miR-33 encoded by SREBP gene intron can directly target inhibits the
expression of AMPKa in order to indirect regulation SREBP and lipid metabolism [56,57]. Activation of AMPK can inhibit lipid
accumulation and decrease the expression of miR-291b-3p in NCTC1469 hepatic cells [29]. In the present study, taurine suppressed
the increase in miR-451, 33 and 291b expression in rat liver induced by a high-fat diet (Fig. 5e), which was consistent with the
increased expression of LKB1 and AMPK proteins, suggesting that taurine also activates the LKB1-AMPKoa pathway at the
post-transcriptional level via miRNAs.

5. Conclusion

Taurine is effective in alleviating MAFLD in steatotic HepG2 cells and high-fat dietary SD rats. The mechanisms of hepatoprotection
by taurine include: 1) against TG synthesis through activation of LKB1-AMPKa by phosphorylation or by no-phosphorylation manner
(via inhibiting miR451, 33, 291b), subsequently inhibiting mTOR, SREBP-1c, PPARy and their downstream FA synthesis-related
enzymes, or directly increasing ACC phosphorylation to reduce ACC activity; 2) inhibit serine phosphorylation of IRS-1 to improve
IRS-1-PI3K-AKT pathway; 3) improve inflammatory and injury status. The results promise that administration of taurine is amelio-
rative for the initial MAFLD and provide reference for the dosage of taurine.
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