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A B S T R A C T   

This work aimed to identify the mechanisms by which taurine exerts its anti-obesity effects in the 
C57BL/6J ob/ob mice model and determine if taurine supplementation increases the ameliora-
tion of inflammation and lipogenesis linked genes in the adipose and liver tissues. Three groups of 
C57BL/6J mice were fed a standard chow diet for a period of 10 weeks the C57BL/6J normal 
group, the C57BL/6J ob/ob negative control group with no taurine intake and C57BL/6J ob/ob 
taurine group with taurine intake. Real time PCR was used to examine the gene expression profile 
in the experimental groups intrascapular brown adipose tissue (BAT), inguinal white adipose 
tissue (WAT) and liver. TNF-alpha, Ccl2, Adgre and illb genes that are associated with inflam-
mation were found to have varying level of expression in the three tissues. In comparison to BAT 
and liver these genes were expressed at a much lower level in WAT, with enhanced serum adi-
ponectin levels.   

1. Introduction 

The most abundant free amino acid discovered in mammalian cells is taurine, a noteworthy amino acid with a sulfur group that 
appears in millimolar amounts [1,2]. Taurine is a crucial component of many physiological and biological processes, including 
osmoregulation, calcium modulation, salt conjugation, membrane stabilization, immunomodulation, and anti-oxidation. Its concen-
tration in cells can range from 2 to 20 mol/g of wet weight in different tissues, including the brain, heart, and skeletal muscles [3]. The 
prime organs for synthesizing taurine endogenously by utilizing cysteine and methionine are the liver and kidneys where it is 
responsible for the critical role of bile acid conjugation and maintenance of normal osmotic pressure respectively [4,5]. The enzymes 
responsible for the critical role of taurine synthesis, cysteine dioxygenase (CDO) and cysteine sulfinic acid decarboxylase (CSDA) are 
found in subtle amounts in other tissues thus producing lower amount of taurine compared to the liver and kidneys where there excess 
amount retains [6,7]. Surprisingly, the white adipose tissues around the rats kidneys and liver -the perirenal and epididymal 
regions-have higher levels of the CDO enzyme and thus higher level of taurine synthesis [8,9]. It is possible that taurine plays a crucial 
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physiological role in the adipose tissues, liver, and kidneys because active taurine synthesis in the white adipose tissues tends to 
decrease in obese state thus suggesting a positive link between taurine deficit state and obese conditions [9]. 

Animal studies have shown that taurine has a strong anti-obesity impact, but the dosages employed to treat obese animals are not 
suitable for human intake as a nutritional supplement [10]. The fact that clinical research on humans has not been able to conclusively 
demonstrate taurine’s ability to reduce obesity can be due to the lack of physiologically practical dose. Due to their hereditary pro-
pensity to become obese and in response to consuming a high fat diet (HFD), C57BL/6J ob/ob mouse models are utilized to imitate 
obese conditions [10,11]. These ob/ob mice frequently experience pre-diabetic symptoms such as obesity, elevated blood triglycerides 
levels, and altered glucose homeostasis [11,12]. Therefore, the ob/ob mouse model offers a promising way to study the positive effects 
of taurine of taurine on obesity and its associated diseases. 

The anti-obesity impact of taurine has been highlighted and studied in both human clinical trials and animal models, besides other 
positive effects [10,11,13]. It was discovered that taurine intake was inversely associated to Body mass index (BMI) and slowed down 
the onset of obesity via several mechanisms [14,15]. By consuming taurine, oxidative stress and inflammatory indicators brought on by 
obesity tend to decline in adipocytes [16]. Previous research describing the minute levels of taurine in human neutrophils, where it 
combines with the enzyme myeloperoxidase to generate taurine chloride (TauCl), which regulates the synthesis of various 
pro-inflammatory cytokines, have shed light n the anti-inflammatory benefits of taurine [17,18]. The ability of adipocytes, which are 
specialized lipids-rich cells found in adipose tissues, to store lipids was formerly thought to be their exclusive function, but now are 
believed to function as an endocrine organ and produce a variety of active compounds [19,20]. Adipose tissue secretes several adi-
pokines, like adiponectin, which regulates the metabolism of nutrients and has anti-diabetic, anti-hypertensive, anti-atherogenic, 
anti-inflammatory, and stress response capabilities [21]. Adenosine monophosphate-activated protein kinase (AMPK) activation, 
elevated fatty acids translocase,acyl-CoA oxidase, and uncoupling protein 2 (UCP 2) levels have all been linked to increased adipo-
nectin levels boosting insulin sensitivity [22]. It is widely known that as obesity develops, adipocytes exhibit hypertrophy, which 
compromises the production and secretion of adiponectin and contributes to the pathogenesis of obesity, diabetes, endoplasmic re-
ticulum (ER) stress, and lipotoxicity [23]. Chronic inflammation associated with increased macrophage infiltration and 
pro-inflammatory cytokines production (Tumor necrosis factor-alpha (TNF-alpha), interleukin-6 (IL-6), monocyte chemoattractant 
protein-1 (MCP-1)) are characteristics of the obese state, which in turn encourages the recruitment of extra immune cells to the site of 
inflammation [24–30]. 

Obesity is recognized to play a significant role in the development of non-alcoholic fatty liver disorders (NAFLD), in addition to 
other chronic diseases [31]. Beginning with the buildup of triglyceride (TG) content, NAFLD develops to produce liver inflammation, 
fibrosis, hepatocellular carcinoma, cirrhosis, and non-alcoholic steatohepatitis (NASH) [31,32]. In rodents, TG buildup in the hepa-
tocytes is the primary cause of hepatic steatosis [33]. The elevated serum free fatty acids produced by lipolysis in the adipose tissue, 
excessive dietary fatty acids intake, elevated DE novo lipid synthesis, impaired mitochondrial beta oxidation, or a slower rate of very 
low-density lipoprotein (VLDL) clearance may all be responsible for the increased hepatic fat content [34]. In order to cure NAFLD, it 
may be possible to target the modification of important transcriptional factors, enzymes, and genes involved in hepatic lipid meta-
bolism [35]. To reduce obesity without creating any negative side effects, increasing the WAT bulk or its activity has therefore emerged 
as a promising technique. As a result, many scientists have tried to identify dietary substances that lessen the formation of lipids and 
triglycerides as well as inflammation. However, the effects of dietary taurine on obesity and its associated comorbidities are yet to be 
explored in ob/ob mice. Our study for the first time explores the link among taurine intake, adipose tissue inflammation, lipogenesis, 
and alleviation of fatty liver via regulation of genes in the adipose tissues thus highlighting the mechanism behind the crucial role of 
adipocytes in causing obesity induced fatty liver diseases. 

2. Materials and methods 

2.1. Animal and diets 

Twenty-four male, one-week old C57BL/6J mice were purchased from Shizuoka Laboratory Center (Shizuoka, Japan) and were 
randomly subdivided into three groups C57BL/6J ob/ob mice (n = 16) and C57BL/6J mice (n = 8) as normal control, housed in a 
specific pathogen free (SPF) facility with a 12h light/dark cycle, and given chow diet (Purina Lab diets Louis, MO, USA) access to food 
and water. The first group, which consisted of C57BL/6J mice was called the Normal group (n = 8). The second group, which consisted 
of leptin knockout ob/ob mice, was called the Negative control group (n = 8). The third group, which consisted of ob/ob mice that 
were given 2 g/bodyweight of taurine as a supplement, was called the Taurine group (T = 8). Mice in the taurine group received oral 
taurine (2 g/BW) from Sigma Aldric (St. Louis, MO, USA) for 10 weeks Saline water containing taurine was provided as oral tubing for 
the taurine supplemented group and normal saline water for the normal and negative control groups. The study protocol was approved 
by the Institutional Animal Care and Use committee of WOOJUNGBIO institute (Gyeonggi-do, Seoul) under registration number 
20190225-1-23. 

2.2. Food intake and metabolic parameters 

For a period of 10 weeks, mice body weight was recorded each day. Intake of food, drink consumption, and activity were averaged 
individually during the light and dark hours. The rodents were fed a regular chow diet, were housed in 12-h light-dark cycles and had 
unlimited access to water. 
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2.3. Body composition and biochemical parameters 

The liver, white adipose tissue (WAT), and brown adipose tissue (BAT) of the mice were collected for histopathological investi-
gation using hematoxylin and eosin (H & E) staining after fixation in 10 % formalin when the mice were 80+ days old and had fasted 
for 8 h. Fat tissues were first sliced into pieces after being fixed in 10 % neutral buffered formalin for a day. After that, the slices were 
fixed in paraffin for histological examination. The samples were then cut into slices using an Accu-cut SRM microtome from Sakura 
(Japan), mounted on D-polyline coated slides from Thermo Fisher Scientific (USA), deparaffinized in xylene, and stained with H &E to 
measure adipocyte size. Using Image J software (NIH), the cross-sectional area of 100 adipocytes from eight mice in each group was 
assessed to determine the size of the adipocytes. Then, the adipocyte cells area was determined using the Image J program’s float 
morphology (https://rsb.info.nih.gov/ij/). The mice’s body weight was checked every week for 80 days during this time. For analysis, 
the mice were not constrained in the animal holder to allow for unfettered movement. Additionally, masses of subcutaneous, 
epididymal, mesenteric, and peritoneal fat were gathered and weighed. To assess adipokine levels, lipid profiles, and fasting plasma 
glucose and insulin levels, blood samples were taken. A commercial kit (Asan Pharmaceutical Co., Seoul, Korea) was used to measure 
plasma glucose levels. To measure the levels of insulin, adipokines, and pro-inflammatory cytokines, the blood was centrifuged at 
10,000 g for 10 min at 4◦. The serum that was collected was then tested using ELISA kit. Using commercial kits (Asan Pharmaceuticals 
Co., Seoul, Korea), the levels of plasma triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low 
density lipoprotein cholesterol (LDL-C) were examined. The data was displayed as serum mg/dL. Insulin resistance was calculated by 
Homeostatic Model Assessment for Insulin Resistance using formula HOMA-IR = [fasting plasma insulin (ng/ml) = [fasting plasma 
insulin (ng/mL) × fasting plasma glucose (mg/dL)]/405. The formula [(TC-HDL-C)/HDL-C] was also used to determine the athero-
genic index (AI). Using commercial kits from Abcam, UK, the plasma concentrations of heme oxygenase-1 (HO-1), transferrin, and 
ferritin were measured. High sensitivity C-reactive protein (hs-CRP; Mybiosource, San Diego, CA, USA) and IL-6 (Invitrogen, CA, USA) 
were also assessed. Plasma insulin and adiponectin levels were determined using Alpco kits (Alpco diagnostics, Windham, NH). The 
manufacturer’s instructions were followed when using each kit. 

2.4. Tissue harvesting from mice 

The heart, kidneys, intestine, and liver tissues were removed from euthanized mice by cervical dislocation, immediately frozen in 
liquid nitrogen, and maintained at-80◦ for further examination. Trizol (Thermo Fisher Scientific Korea, Seoul, Korea) was used to 
extract total RNA from the collected WAT, BAT, and liver tissues. 

2.5. Evaluation of liver function 

By examining the levels of total fat, TG, and total cholesterol in the liver tissues as well as the serum alanine aminotransferase (ALT) 
and aspartate amino transferase (AST) activities, liver function was assessed. Using commercial kits and following the manufacturer’s 
instructions, serum ALT and AST levels were measured using spectrophotometry (Asan Pharmaceuticals Co., Seoul, Korea). The 
expression of genes involved in the metabolism of cholesterol, such as 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), low- 
density lipoprotein receptor (Ldlr), sterol regulatory element binding protein 2 (Sreb2), lipogenesis (sterol regulatory element bind-
ing protein (Srebf1), fatty acid synthetase (Fasn) and lipid oxidation related genes carnitine palmitoyl transferase 1A (Cpt1a), 
peroxisomal acyl-coenzyme A oxidase 1 (Acox1), and peroxisome proliferator-activated receptor gamma coactivator 1 alpha 
(Ppargc1a) were measured. The tissue samples extracted were immediately frozen in liquid nitrogen at − 80◦ for later examination. 

2.6. Quantitative real-time PCR 

Tissue samples (WAT, BAT and liver) were processes for total RNA extraction using a Bandelin tissue homogenizer (Bandelin 
electrical GmbH, Berlin, Germany), and total RNA was isolated according to the manufacturers protocol. Additionally, using a thermal 
cycler (Takara PCR Thermal cycler SP. Takara Shuzo, Shiga, Japan), total RNA was translated using MMLV reverse transcriptase 
(Invitrogen Corp. CA, USA) in accordance with the protocol. With SYBR green fluorescence dye (Thermo Fisher Scientific) stan-
dardized by the Rplp0 gene, quantitative real time PCR (RT-PCR) was carried out utilizing a BIORAD CFX96 Real time PCR equipment 
(C1000 Thermal Cycler, USA) to measure mRNA expression. Supporting Table 1 provides a description of each primer sequence. 

2.7. Western blotting 

The tissues were extracted and homogenized using a lysis solution containing 1 % SDS,50 mM Tris-HCl (pH = 6.8), 10 mM DTT,10 
% glycerol,0.002 % bromophenol blue, 1 mM sodium fluoride (Sigma),1 mM sodium orthovanadate (Sigma), and a protease inhibitor 
combination (Roche Applied Science). SDS-PAGE was used to separate identical amounts of proteins, which were then transferred to a 
polyvinylidene difluoride membrane (Millipore Corp. Bedford, MA), Membranes were blocked for 1 h at 20 ◦C using 5 % skim milk in 
Tris-buffered saline with 0.1 % Tween-20 (TBS-T). They were then incubated with the primary antibodies listed below for an additional 
night at 4 ◦C, purchased from Thermo Fisher: TNF-alpha (cat. no. PA1-40281; 1:1000), Interleukin 1 beta (Il1b; cat. no. P420B; 
1:1000), Uncoupling protein 1 (UCP1 cat. no. pa5-29575; 1:1000), Adhesion G-protein receptor (Adgre ca. t no.14-4801-82; 1:1000), 
CCL2 (cat. no. pa5-46954; 1:1000), and β-actin: (cat. no. ab8226; 1:1000). Membranes were incubated for 1 h at room temperature 
with goat anti-rabbit immunoglobulin G (1:5000; cat. no. CL7802AP; Cedarlane Laboratories, Burlington, Canada) conjugated to 
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horseradish peroxidase. Membranes were prepared for autoradiography using enhanced chemiluminescence (Pierce; Thermo Fisher 
Scientific, Inc.) after five TBS-T washes. GE Healthcare Life Sciences, Little Chalfont, UK, used Image Quant (version LAS-4000) for 
densitometric analysis. Triples of each experiment were run. 

2.8. Statistical analysis 

The outcomes are displayed as mean SEM. One-way analysis of variance (ANOVA) and Duncan’s post hoc test (P < 0.05) were used 
to evaluate the data using SPSS 26.0 software (SPSS, San Diego, CA). For statistical analysis and graphing, Prism software v.5 
(GraphPad Software, San Diego, CA, USA) was employed. At P < 0.05, differences were deemed statistically significant. 

3. Results 

3.1. Food intake analysis and anti-obesity effects of taurine 

Leptin knockout, C57BL/6J ob/ob mice for a period of twelve weeks were used to replicate human obesity. In contrast to the 
normal and taurine supplemented group, our findings indicated that these negative control ob/ob mice had significantly increased 
bodyweight throughout the course of 10 weeks. As seen in Fig. 1 (a), throughout the course of 10 weeks, the taurine group considerably 
reduced the gain in bodyweight. The food intake data demonstrated that feed intake rose each day in the negative control ob/ob mice 
relative to that in the normal group, and that it decreased with taurine supplementation (Fig. 1 b). In the ob/ob negative control group 
mice, the body and fat pad weight tended to rise, which was slowed by taurine intake, as depicted in Fig. 1 (c). The mean body weights 
(mean ± SEM) of the negative control ob/ob mice and normal mice were 48.2 ± 5.4 g and 29.8 ± 2.7 g, respectively. Taurine sup-
plementation to the ob/ob mice induced weight loss in taurine group ob/ob mice compared to the negative control ob/ob mice (40.6  
± 9.6 g vs 48.2 ± 5.4 g). In accordance with the body weight change (Fig. 1 (d)), body composition analysis showed that the fat mass of 
negative control ob/ob mice significantly increased to 14.6 ± 3.8 % of body weight from 8.1 ± 1.8 % of the normal group mice (Fig. 2 
(a–i). Taurine supplementation reversed the fat mass buildup to 7.0 ± 7.1 %. According to the change in bodyweight, body compo-
sition analysis revealed that the fat mass (subcutaneous, epididymal, mesenteric, and peritoneal WAT and BAT tissues) and liver 
weight increased significantly in the negative control group. This change in body composition was significantly reversed by taurine 

Fig. 1. Effect of taurine on food intake and body weight. Food intakes, body weights (BW), weights of C57BL/6J ob/ob mice treated without taurine 
(negative control ob/ob group) or with taurine (taurine ob/ob group) for 10 weeks and compared with the normal control group (Normal diet). 
Values are Mean ± SD. Differences among groups were assessed by one-way ANOVA with a Duncan’s test. Means that do not share a common letter 
are significantly different at P < 0.05. Initial BW, initial body weight; Final BW, final body weight. 
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supplementation in the taurine-treated group. Together, these results imply that taurine administration may cause loss of fat mass in 
ob/ob mice. 

3.2. Effect of taurine on adipocyte cellularity 

Our research revealed a substantial difference in total bodyweight and fat mass between our negative control ob/ob mice treated 
with taurine; hence, we intended to investigate the adiposity dependent mechanism of taurine in reducing adipose cellularity (Fig. 3 
(b)). Hematoxylin and eosin staining of adipose and liver tissues was done and it was demonstrated that taurine supplementation 
reduced adipocytes size overall. Fig. 3 (a) shows that the taurine-treated ob/ob mice group had cells with the same size as control 
group and were smaller than the negative control ob/ob mice. Additionally, taurine therapy decreased the number of large and 
medium-sized adipocytes (50–100 μm2 and 40-50-102μm2). Fig. 3 (c) shows that taurine supplementation also decreased the number 
of large sized fat cells in the liver of mice. 

Fig. 2. Body organ weight of the three groups was analyzed using digital balance after 10 weeks. Differences among groups were assessed by one- 
way ANOVA with Duncan’s test. Means that do not share a common letter are significantly different at P < 0.05. 
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Fig. 2. (continued). 

Fig. 3. Histological changes in adipocyte cell size upon taurine supplementation in C57BL/6J ob/ob mice. Representative images of hematoxylin 
and eosin–stained sections from epididymal adipose tissue (b) and liver (c) are shown—quantification of mean cross-sectional adipocyte area from 
epididymal adipose tissue has been shown in Fig. 3 (a). 
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3.3. Biochemical analysis 

Compared to the normal group, the fasting negative control ob/ob group depicted hyperglycemia. Fig. 4 (a) demonstrates that 
taurine supplementation significantly decreased the fasting blood glucose levels (P < 0.05). Additionally, when compared to the 
negative control group, taurine supplementation significantly raised serum adiponectin levels in the taurine group (P < 0.05) Fig. 4 
(b). A decrease in the trend of total cholesterol, HOMA-IR, and atherogenic coefficient was also seen after taurine supplementation as 
compared to the negative control mice group Fig. 4(c–e). 

3.4. Effect of taurine on the inflammatory enzymes in liver of C57BL/6J mice 

The impact of taurine on inflammation related enzymes in liver was assessed. Plasma AST levels were elevated in the negative 
control ob/ob group (162 ± 65.2 IU/L) and significantly decreased with taurine supplementation in the taurine ob/ob group (102.8 ±
69.7 IU/L) Fig. 6 (a). In addition, as seen in Fig. 6 (b), taurine supplementation reduced serum IL-6 levels in comparison to the negative 
control group. Hence these results suggest that taurine intake can lead to the suppression of inflammatory enzymes. 

3.5. Effect of taurine on lipid oxidation and lipogenesis related genes in fat and liver tissues of C57BL/6J mice 

The Mrna expression level of Cpt1a, Acox1, Ppargc1a, Srebf1, Scd1, Nr1h2, and Nr1h3 were evaluated in the WAT, BAT, and liver to 
determine whether taurine influences the expression of genes linked to lipid oxidation and lipogenesis. As shown in Fig. 7(a–i), in the liver 
of taurine treated ob/ob group the expression of genes involved in DE novo lipogenesis such as sterol regulatory element binding protein 
(Srebf1) showed a reducing trend compared to the negative control group. Similar decreasing trend was observed in case of Srebf1 in WAT 
only. When compared to the untreated and normal groups, the taurine treated group, though not significant, had the higher levels of the 
hepatic Mrna expression of lipid peroxidation enzyme peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Ppargc1a). 
The increased expression of this gene in negative control ob/ob mice can be explained by the elevated level of triglycerides and lipids 
caused by the obese state, which can result in an enhanced supply of the lipids for oxidation purposes. The gene also showed enhanced 
expression in the WAT compared to normal group. While no such trend was observed in BAT. The acyl-CoA oxidase 1 (Acox1), Stearoyl 
CoA desaturase 1 (SCD1), Nuclear receptor subfamily (Nr1h3), Nuclear receptor subfamily (Nr1h2), Diacylglycerol O-acyltransferase 2 
(Dgat2), MLX interacting protein-like (Mlxipl), genes involved in lipids synthesis and oxidation showed increased expression pattern in 
WAT compared to the liver and BAT where it showed no such expression. All these findings point to taurine’s potential to increase lipid 
peroxidation and decrease lipids synthesis in the WAT of ob/ob mice by stimulating the expression of these genes. 

Fig. 4. Effect of taurine on glycemic indices and lipids profile in mice. Values are expressed in mean ± SD. Differences among groups were assessed 
using one-way ANOVA with Duncan’s test. Significantly different values are considered at P < 0.05. HOMA-IR, homeostatic model assessment- 
insulin resistance; TG, triglyceride; TC, total cholesterol. 
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3.6. Effect of taurine on expression of fatty acids synthesis genes in fat of C57BL/6J mice 

To investigate if taurine effects the expression of fatty acids synthesis associated genes, the basal expression level of relevant genes 
including 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), low- density lipoprotein receptor (Ldlr), sterol regulator element 
binding protein 2 (Srebf2), solute carrier family 27 member 2 (Slc27A2), Diacyl glycerol O-acyltransferase 1 (Dgat1), and cluster of 
differentiation 36 (CD36) were analyzed in three tissues Fig. 8(a–f). Except for hmgcr decreased expression in liver and Slc27A2, Dgat 
1, and CD36 increased expression in WAT of the taurine supplemented ob/ob mice group, other genes were expressed at comparable 
levels in the three tissues. Taurine did not greatly affect the expression of these genes in the liver and especially in the WAT. 
Furthermore, the Fasn gene expression was shown to be significantly decreased in the WAT of taurine treated ob/ob mice, but not in 
liver or BAT. These findings infer that taurine supplementation may contribute to the anti-obesity effect in part by decreasing the 
production of fatty acids in WAT but not in BAT or liver Fig. 8 (g). 

3.7. Effect of taurine on the inflammation related genes in fat tissues of C57BL/6J mice 

First, the transcriptional levels of a number of inflammatory genes, including Illb, Adgre, Ccl2, and TNF-alpha were examined and 
compared in three tissues: white adipose tissue (WAT), brown adipose tissue (BAT), and liver tissues. All of the genes had high level of mRNA 
expression, as seen in Fig. 9(a–d). These genes may be linked to hypertrophic adipocyte-derived inflammation and the exacerbation of fatty 
liver disease via inflammation, attributed to the WAT and liver’s more vivid expression of these genes. Since increased Fasn gene expression 
has been associated with adipocyte inflammation, hepatic steatosis, and the emergence of insulin resistance, we primarily focused on the 
inflammation related genes in the WAT, liver and BAT. The basal transcriptional levels of the expression of tumor necrosis factor (TNF-alpha), 

Fig. 5. The relative expression of genes in the negative control and taurine treated group has been shown in the figure where TNF-alpha (NC) 
depicts the expression of tumor necrosis factor-alpha (TNF-alpha) in the negative control group whereas TNF-alpha (T) shown the relative 
expression of TNF-alpha in the taurine supplemented group. Similarly, the expression of adhesion protein G coupled receptors (Adgre), Interleukin-1 
beta (il1b), CC motif Chemokine ligand 2 (CCL2), Fatty acid synthetase (Fasn) differences in both the NC and T group have been compared. Genes 
including Uncoupling protein 1 (UCP1), Cluster of differentiation 36 (CD36), Nuclear receptor subfamily 1 group H member 2 (Nr1h2), Nuclear 
receptor subfamily 1 group H member 3 (Nr1h3),Sterol regulatory element binding transcription factor 1 and 2 (Srebf1 and Srebf2 respectively), 3- 
Hydroxy-3-Methylglutaryl-CoA reductase (Hmgcr),Diacylglycerol O-acyltransferase 1 and 2 (Dgat 1 and Dgat 2 respectively) showed no significant 
differences among the negative control and taurine group so their relative expression in the both groups have been depicted as an average. 

Fig. 6. Effect of taurine on liver functions and inflammatory status in mice. Values are expressed in mean ± SD. Differences among groups were 
assessed using one-way ANOVA with Duncan’s test. Significantly different values are considered at P < 0.05. AST, aspartate aminotransferase; IL-6, 
Interleukin-6. 
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adhesion G protein couple receptor (Adgre), and chemokine ligand 2 (Ccl2), were significantly lower in the ob/ob mice group receiving 
taurine supplementation than in ob/ob negative control mice group, as shown in Fig. 9 (P < 0.05). The protein level expression was also 
decreased as shown in Fig. 9 (e). This suggests that increased fatty acid synthesis was accompanied by enhanced inflammation in the WAT in 
contrast no such effect was observed in the liver or BAT. This indirectly suggests that taurine supplementation inhibits the increase of fatty 
acids synthesis and inflammation in the WAT more than liver and BAT. 

Fig. 7. The mRNA expression levels of the lipid oxidation and lipogenesis-related genes in WAT, BAT, and liver of the three groups were compared 
to investigate the effects of taurine supplementation on gene expression. The three groups included: N group, negative control group of ob/ob mice 
(n = 8), and ob/ob mice group supplemented with 2 % taurine in drinking water (n = 8). Differences among groups were assessed by one-way 
ANOVA with a Duncan’s test. Means that do not share a common letter are significantly different at P < 0.05. The P values of the two groups 
were included to show the expression difference of thermogenesis-related genes. Statistical significance was considered at p < 0.05 (*), p < 0.01 
(**), and not significant (ns). 
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3.8. Effect of taurine on thermogenesis in BAT of C57BL/6J mice 

The expression of beta 3 adrenergic receptor and uncoupling-protein 1 was examined in the BAT tissues to see if taurine influences 
the expression of genes associated to thermogenesis. As shown in Fig. 10, the UCP-1 gene was enhanced in the BAT of the taurine 
supplemented group even though its expression was minimal, indicating that taurine may have the ability to promote thermogenesis in 
the BAT by upregulating the expression of the UCP-1 gene (Fig. 9 (e)). 

4. Discussion 

According to earlier research, taurine supplementation prevents the development of obesity in the HFD-induced mice model 
[19–30,36–38]. Taurine’s anti-obesity properties were credited with reducing chronic inflammation in white adipose tissue [39,40]. 
The development of obesity causes adipocytes to grow and accumulate lipids, which disrupts paracrine communication in the adipose 
tissue and stimulates the release of pro-inflammatory cytokines [41]. Expanded adipocyte-derived inflammatory mediators have been 
implicated in the pathophysiology of NAFLD. TNF-alpha increases insulin resistance, which aids in the development of NAFLD. Our 
research revealed that the expression of genes that produce pro-inflammatory cytokines was increased in ob/ob mice. In the ob/ob 
mice, there was considerable increase in the expression of Adgre, Ccl2, Illb and TNF-alpha which contributes to chronic inflammation 
by attracting macrophages and releasing pro-inflammatory cytokine mediators. Our work demonstrated that this increase was 
completely mitigated by taurine supplementation. The current study also showed a decrease in the expression of the 
lipogenesis-related fatty acid synthetase (Fasn) gene in white adipose tissue of ob/ob mice. In line with earlier research by Zhu et al. 
[42] our findings demonstrated a reduction in the expression of the fatty acid synthetase gene in the white adipose tissue of mice 
receiving taurine supplements. As previously suggested by Berndt et al. [31], an increase in the expression of the Fasn gene in adipose 
tissue is linked to an increase in visceral fat accumulation, impaired insulin sensitivity, increased levels of circulating fasting insulin, 

Fig. 7. (continued). 
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andIL-6, indicating its critical role in the lipogenic pathways and the emergence of obesity. Our findings revealed a reduction in Fasn 
gene expression in the adipocytes of taurine treated group, indicating that this substance may possibly be a contributing factor in the 
reduction of fat storage, and ultimately, the reduction of obesity. 

NAFLD occurs when the hepatic DE novo fatty acid synthesis precedes the excretion or oxidation process of these fatty acids in the 

Fig. 8. The mRNA expression levels of the Fatty acid synthesis and uptake -related genes in WAT, BAT, and liver of the three groups were compared 
to investigate the effects of taurine supplementation on gene expression. The three groups included: N group, negative control group of ob/ob mice 
(n = 8), and ob/ob mice group supplemented with 2 % taurine in drinking water (n = 8). Differences among groups were assessed by one-way 
ANOVA with Duncan’s test. Means that do not share a common letter are significantly different at P < 0.05. The P values of the two groups 
were included to show the expression difference of thermogenesis-related genes. Statistical significance was considered at P < 0.05 (*), P < 0.01 
(**), and not significant (ns). 
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form of VLDL [32–34]. As a treatment strategy for NAFLD, weight loss therapy and increased physical activity are insufficient to 
reverse this metabolic syndrome. In this study, we used C57BL/6J ob/ob mice as an experimental model and found that the mice 
efficiently developed obesity, insulin resistance and the characteristic NAFLD hallmark, i.e., increase in liver mass. Previous research 
on NAFLD patients and experimental rodents revealed raised blood ALT, AST and IL-6 activity, as well as increased expression of 
lipogenic genes and enzymes such as Srebp-1c, Acc-1, and Fasn [35,43,44]., all of which were reduced by taurine [45–47]. Similar to 
these investigations, we discovered elevated serum levels of AST, ALT and IL-6 by taurine intake. Also, the Srebf1 gene, which is 
involved in sterol biosynthesis, and the Fasn gene, which determines the hepatic capacity to produce fatty acids through DE novo 
lipogenesis, both showed a lowering trend in the taurine treated group, even though decrease was not statistically significant. 

The C57BL/6J ob/ob mice used in this study were one week old at the start of supplementation and the taurine supplementation for 
12 weeks dramatically increased insulin sensitivity and decreased serum glucose levels. These findings imply that taurine supple-
mentation was able to reduce hyperglycemic conditions, which may have a significant positive health effect for subjects with diabetes. 
Because adipokines are involved in energy homeostasis, the regulation of glucose metabolism, neuroendocrine functions, immunity, 
and cardiovascular functions, we looked at serum adiponectin levels in the ob/ob mice in order to better understand the physiological 
mechanisms by which taurine exerts its therapeutic effects on glucose levels [48,49]. Adenosine monophosphate-activated protein 
kinase (AMPK) activation and the inhibition of acetyl-CoA carboxylase (ACC) in the liver and muscle cells are two mechanisms by 
which adiponectin exerts its anti-inflammatory effects [50,51]; increases insulin sensitivity; and produces anti-atherogenic effects [52, 
53]. Adiponectin tends to boost insulin-induced signal transduction and subsequently improve insulin sensitivity through augmen-
tation of fatty acids and energy combustion process [54,55]. As adiponectin levels were much higher in the taurine group in the current 
investigation, we hypothesize that this may have contributed to the taurine group’s improved glucose tolerance and insulin sensitivity. 

Although the pathogenesis of NAFLD is poorly understood, data from earlier studies suggests that inflammation, oxidative stress, 
and the disruption of lipid metabolism are the driving factors behind the pathogenesis of NAFLD [56,57]. Taurine’s capacity to lower 
TG and cholesterol is well established to be a crucial mechanism underlying both its physiological and pharmacological actions [58, 
59]. Therefore, we concentrated on the expression of genes for lipogenesis, lipid oxidation, and cholesterol metabolism and assessed 
taurine’s impact on hepatic steatosis. Our findings demonstrated that taurine reduced liver weight, which is directly related to the 
maintenance of inflammation and lipogenesis in the hepatic tissues or indirectly through white adipose tissue (WAT), which is the site 
for producing and transporting fatty acids for storage in the liver [60]. Animal models of obesity resulting from high fat diets are 

Fig. 9. (a–d) Basal mRNA expression levels of inflammatory-related genes (I11b, Adgre, Ccl2, and Tnf-alpha) were compared among three different 
tissues (white adipose tissue (WAT), brown adipose tissue (BAT), and liver) in the normal diet group (N, n = 8). (e) The mRNA protein level 
expression levels of the inflammatory and lipogenesis-related genes in WAT were compared to investigate the effects of taurine supplementation on 
gene expression Fig. S1 (Supplementary data). Differences among groups were assessed by one-way ANOVA with a Duncan’s test. Means that do not 
share a common letter are significantly different at P < 0.05. Statistical significance was considered at P < 0.05 (*), P < 0.01 (**), and not sig-
nificant (ns). 
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extensively used to study NAFLD and hepatic steatosis [61]. After 12 weeks of consuming a HFD, the rodents developed a considerable 
increase in total body weight, cholesterol levels, and hepatic triglycerides deposits. Additionally, the consumption of HFD was 
observed to dramatically increase the enzymatic activity of ALT and AST enzymes, the indicators of liver damage, suggesting hepatic 
dysfunction [62,63]. In our research, we found that the negative control group had elevated IL-6 activity as well as increased ALT and 
AST enzymes activity. The current investigation showed that taurine intake prevented the development of hepatic steatosis that was 
produced in ob/ob mice by its relieving effect of triglycerides accumulation and lowering the serum activity inflammatory enzymes. 
Several organs, including the liver and skeletal muscles, receive fatty acids transport. The primary source of hepatic triglycerides 
accumulation is the lipolysis of triglycerides released by white adipose cells. Due to taurine’s advantageous impact on lipogenesis in 
the WAT, the alleviation of hepatic steatosis in our study can thus partly be explained. 

However, there are certain limitations as large-scale studies are required to confirm the relationship and distinction between Fasn, 
Ccl2, TNF, Adgre, Illb and obesity derived fatty liver because the size of the study animals is relatively modest. Second, since Fasn 
gene’s regulatory mechanism is yet unknown, additional research on the impact of inflammatory genes and Fasn on obesity is required. 
Understanding the potential involvement of Fasn and inflammatory genes variation in obesity may be aided by current research. 
However, future studies are needed to thoroughly elucidate the mechanisms of lipogenesis and other diseases happening during an 
obese state to uncover probable pathways of obesity-induced diseases. 

In other words, the Fasn gene may act as genetic marker for obesity susceptibility in C57BL/6J ob/ob mice through its relationship 
with the metabolic syndrome and its components. Fasn serves as a possible target for the diagnosis, prognosis, and therapy of the obese 
state, which leads to the development of fatty liver from obesity. A comparative study of Fasn along with inflammation related genes, 
including functional genomics and epigenetics analysis, may be helpful to understand the key mechanisms mediated by Fasn gene in 
obesity related diseases (Fig. 5). 

Fig. 9. (continued). 
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5. Conclusions 

The liver and skeletal muscles are just two of the organs that fatty acids are being delivered to. The lipolysis of TG from WAT is the 
main source of hepatic TG accumulation. Therefore, the positive impact of taurine on lipogenesis in WAT can help to explain some of 
the improvements in hepatic steatosis as observed in our study. 
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