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Abstract

Background Nonalcoholic fatty liver disease is one of the

most prevalent forms of chronic liver disease in the Wes-

tern world. Taurine is a conditionally essential amino acid

in humans that may be a promising therapy for treating this

disease.

Aim To evaluate the effect of taurine on hepatic steatosis

induced by thioacetamide in Danio rerio.

Methods Animals were divided into four groups: control

(20 ll of saline solution), taurine (1,000 mg/kg), thioace-

tamide (300 mg/kg), and the taurine–thioacetamide group

(1,000 ? 300 mg/kg). Thioacetamide was injected intra-

peritoneally three times a week for 2 weeks. The mRNA

expression, lipoperoxidation, antioxidant enzymatic

activity, and histological analyses were evaluated in the

liver and the triglyceride content was assessed in the

serum.

Results Thioacetamide injection induced steatosis, as

indicated by histological analyses. The lipoperoxidation

showed significant lipid damage in the thioacetamide group

compared to the taurine–thioacetamide group (p \ 0.001).

Superoxide dismutase (SOD) activity in the taurine–thioac-

etamide group (5.95 ± 0.40) was significantly increased

compared to the thioacetamide group (4.14 ± 0.18 U SOD/

mg of protein) (p \ 0.001). The mRNA expression of SIRT1

(0.5-fold) and Adiponectin receptor 2 (0.39-fold) were lower

in the thioacetamide group than the control (p \ 0.05). TNF-

a mRNA expression was 6.4-fold higher in the thioacetamide

group than the control (p \ 0.05). SIRT1 mRNA expression

was 2.6-fold higher in the taurine–thioacetamide group than

in the thioacetamide group.

Conclusions Taurine seems to improve hepatic steatosis by

reducing oxidative stress and increasing SIRT1 expression.

Keywords Nonalcoholic fatty liver disease � Taurine �
Thioacetamide � Zebrafish � SIRT1

Introduction

Nonalcoholic fatty liver disease (NAFLD) has been

increasingly recognized as the most common form of

chronic liver disease in both adults and children [1]. In

humans, it is histologically characterized by the accumu-

lation of fat, which is predominantly comprised of mainly

triglycerides in more than 5% of hepatocytes [2]. It is one

of the most prevalent forms of chronic liver disease, and its

prevalence is estimated to be 31% in American adults [3].

In addition, the prevalence increases in risk populations,
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such as persons with a large waist circumference, obesity,

insulin resistance, or diabetes. In Brazil, more than 80% of

patients admitted for bariatric surgery have hepatic stea-

tosis [4, 5]. The pathogenesis of hepatic steatosis is still

poorly understood. There is no consensus regarding ther-

apies for NAFLD, and many pharmacological agents are

being tested for this purpose [6]. Nevertheless, it is known

that free fatty acids (FFA) and adipocytokines, such as

TNF-a (tumor necrosis factor a) and adiponectin have a

central role in its development.

Taurine (2-aminoethanesulfur acid) is a conditionally

essential amino acid in humans and important for the

development of the nervous system, xenobiotic conjuga-

tion, osmoregulation, and other processes [7]. Taurine also

presents hypolipidemic and antioxidant effects, which is

the main reason why it has been tested as a therapeutic

agent against steatosis [8]. Interestingly, Chen et al. [9]

observed a reduction of oxidative stress, an increase in

expression of adiponectin, a decrease in expression of

TNF-a, and an improvement of histological parameters of

steatosis in rats with nonalcoholic steatohepatitis treated

with taurine compared to controls.

Among the animal models currently available for the

study of liver diseases, the zebrafish (Danio rerio) has

gained prominence for its easy and cheap culture system,

short life cycle and molecular homology with humans [10].

Several authors have used this freshwater fish in experi-

mental studies [11, 12]. Amali et al. [13] recently proposed

a model of hepatic steatosis in zebrafish with intraperito-

neal injections of thioacetamide (300 mg/kg), which is a

potent hepatotoxic agent. Disease models induced by drugs

in zebrafish are cheaper than mice, because zebrafish are

small organisms that only require limited amounts of drugs

to induce disease development [14].

The aim of this study was to evaluate whether taurine

treatment has a protective effect on hepatic steatosis

induced by thioacetamide in zebrafish.

Materials and Methods

Animals

One hundred twenty adults Danio rerio (3–6 months-old;

weight: 334 ± 23.75 mg) of both sexes were purchased

from a commercial supplier (Delphis, Brazil) and accli-

mated to soft water (25–28�C; pH 6.8) over a 14-day period

in an aerated 40-l aquarium. After acclimation, the zebra-

fish were housed in four 10-l aquariums containing 30 fish

each. Fish were fed daily with a commercial tropical fish

food (Alcon Basic, Brazil) and maintained on a 14:10 h

light–dark photoperiod regimen. Zebrafish were fasted for

24 h prior to the beginning of experimentation. All

procedures used were approved by the Ethics Committee of

the Hospital de Clı́nicas de Porto Alegre (protocol number

09 393).

Experimental Design

Animals were divided into the following four groups:

control (Ctrl—20 ll of saline solution), taurine (TAU—

1,000 mg/kg diluted in 20 ll of saline solution), thioace-

tamide (TAA—300 mg/kg diluted in 20 ll of saline solu-

tion) [12], and a thioacetamide–taurine group (TAU ?

TAA—1,000 ? 300 mg/kg diluted in 20 ll of saline

solution). The experiment duration was 2 weeks and the

drugs were injected intraperitoneally three times a week.

Zebrafish were cryo-anesthetized and killed at the end of

the experiment.

Histological Analysis

Livers from the zebrafish were fixed in 10% formalin and

embedded in paraffin wax, sectioned (6 lm), and stained

with hematoxylin and eosin (H&E). The liver tissue was

also frozen at -20�C, cryosectioned (6–8 lm thick), and

stained with Oil Red O to assess the fatty droplet accu-

mulation [15]. The lipid content of pictures of Oil Red

slides was quantified with Adobe� Photoshop� CS3

(Adobe Systems, USA) and expressed as pixels per 1,000.

To quantify the fat positivity by Oil Red O staining, we

selected the color representing fat positivity as the fore-

ground color, and the color representing the liver as the

background. The value of the foreground and of the sum of

the first and second plans were recorded and converted into

a percentage.

Biochemical Analysis

To evaluate serum triglycerides, 12 animals of each group

were cryo-anesthetized and had their blood collected as

previously described [16]. Briefly, a transverse incision

was made just before the tail, and the blood was immedi-

ately collected with an automatic pipette pre-washed with

5 M EDTA. The blood of three pools of four animals each

was centrifuged for 10 min at 3,200 rpm (Eppendorf

Centrifuge 5415D, Eppendorf, Germany). The serum was

collected and triglycerides were analyzed using a colori-

metric test (Labtest Diagnóstica, Brazil).

Nine milliliters of phosphate buffer (140 mM KCL,

20 mM sodium phosphate, pH 7.4) per liver tissue gram

was added and the tissue was homogenized in an Ultra

Turrax (IKA-WERK, Germany) for 40 s at 4�C. It was then

centrifuged for 10 min at 4,000 rpm (SORVALL RC-5B

Refrigerated Superspeed Centrifuge, Du Pont Company,

USA). The supernatant was placed into Eppendorf tubes
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and the precipitate was discarded. The samples were stored

at -80�C for posterior analyses.

The amount of aldehydes generated by lipid peroxida-

tion was measured by the thiobarbituric acid reactive

substances assay (TBARS). Briefly, the samples were

incubated at 100�C for 30 min after addition of 0.37%

thiobarbituric acid in 15% trichloroacetic acid and centri-

fuged at 3,000 rpm for 10 min at 4�C. Absorbance was

determined by a spectrophotometer at 535 nm [17].

The superoxide dismutase (SOD) catalyzes the reaction

of two superoxide anions to form hydrogen peroxide,

which is less reactive and can be degraded by enzymes

such as catalase (CAT). The analysis of SOD is based on

the ability of the sample to inhibit the superoxide-mediated

adrenaline oxidation [18]. One unit of SOD activity was

defined as the amount of enzyme required to inhibit the

reaction of oxidation by 50%, and was measured by

absorbance at 480 nm and expressed as unit mg protein-1.

The analysis of CAT activity is based on the sample ability

to consume hydrogen peroxide. One unit of CAT activity

was defined as the amount of enzyme required to consume

1 lmol H2O2 in 1 s, and was measured by absorbance at

240 nm and expressed as unit mg protein-1 [19]. Four

pools of five livers were used for all biochemical analyses.

The protein content was evaluated by the Bradford method

using bovine albumin as the standard (Sigma–Aldrich,

USA). The absorbance was measured with a spectropho-

tometer at 595 nm and all biochemical analyses were

normalized by protein content [20].

Quantitative Real-Time Polymerase Chain Reaction

(qRT-PCR)

The liver samples (n = 8) from each fish were obtained by

microsurgery and immediately immersed in TRIZOL

reagent (Invitrogen, USA). Total RNA was isolated

according to the manufacturer’s instructions and the con-

centrations were quantified by UV spectrophotometry

(Nanodrop, Thermo Fisher Scientific, USA) at 260 nm.

RNA purity was verified by a 260/280 nm ratio of 1.8 or

greater. First-strand cDNA was synthesized from 800 ng of

total RNA using the SuperscriptTM II RT system (Invitro-

gen, USA). Gene expression analysis was performed in

duplicate on a Stratagene MX3000P real-time PCR

machine using TaqMan Gene Expression Assays (Applied

Biosystems, USA) for the following genes: Tumor

Necrosis Factor Alpha (TNF-a; NM_212859.2), Adipo-

nectin Receptor 2 (ADIPOR2; NM_001025506.2), Sirtuin

1 (SIRT1; ENSDART00000098209) and Elongation Factor

1-alpha (EF1-a; NM_131263.1). PCR was performed with

10 ll of TaqMan Gene Expression PCR Master Mix

(Applied Biosystems, Foster City, CA), 5 lM of the probe,

18 lM of each primer, 4 ll of diluted cDNA (100 ng), and

5 ll of RNAse-free water in a 20-ll final reaction mixture.

The two-step PCR conditions were as follows: 2 min at

50�C, 10 min at 95�C, and 40 cycles with 15 s at 95�C and

1 min at 60�C.

Gene expression was quantified using the 2-DDCt

(threshold cycle) method [21]. Each sample was analyzed

in duplicate and the DCT value was obtained by subtracting

the elongation factor-a CT value from the CT value of the

gene of interest. To calculate the difference between

groups, the DCT mean value obtained for the control group

was used to calculate the DDCt of each gene (2-DDCt).

Statistical Analysis

Statistical analyses were performed by using Prism 5

(GraphPad, San Diego, USA). Distributions were first tested

for normality using the Shapiro–Wilk test. Multiple compar-

isons between Gaussian distributions were performed using

one-way ANOVA with Tukey–Kramer post hoc tests. For

non-normal distributions, the Kruskal–Wallis test was used

with Dunn post hoc tests for multiple comparisons. Results

with p \ 0.05 were considered statistically significant.

Results

Taurine Promotes Change in Hepatic Lipid Content

There was an increase of lipid content in the livers of

animals receiving a TAA injection (Figs. 1, 2), which was

determined by measuring the number of pixels that corre-

sponded to fat positivity by Oil Red staining (n = 3;

p \ 0.0001). The TAA group had a significantly greater

content of lipids in the liver than the control (p \ 0.001),

TAU (p \ 0.001), and TAU ? TAA (p \ 0.001) groups.

There was no difference in serum triglycerides between the

groups (n = 3).

Taurine Prevents Hepatic Lipoperoxidation

To evaluate the peroxidative damage in hepatic lipids, we

used the TBARS method (Fig. 3a). After 15 days, lipid

peroxidation was significantly different between the groups

(n = 4; p \ 0.0001). The TAA group showed higher levels

of lipoperoxidation compared to the control (p \ 0.001)

and taurine group (p \ 0.001). Importantly, the TAU ?

TAA group was effective in preventing TAA-induced lipid

oxidation (p \ 0.001).

Taurine Alters SOD but Not CAT Activity

The antioxidant defenses were evaluated by determining

SOD (Fig. 3b) and CAT (Fig. 3c) enzyme activities.
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Fig. 1 Histological appearance

of liver sections from the four

experimental groups (91,000).

The first column a, c, e, g was

staining with hematoxylin and

eosin and the second column
b, d, f, h was stained with Oil

Red O. a, b Control group.

c, d Taurine group.

e, f Thioacetamide group.

g, h Taurine–thioacetamide

group
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Exposure to TAA for 2 weeks significantly reduced the

SOD activity (n = 5) when compared to the control

(p \ 0.001) and TAU group (p \ 0.01). Treatment of these

fish with taurine (the TAU ? TAA group) prevented the

TAA-mediated SOD inhibition (p \ 0.001). In contrast,

CAT showed no statistically significant changes in its

activity profile between the groups (n = 4).

The Effect of Taurine on the Expression of Cytokine

mRNA

The relative mRNA expression of ADIPOR2 (Fig. 4a),

SIRT1 (Fig. 4b), and TNF-a (Fig. 4c) in hepatic tissue was

analyzed by qRT-PCR. The Kruskal–Wallis test revealed a

statistically significant difference in mRNA expression of

ADIPOR2 (p = 0.0014), SIRT1 (p = 0.0038), and TNF-a
(p = 0.0079) between the groups. The expression of

ADIPOR2 was lower in the TAA group than in the control

(p \ 0.05) and TAU (p \ 0.01) groups; however, no dif-

ference was observed with the TAU ? TAA group. In

contrast, SIRT1 showed a reduction in mRNA expression

in the TAA group when compared to the control

(p \ 0.05), TAU (p \ 0.05), and TAU ? TAA (p \ 0.01)

groups. The mRNA expression of TNF-a was increased in

the TAA group compared to the control (p \ 0.05) and

TAU (p \ 0.05) groups; but, no difference was observed

with the TAU ? TAA group (p [ 0.05).

Discussion

NAFLD is a spectrum of disorders that ranges from

asymptomatic steatosis to nonalcoholic steatohepatitis

(NASH) and cirrhosis. Many factors are involved in the

pathogenesis and progression of NAFLD, such as insulin

resistance, oxidative stress, and inflammatory cascade [22].

A two-hit theory has been accepted as the hypothesis

for the chain of events that has been implicated in the

progression of steatosis to NASH [23]. This theory postu-

lates that steatosis, the first hit, increases the liver sensi-

tivity to oxidative stress and to proinflammatory cytokines,

which characterizes the second hit [24]. Recently, a third

hit—hepatocyte death and lack of repair—was included to

explain the NAFLD progression [25].

TAA is a selective and potent hepatotoxin widely used

in research as an inducer of hepatic damage [26]. To exert

its hepatotoxic effect, TAA needs to undergo two steps of

bioactivation mediated by CYP2E1. The metabolites of

TAA then form covalent bonds with liver macromolecules

[27]. Moreover, the oxidative stress seems to have an

important role in TAA-induced liver injury [28]. In

humans, greater than 5% accumulation of lipids in hepa-

tocytes is characterized as NAFLD. However, in zebrafish,

there is no cut-off percentage for this disease. Because of

this, we considered the group with a significant difference

in hepatic lipid content compared to the control group as

the definition of hepatic steatosis. The results of this study

showed that TAA treatment of zebrafish induced hepatic

steatosis in zebrafish similar to that previously described

[12].

Hepatic triglyceride formation is a protective strategy

for the liver to defend itself from lipotoxicity caused by an

overload of FFA from adipose tissue [29, 30]. These FFA

also undergo b-oxidation or become esterified with glyc-

erol to form triglycerides, which are then packaged and

exported as very low density lipoproteins (VLDL).

Therefore, hepatic fat accumulation can occur as a result of

fat synthesis or increase in delivery, reduction of fat oxi-

dation, or decrease in fat exportation [31]. Nevertheless,

hypertriglyceridemia is an independent risk factor associ-

ated with NAFLD [32]. Contrary to our expectations, this

study did not find a significant difference in serum tri-

glycerides between the groups. However, TAA-treated

zebrafish that received taurine showed an improvement in

fat lipid accumulation compared to TAA-treated zebrafish

alone. This result is in agreement with others studies that

Fig. 2 The effect of taurine and thioacetamide on the hepatic

accumulation of lipids (a) and serum triglycerides (b). To test

differences between groups, ANOVA followed by the Tukey test

were used (p \ 0.05). Data are presented as mean and SE.

a Difference between control (Ctrl) and thioacetamide (TAA) group.

b Difference between the TAA group and the co-treatment of taurine

and thioacetamide (TAA ? TAU) group
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observed a reduction in hepatic steatosis after treatment

with taurine in models of hepatic injury [9, 33, 34].

Several studies have demonstrated the antioxidant role

of taurine [35, 36]. In this study, we found an increase of

lipoperoxidation in the group exposed to TAA and a pro-

tective effect of taurine on lipoperoxide formation in zeb-

rafish. We have not found any study to date that has

analyzed the effect of taurine on oxidative stress in the

zebrafish liver. Taurine has been previously evaluated in

the zebrafish brain exposed to ethanol and was shown to

prevent the increase of lipid peroxidation induced by eth-

anol [37]. Our finding is consistent with previous studies in

rats, which also observed a higher content of malondial-

dehydes in the TAA-induced hepatic damage group as well

as a reduction of hepatic lipoperoxidation when taurine was

co-administered with TAA [8, 28]. Considering that taurine

is a very stable molecule, it may have a scavenger-type role

against reactive oxygen species (ROS). In fact, it has been

demonstrated that taurine inhibits lipoperoxidation induced

by tert-butyl hydroperoxide in slices of rat liver and can

protect thiol groups from oxidation [38].

SOD and CAT act coordinately to control ROS levels.

SOD catalyzes the reaction of two superoxide anions,

resulting in the formation of hydrogen peroxide, which is

less reactive and can be degraded by enzymes such as

CAT. Our results indicated a decrease in SOD activity in

the group with TAA-induced liver damage compared to the

control; however, there were no changes in CAT activity. It

is well known that an imbalance in antioxidant defenses

promotes lipoperoxidation and oxidative stress, which is an

important factor in the progression of NAFLD, and some

studies have reported a reduction of SOD activity in the

liver of patients with NAFLD [39–41]. On the other hand,

the TAU ? TAA group presented higher levels of SOD

activity compared to the TAA group. This result differs

from some previous studies that have shown that SOD

activity was not altered after taurine treatment, however

this analysis was done in cirrhosis [8, 28]. In contrast,

Chang et al. [42] found an enhancement of SOD activity in

hamsters with steatosis induced by a high-fat/cholesterol

diet that were treated with taurine. The increase in SOD

activity and decrease in lipid peroxidation in the

TAU ? TAA group in our study confirms the hypothesis

that taurine exerts a protective effect on the oxidant-anti-

oxidant imbalance, thereby preventing oxidative stress.

Many genes are the focus of studies that attempt to

elucidate the molecular mechanisms involved in NAFLD

development and progression [43]. In this study, we found

an enhancement in TNF-a and decrease in ADIPOR2 and

SIRT1 mRNA expression in the TAA group compared to

the Ctrl group. In fact, an increase in TNF-a and a reduc-

tion in ADIPOR2 levels has been observed in individuals

with NAFLD [44, 45]. Adiponectin is an anti-inflammatory

adipokine that is antagonized by TNF-a. Low circulating

levels of adiponectin seem to contribute to the progression

of NAFLD [44]. The adiponectin effects in the liver are

predominantly mediated by the receptor ADIPOR2 and the

Fig. 3 The effect of taurine and thioacetamide on hepatic lipoperox-

idation a, SOD b, and CAT c activity. To test differences between

groups, ANOVA and the Tukey test were used (p \ 0.05). Data are

presented as mean and SE. a Difference between the control (Ctrl) and

thioacetamide (TAA) group. b Difference between the TAA group and

the co-treatment of taurine and thioacetamide (TAA ? TAU) group
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mRNA expression of this receptor negatively correlates

with hepatic aminotransferases in NAFLD patients [45].

Higher ADIPOR2 expression in the liver was shown in

transgenic mice with moderate overexpression of SIRT1

[46]. In this study, we found an increase in SIRT1

expression in the TAU ? TAA group compared to the

TAA group alone.

SIRT1 is an NAD?-dependent protein deacetylase that

has been recently associated with a protective effect in

NAFLD [47]. No published study to date has evaluated the

effect of taurine on SIRT1 expression in hepatic steatosis in

adult zebrafish. The expression of SIRT1 is highest in the

male gonads and liver compared to other tissues, and has the

highest expression among other isoforms in zebrafish [48].

Deng et al. [49] found a reduction of SIRT1 expression in rats

with NAFLD caused by high-fat diets. In addition, Costa

et al. [50] found that SIRT1 expression was decreased in

visceral adipose tissue of morbidly obese patients with

severe steatosis compared to patients with slight or moderate

steatosis. Moreover, the function of SIRT1 in hepatic stea-

tosis seems to be due to the induction of SOD and lower

activation of TNF-a and interleukin 6 (IL-6), which confers a

protective effect during the second hit of NASH [46].

In conclusion, the results of this study revealed that

taurine can improve oxidative stress parameters in a model

of hepatic steatosis induced by TAA in adult wild-type

zebrafish. Furthermore, we found that taurine prevented the

decrease of SIRT1 mRNA expression caused by TAA

exposure. Based on our results, taurine may be a promising

therapy for treating hepatic steatosis.
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