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Abstract  

Oxidative stress could trigger lipid accumulation in liver and thus hepatic steatosis. Tea is 

able to prevent liver disorders but a direct link between antioxidant capacities and prevention 

of steatosis has not been reported yet. We aimed to investigate such relationship in a rat 

model of high fat-high sucrose diet (HFS)-induced obesity and to explore more deeply the 

mechanisms in isolated hepatocytes. Wistar rats were divided into a Control group (standard 

diet), a HFS group (high fat-sucrose diet) and a HFS+Tea group (HFS diet with ad-libitum 

access to tea drink). Body weight, fat mass, glycemic parameters in blood, lipid and oxidative 

stress parameters in blood and liver were measured in each group after 14 weeks. Isolated 

hepatocytes were treated with the reactive oxygen species (ROS) inducer t-BHP in the 

presence or not of antioxidants (tempol or tea), and superoxide anion production and lipid 

accumulation were measured using specific fluorescent probes. We reported that the HFS diet 

highly increased hepatic lipids content, while tea consumption attenuated steatosis and 

improved the oxidative status (decrease in hepatic oxidative stress, increase in plasma total 

antioxidant capacity). The role of antioxidant properties of tea in such phenomenon was 

confirmed in primary cultured rat hepatocytes. Indeed, the increase of mitochondrial ROS 

production with t-BHP resulted in lipid accumulation in hepatocytes (positive linear 

regression), and antioxidants (tempol or tea) normalized both. We reported that the 

antioxidant properties of tea protect rats from an obesogenic HFS diet-induced hepatic 

steatosis by counteracting the ROS-dependent lipogenesis. 

 

Keywords 

NAFLD; Camellia sinensis; Anti-lipogenesis; Antioxidant; mitochondrial ROS; obesogenic 

diet 
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Introduction 

  

Non-alcoholic fatty liver disease (NAFLD) refers to a spectrum of chronic liver diseases 

ranging from hepatic steatosis to non-alcoholic steatohepatitis progressing to fibrosis and 

ultimately to cirrhosis [1]. Since NAFLD has been strongly associated with obesity, insulin 

resistance, hypertension and dyslipidemia, and is now considered as the liver metabolic 

syndrome manifestation, it represents nowadays the most common and emerging chronic 

liver disease [2]. Because of the difficulty of the diagnosis, the exact global incidence of 

NAFLD is unknown. However, it has been estimated in Western countries that the prevalence 

of NAFLD is about 30% while it is about 5-18% in Asia [3]. In obese subjects, NAFLD is 

characterized by the accumulation of lipids in the liver which is considered as the "first hit" in 

the progression from steatosis to steatohepatitis. The “second hit” is dependent on increased 

oxidative stress and characterized by lipid peroxidation, inflammation, mitochondrial 

dysfunction and hepatic injury [4]. Unfortunately, today, there are only limited options for the 

treatment of NAFLD, including lifestyle modification, weight management, vitamin E and 

thioglitazone treatment [5,6].  

 

Epidemiological and clinical studies have shown that tea consumption was associated with 

decrease liver disorders [7,8]. But the underlying mechanisms associated with the hepato-

protective effects of tea are still not clear. Indeed, tea is recognized for its antioxidant 

properties, mainly due to tea polyphenols, which contribute to protect ob/ob mice from 

hepatic steatosis [9]. The beneficial effects of tea are also reported to be due to direct anti-

lipogenesis properties [10,11]. However, despite the described role of oxidative stress in 

hepatic lipogenesis [12–14], the contribution of the antioxidant properties of tea to its anti-

lipogenesis action has never been investigated.  

 

The aim of this work was to test whether the antioxidant properties of tea could be in part 

responsible of its anti-lipogenesis effects. For this purpose, we used an obesogenic high fat-

high sucrose diet in rats to examine the effect of tea on hepatic lipid parameters, antioxidant 

capacity and lipid peroxidation, together with a primary culture of rat hepatocytes to deeply 

explore the underlying mechanisms. 
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Materials and methods 

 

Animals and experimental design 

Seven-week-old male Wistar rats weighing about 200 g (± 25 g) were obtained from Janvier 

(France). Three rats were housed per cage under controlled conditions of temperature (21°C ± 

1), hygrometry (60% ± 10) and lighting (12 hours a day). Animals were acclimatized to the 

animal laboratory for seven days before the start of the experiment. Rats were randomly 

divided into three groups: Control group, high fat-high sucrose diet (HFS) group and 

HFS+Tea group (n = 15 per group). The control group was fed with a standard diet while the 

others consumed high fat diet (60% fat Purified Diet 230 HF). Standard diet (A04) and high 

fat diet (Purified Diet 230 HF) were purchased from SAFE Diet (Augy, France). Sucrose was 

purchased from Sigma Chemical Co. (St Louis, MO, USA) and supplied at the dose of 10% 

in the drink for the HFS groups. Tea infusion was supplied as drink for the HFS+Tea group. 

Rats were provided free access to food and fluid for 14 weeks and dietary consumptions were 

recorded three times each week. Consumption of tea was about 50 mL per day per rat. The 

composition of experimental diets is shown in Table 1. All along the protocol rats were 

weighed weekly. Rats were sacrificed at the end of 14 weeks and after a 12 h fast. Blood was 

collected for biochemistry analysis. Total dorsal and epididymal fat were removed and 

weighed as index of visceral obesity. Livers were removed in order to perform biochemical 

measurements. All animals received care according to institutional guidelines, and all 

experiments were approved by the Institutional Ethics committee (Agreement number A-84-

007-2). 

 

Tea infusion characterization and preparation 

Hao Ling
®
 tea is a blend of green, oolong and pu-erh tea leaves coming from Zhejiang, 

Fujian and Yunnan province (China), respectively. This blend of teas is elaborated following 

a confidential manufacturing process by the french company “Thés de la Pagode” (Paris). 

The infusions were prepared by pouring 200 mL of distilled water at 100 °C on 20 g of tea 

leaves mixture powder and brewing for 15 min. The tea infusion obtained was then diluted in 

4 volumes of tap water to obtain a tea infusion at human nutritional doses. For culture cell 

experiments, the infusion was lyophilized using HetoPowerDry LL1500 (Thermo Electron, 

USA), and the freeze-dried aqueous tea extracts was stored at -20°C until analysis. Total 

phenolic content and quantification of aqueous tea extracts compounds were performed as 
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previously described [15]. In the diluted aqueous tea infusion, total polyphenols, catechins, 

gallic acid and caffeine content were 126.6 mg, 10.7 mg, 8.4 mg and 41.12 mg per 100 mL 

(Table 2), respectively. The amount of the main catechins, epigallocatechin, epicatechin, 

epigallocatechin gallate and epicatechin gallate were 1.2 mg, 2.2 mg, 5.5 mg and 1.8 mg per 

100 mL of aqueous tea infusion respectively (Table 2). 

 

Fasting blood glucose, glucose and insulin tolerance tests. 

An Oral Glucose Tolerance Test (OGTT) was performed at the end of the 13
th

 week of the 

chronic protocol. First, blood was obtained via tail clip to assess fasting blood glucose 

(Caresens
®
 N, DinnoSanteTM). Then, rats received a glucose solution (2g/kg) by oral 

gavage, and blood glucose was measured at 20, 40, 60, 80, 100 and 120 min after the glucose 

oral gavage. On the following week, intra-peritoneal Insulin Tolerance Test (ITT) was 

performed. First, fasting blood glucose was measured and then rats received an 

intraperitoneal injection of insulin solution (2UI/kg) and blood glucose was measured at 30, 

60, 90, 120, 150, 180 and 210 min after insulin injection. 

 

Analysis of plasma lipids and ALT concentrations 

Enzymatic assays (kits from Roche, Indianapolis, USA) were performed on Cobas 6000 

analyser (Roche) for measuring triglycerides (TG), low-density lipoprotein (LDL), high-

density lipoprotein (HDL) and alanine transaminase (ALT). Non-esterified fatty acid (NEFA) 

was performed with Randox kit (Randox Laboratories, UK). 

 

Measurement of liver lipid content 

Portions of liver samples from each group of rats were weighed and homogenized in 

phosphate buffered saline (PBS) (0.01 M phosphate, 0.0027 M potassium chloride, 0.137 M 

sodium chloride at pH 7) using a IKA T10 basic ULTRA TURRAX Homogenizer (Sigma-

Aldrich). Lipid extraction from homogenates was performed using a mixture of 

chloroform/methanol 2/1 v,v [16], and contents of triglycerides and of the total cholesterol 

(PAP 150 kit and RTU kit, respectively, from Biomérieux, Lyon, France), and of NEFA 

(Randox kit, Randox Laboratories, United-Kingdom) were quantified. 

 

Analysis of mRNA expression 

After an initial extraction step by mixing Extract-All (Eurobio, France) and chloroform to 

samples, hepatocytes total RNA purification was performed with a column extraction Kit 
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(RNeasy Mini
®
, Qiagen, Germany). A supplementary rDNase treatment was added to the 

manufacturer’s instructions in order to remove any genomic DNA contamination. This one 

was excluded by a control PCR amplification of RNA. Double-strand cDNA was synthesized 

from total RNA according to the manufacturer’s manual (Omniscript
®
, Qiagen, Germany). 

SYBR Green real-time PCR quantifications were performed using commercially available 

RT
2 

Profiler™ PCR Arrays from Qiagen (Germany) containing primer pairs that have been 

experimentally validated to ensure gene-specificity and high amplification efficiency on a 

LightCycler 480 (Roche, Germany). Levels of mRNA, expressed as relative mRNA levels 

compared with control diet-fed rats, were calculated after normalization to RPL17 reference 

gene. 

 

Hepatic lipid peroxidation, and antioxidant capacity 

The hepatic level of lipid peroxidation expressed as hepatic malondialdehyde (MDA) 

equivalent was evaluated using QuantiChrom Thiobarbituric acid reactive substances 

(TBARS) and the Glutathione Peroxidase (GPx) activity was measured with GPx assay kits 

from BioAssay Systems (USA). Total hepatic antioxidant capacity was assessed using 

Antioxidant Assay Kit from Sigma Chemical Co. (St Louis, MO, USA). Total antioxidant 

capacity of plasma was determined using OxiSelect™ TAC assay kit from Cell BioLabs 

(USA). 

 

Measurement of lipid accumulation and mitochondrial superoxide anion on primary 

culture of rat hepatocytes 

Hepatocytes were freshly isolated from rattus norvegicus ofa male rats weighing 180 to 200 g 

(Iffa Credo, France) by collagenase perfusion of the liver [17]. The national guidelines for 

care and use of research animals were followed (agreement number A 13823, French 

Ministry of Agriculture). Hepatocytes were seeded as previously described [15]. Cells were 

then treated for 12 h with 100 µL of various concentrations of aqueous tea extract (100, 250 

and 500 μg/mL) with or without 120 µM of exogenous oxidative stress inducer t-BHP (tert-

butyl hydroperoxide in DMSO solution, both purchased from Sigma-Aldrich, France). Such 

doses were selected after testing several concentrations (from 100 µM to 1 mM) in order to 

generate sufficient oxidative stress without killing all cells (data not shown). The relative 

hepatocyte lipid accumulation and mitochondrial superoxide anion were measured using 

Neutral Lipid Stains (LipidTox) green staining and Mitochondrial superoxide indicator 

(MitoSox) red staining probes (Life Technologies, France), respectively as previously 
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described [15]. Control i.e. “non-treated” cells consisted of medium, water or DMSO 

depending on the experiment. DMSO did not interfere with the experiment when present 

(data not shown).  

 

Statistical analysis 

Data are expressed as mean values ± standard error of the mean (SEM). Statistical analysis 

was performed by one-way analysis of variance (ANOVA) with Fisher multiple comparison 

test. The result were considered significant if the p-value was <0.05.  
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Results 

 

Effects of tea on HFS diet-induced obesity  

Seven-week-old male Wistar rats fed a high fat-sucrose diet for 14 weeks gained significantly 

more weight (+ 143 %) than rats fed with a standard diet (+ 117 %), and this increase in 

weight was similar in the HFS+Tea group (Figure 1A). The HFS diet increased the 

epididymal and the dorsal fat mass when compared to Ctrl rats, and tea consumption had no 

preventive effect (Figure 1A). Moreover, fasting blood glucose as well as glycemic response 

to an oral glucose tolerance test (OGTT) (Figure 1B) and an intraperitoneal insulin tolerance 

test (Supplemental Figure 1) were higher in HFS compared to Ctrl rats. Tea consumption had 

no effect on the regulation of those metabolic parameters (Figure 1B). Regarding 

dyslipidemia, a classic feature of obesity, the HFS diet resulted in a significant increase in 

plasma non esterified fatty acid (NEFA), triglycerides (TG) and LDL-cholesterol levels 

compared to control diet (+50, +48, +40%, respectively) with no significant effect of tea 

supplementation (Figure 1C). In addition, plasma HDL-cholesterol level was significantly 

decreased in HFS group (-16%) compared to Ctrl group leading to a significant 1.5 fold 

increase in LDL/HDL ratio (Figure 1C). Tea consumption normalized plasma levels of HDL-

cholesterol caused by the HFS diet and consequently normalized the LDL/HDL ratio to Ctrl 

values. Altogether, these results showed that in our reliable rat model of HFS-diet induced 

metabolic syndrome, tea consumption exerts only beneficial effects on specific blood lipid 

profile (HDL and LDL/HDL). 

 

Tea attenuates obesogenic HFS diet-induced hepatic steatosis 

The HFS diet induced a significant increase in liver weight (1.15 fold) and in lipid content as 

shown by its color change and the increase of lipid droplets with oil red O staining (Figure 

2A and 2B). In agreement with this result, higher liver levels of total lipid (+ 2.3 fold), 

triglycerides (+ 3.5 fold), total cholesterol (+ 7 fold) and non-esterified fatty acid (NEFA) (+ 

1.8 fold) were measured in HFS compared to Ctrl rats (Figure 2B-F). Tea consumption led to 

a significant decrease in several of those parameters, NEFA (- 24.6 %), TG (- 24.3 %) and 

total cholesterol (- 43.6 %) (Figure 2D-F), while a trend for reduction was observed for the 

liver’s weight and total lipid content (Figure 2B-C), as well as for alanine transaminase 

(ALT) plasmatic levels, a reliable index of liver injury (Figure 2G). These results clearly 
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highlight that tea consumption alleviates hepatic lipid accumulation and thus injury induced 

by the HFS diet. 

 

Tea attenuates obesogenic HFS diet-induced hepatic oxidative stress 

To explore the mechanisms by which tea decrease hepatic lipogenesis in vivo and the 

potential role of oxidative stress in such effects, we next evaluated whether tea treatment 

modulates the oxidative status in HFS liver. Indeed, hepatic steatosis has been described to be 

associated with increased hepatic oxidative stress and lipid peroxidation [1], however, 

whether the beneficial effects of tea on hepatic steatosis [18] are related to its antioxidant 

properties has never been challenged. First, we reported that lipid peroxidation marker MDA, 

an accurate index of oxidative stress, was increased in HFS rat livers compared to the 

controls (Figure 3A). This was associated with reduced hepatic total antioxidant capacity in 

HFS compared to Ctrl (Figure 3B) without change in plasma total antioxidant capacity 

(Figure 3C). Interestingly, in tea treated HFS rats, MDA levels in liver were significantly 

reduced compared to untreated HFS rats (Figure 3A). However, hepatic total antioxidant 

capacity was not increased by tea consumption (Figure 3B), while plasma antioxidant 

capacity was increased in HFS+Tea group compared to control and HFS rats (Figure 3C). 

Furthermore, hepatic MDA was strongly positively correlated with hepatic total lipid content 

(R
2
=0.80, p<0.0001) (Figure 3D). Altogether, those results strongly suggest that tea limit 

increased liver oxidative stress in HFS rats, which correlates with reduced total lipid content. 

 

Tea attenuates lipogenesis in primary culture of rat hepatocytes through its antioxidant 

properties  

Despite we reported a strong relationship between liver oxidative stress and lipid content, 

whether increased ROS production contributes to increased lipid content in hepatocytes 

remains not clear. Thus, to evaluate whether tea acts by modulating a ROS-dependent lipid 

accumulation in hepatocytes, we next evaluated in primary culture of rat hepatocytes the 

effect of the t-BHP oxidative stress inducer on lipid accumulation in presence or not of tea or 

tempol. The exposure to t-BHP is well known to simulate a situation of increased oxidative 

stress by stimulating mitochondrial ROS overproduction within the cell [19].  Consistently, 

twelve hours incubation with t-BHP induced a 2.5 fold increase in O2
.-
 production as 

demonstrated by MitoSox fluorescence (Figure 4A). Interestingly, this was associated with a 

1.47 fold increase in lipid accumulation as demonstrated by LipidTox fluorescence (Figure 

4B). To test whether such increased production of O2
.-
 could contribute to lipid accumulation 
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within cells, we next used the well-known antioxidant (superoxide dismutase mimetic) 

tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) [20] to counteract oxidative stress 

induced by t-BHP. We observed that tempol completely prevented the increased in O2
.- 

production induced by t-BHP treatment (Figure 4A) and subsequently decreased lipid 

accumulation within hepatocytes (Figure 4B). These results suggest that the increased in ROS 

production in hepatocytes strongly contributes to the increase in lipid accumulation. Thus, 

considering the beneficial effect of tea consumption on both oxidative stress and lipid 

accumulation in the liver, we next evaluated whether incubation of primary culture of rat 

hepatocytes with tea could also prevent lipid accumulation during t-BHP-induced O2
.- 

production. The addition of the lowest dose (100 µg/mL) of aqueous tea extract partially 

decreased O2
.- 

production induced by t-BHP treatment while highest doses (250 and 500 

µg/mL) completely prevented this phenomenon in a dose-dependent manner (Figure 4A). In 

line with the results obtained with tempol and with reduced O2
.- 

production in hepatocytes 

with tea extract, the highest doses of tea extract (250 and 500 µg/mL) fully decreased the 

lipid accumulation induced by t-BHP (Figure 4B). Finally, we confirmed that MitoSox Red 

fluorescence was positively correlated with LipidTox fluorescence in hepatocytes (R
2
=0.58, 

p<0.0001) (Figure 4C). Altogether, these results demonstrated that the decreased in O2
.- 

production using antioxidant agents prevented lipid accumulation in isolated hepatocytes and 

that the hepatic anti-lipogenic properties of tea could be mediated through its antioxidant 

properties. 

 

Discussion 

 

The present study aimed to evaluate whether the beneficial effects of tea on obesity induced 

NAFLD could be related to its antioxidant properties. We report here that at the cellular level, 

tea is able to counteract a ROS-dependent lipid accumulation in a primary culture of rat 

hepatocytes and, in-vivo, that tea consumption was able to reduce liver oxidative stress and to 

limit the development of hepatic steatosis in a diet-induced obese rat model. 

 

NAFLD refers to a spectrum of chronic liver diseases ranging from simple hepatic steatosis 

to non-alcoholic steatohepatitis progressing to fibrosis and ultimately to cirrhosis [1]. Two 

decades ago, the so-called ‘‘two hits’’ theory was presented by Christopher Day and Oliver 

James to describe the development of NAFLD [4]. This model suggested that hepatic 
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steatosis is a prerequisite for subsequent events that lead to oxidative stress, lipid 

peroxidation and finally liver injury. Although many studies have reported results 

corroborating this theory [21,22], the pathogenesis of the disease is still poorly understood. 

Furthermore, several recent reviews nuance the involvement of hepatic steatosis in the 

initiation of the pathogenesis and suggest a causal role of oxidative stress [23–25]. 

Especially, mitochondrial dysfunction with subsequent redox alterations in the early phases 

of NAFLD has been observed in rats [26]. This also constitutes a main feature of obesity and 

insulin-resistance [27,28], which could thus trigger NAFLD in obese subjects. Mitochondrial 

dysfunction is recognized to be strongly associated with increased intracellular ROS 

production due to an impairment of mitochondrial respiratory chain [29,30], which could thus 

play a key role in redox-dependent modulation of lipid metabolism that could precede the 

development of hepatic steatosis [24]. In line with this hypothesis, we reported here that the 

only use of pro-oxidant t-BHP, well-known to alter mitochondrial function in hepatocytes 

[15], induced a significant increase in mitochondrial O2
- 
which correlates with increased lipid 

accumulation in a primary culture of rat hepatocytes. Moreover, we also reported that as 

previously published in a rat model of NAFLD [31], liver steatosis was associated with 

increased oxidative stress together with an increase in total lipid content. Thus, oxidative 

stress by itself may constitute a key trigger of hepatic lipid accumulation in the liver.  

 

The accumulation of hepatic lipid content have been shown to be mediated by the increase of 

key lipogenesis gene expression such as PParγ, C/ebpα and Srebp1c this latter inducing the 

expression of Fas and Acc, two rate-limiting enzymes of lipogenesis [32–34]. This is also 

evident from our work (Supplemental Figure 2A), and interestingly, some of those genes 

seem sensitive to redox modulation. Indeed, depletion of superoxide dismutase (SOD), the 

antioxidant enzyme which catalyses the transformation of O2
-
 into hydrogen peroxide (H2O2), 

induced lipid accumulation in primary culture of mouse hepatocytes [13] and in mouse liver 

by enhancing Srebp1c protein synthesis [14]. Same results were obtained in HepG2 cells line 

in which oxidative stress was induced by H2O2 [35]. All these data highly suggest that ROS 

over-production is implicated in the increase of lipogenesis gene expression. 

 

Considering a plausible direct role of oxidative stress on lipogenesis genes and lipid 

accumulation in hepatocytes, we postulated that antioxidant treatment per itself could have 

beneficial effect on hepatic lipid accumulation. Tea is the second most consumed beverage 

worldwide, after water, and is obtained from brewing leaves of Camellia sinensis. It is a good 
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source of powerful antioxidant molecules, especially phenolic compounds such as catechins 

and phenolic acids [36,37]. In line with numerous studies on the antioxidant effects of tea 

[9,38–41], in our model, the level of total polyphenols (126 mg/100 mL) could strongly 

explain its effects on ROS production. Indeed, tea polyphenols have been demonstrated to 

attenuate oxidative stress by acting as free-radical scavengers and modulating pro-oxidant 

and antioxidant cellular enzymes [9,39]. In particular, it has been described to attenuate 

oxidative stress in NAFLD rats [9,40,41]. In addition, others reported that tea attenuated 

hepatic steatosis in NAFLD rats due to its anti-lipogenesis properties i.e. by decreasing the 

expression of genes involved in lipogenesis [10,11]. However, the link between antioxidant 

properties of tea and its lipid-lowering effects has never been demonstrated. In our study, we 

provided evidence on cultured hepatocytes that the tea used in the present work has good 

antioxidant properties, since O2
-
 production, resulting from the ROS inducer t-BHP, was 

normalized to the same extent with tempol and tea. This is in line with prior results from our 

team showing that on cultured hepatocytes the same tea extract protect mitochondrial 

functional state during oxidative stress [15]. In our work, those antioxidant properties of tea 

are also involved in the modulation of lipid metabolism. Indeed, tea significantly decreased 

the lipid accumulation in liver and in isolated hepatocytes, which was positively correlated 

with decreased oxidative stress both in vivo and in vitro. Some studies have reported that tea 

could enhance hepatic enzymatic antioxidant defenses such as glutathione peroxidase, 

superoxide dismutase or catalase and therefore participate to its antioxidant properties [9,42]. 

However, in our study, hepatic total antioxidant capacity and hepatic glutathione peroxidase 

activity (data not shown) were not improved by tea, while the plasma total antioxidant 

capacity was increased suggesting that antioxidant activity of tea could intervene upon the 

systemic circulation to protect the liver from oxidative stress. Indeed, systemic markers of 

lipid peroxidation and antioxidants in patients with NAFLD have been reported to be 

negatively correlated [43].  

 

The beneficial effects of tea are also discussed in the literature as being mediated by some 

effects on obesity and insulin-sensitivity in adipose tissue [44,45], which could explain its 

effects on hepatic steatosis. In contrast, in our study, tea consumption did not improve HFS 

diet-induced weight gain or insulin-resistance (Supplemental Figure 1) and thus did not 

explain its effect on hepatic steatosis by this way. Moreover, no benefit in plasma triglyceride 

and non-esterified fatty acid levels was observed. On the other hand, we found that our tea 

ameliorated hypercholesterolemia by normalizing plasma HDL levels. However, whether this 
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is a consequence of the beneficial effects of tea or at least a contributor to the observed 

reduction in hepatic steatosis, and consequently improvement in liver functioning, remains to 

be clarified. Nevertheless, a lipotropic effect of polyphenols especially catechins have been 

reported and we can envisage that our antioxidant molecules acted also by favoring the efflux 

of lipids from the liver, in order to help diminishing fat accumulation, explaining the 

unchange in the high level of plasma triglycerides, NEFA and cholesterol (via the secretion 

of VLDL), and the increase in HDL [46]. Further studies will be needed to improve the 

understanding of the beneficial effects of tea on LDL/HDL ratio which constitute a key index 

of cardiovascular risk factors [47]. Finally, hepatic steatosis could also be explained by 

reduced β-oxidation of fatty acids [1]. Accordingly, mRNA level of Acox, the first enzyme 

implicated in the fatty acid β-oxidation, was lower in steatotic livers (Supplemental Figure 

2B). However, since our tea supplementation had no effect on Acox gene expression, the 

impact of an improved β-oxidation of fatty acids explaining the decrease in fat accumulation 

in our study is doubtful (Supplemental Figure 2B). Altogether, our findings reveal that tea 

attenuates hepatic steatosis mainly by decreasing hepatic lipogenesis via independent 

mechanisms of obesity, insulin resistance and fatty acid β-oxidation. Those elements further 

support our hypothesis of a direct key role of tea antioxidant properties in its anti-lipogenesis 

action. 

 

Study limitation 

In our model of HFS diet, mild obesity was clearly associated with classical features of 

NAFLD. However, as evidenced by the lack of increase in ALT, used as an index of 

hepatocellular injuries [6,48], our HFS diet was not associated with severe hepatic disorders. 

However, it is of interest that the ALT levels may be normal in patients with steatohepatitis 

or cirrhosis [5,49]. NAFLD can presents cytonecrotic profile but also a cholestasis profile 

with increase in the gamma-glutamyltranspeptidase (GGT) values. In our, study, GGT were 

not measured. However, ALT and GGT enzyme levels are positively correlated during 

NAFLD development [50]. We can thus stipulate that in our model, NAFLD was not 

associated with cholestasis, but it remains to be explored. Thus, in our model, tea aqueous 

extract was efficient to prevent the development of an early stage of NAFLD. Whether this 

strategy would remain able to protect the illness in its advanced stage needs further 

experiments. 
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Conclusion 

 

To conclude, our experiments demonstrated that an obesogenic diet contributes to increase 

oxidative stress in the liver with subsequent effect on lipid accumulation and the development 

of steatosis. We also reported that at the cellular level, antioxidant treatment contributes to 

prevent the ROS-dependent increase in lipid accumulation. Finally, we reported for the first 

time that tea exerts its beneficial effect on the development of NAFLD in part directly 

through its antioxidant properties (Figure 5). Consequently, these findings demonstrate that 

tea has potentially beneficial effects on the prevention of NAFLD in rats, and more 

specifically that tea antioxidant molecules could be plausibly considered as therapeutic 

strategies to prevent the hepatic steatosis during the development of NAFLD in obese 

subjects. 
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Tables 

 

Table 1. Experimental diets composition. 

Composition Control HFS HFS + Tea 

Lipids (%) 3.1 35.8 35.8 

Proteins (%) 16.1 17.4 17.4 

Carbohydrates (%) 3.37 35 35 

Crude fibers (%) 3.9 0 0 

Minerals (%) 4.5 5.8 5.8 

NFE (%) 59.9 33.3 33.3 

Vitamin A (UI/kg) 6600 20000 20000 

Vitamin D3 (UI/kg) 900 2500 2500 

Vitamin E (UI/kg) 30 175 175 

NFE (Nitrogen free extract) = 100 - (H2O) - (Protein) - (fat) - (Mineral) - (crude fiber)  

 

Table 2. Total polyphenol, total catechin, gallic acid and caffeine content (mg/100 ml) of tea 

infusion given to the rats. 

Compound structures mg/100 ml of aqueous infusion
1 

Total polyphenol 126.6 ± 0.63 

   Total catechin 10.7 ± 0.56 

       Epigallocatechin 

       Epicatechin 

       Epigallocatechin gallate 

       Epicatechin gallate 

1.2 ± 0.13 

2.2 ± 0.13 

5.5 ± 0.19 

1.8 ± 0.13 

   Gallic acid (GA) 8.4 ± 0.19 

Caffeine 41.12 ± 0.31 

1
Results are expressed as means ± SEM of three parallel measurements (n = 3). 

The tea infusions were prepared by pouring 200 mL of distilled water at 100 °C on 20 g of 

tea leaves mixture powder and brewing for 15 min. The given tea infusion obtained was then 

diluted in 4 volumes of tap water. 
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Figures 

 

Figure 1. Effects of tea supplementation on obesity and associated risk factors in Wistar 

rats. Animals were sacrificed after 14 weeks on a standard diet (control) or on a high fat-

sucrose diet (HFS) diet. Sucrose (10%) was supplied in the drink for HFS groups and tea 

infusion was supplied as drink for HFS+Tea group. (A) Changes in body weight and fat 

mass, (B) fasting glucose (left panel) and oral glucose tolerance test (right panel) and (C) 

Assessment of triglycerides (first left panel), non esterified fatty acid (NEFA, second left 

panel), low density lipoprotein (LDL, middle panel), high density lipoprotein (HDL, fourth 

left panel) and ratio LDL/HDL (right panel) in plasma. The values represent means ± SEM, 

Control (n=13-14), HFS (n=13-15) and HFS+Tea (n=13-15). *p < 0.05 compared with the 

control group and 
#
p < 0.05 compared with the HFS group. 

 

Figure 2. Tea prevents hepatic lipid accumulation induced by HFS diet in Wistar rats. 

(A) Macroscopic pictures and Oil Red O stained liver from control, HFS and HFS+Tea rats, 

(B) Liver weight (g), (C) Total lipid content, (D) Non-esterified fatty acid (NEFA) content, 

(E) Triglycerides content, (F) Total cholesterol content, and (G) Plasma level of alanine 

transaminase (ALT). The values represent means ± SEM, Control (n=8), HFS (n=15) and 

HFS+Tea (n=15). *p < 0.05 compared with the control group and 
#
p < 0.05 compared with 

the HFS group.  

 

Figure 3. Tea attenuates liver and plasma oxidative stress. (A) Hepatic lipid peroxidation 

as malondialdehyde (MDA) equivalent, (B) Hepatic total antioxidant capacity as trolox 

equivalent, (C) Plasma total antioxidant capacity and (D) Correlation between hepatic lipid 

peroxidation and hepatic total lipid content. The values represent means ± SEM, Control 

(n=8-10), HFS (n=8-10) and HFS+Tea (n=8-10). *p < 0.05 compared with the control group 

and 
#
p < 0.05 compared with the HFS group. 

 

Figure 4. Tea inhibits oxidative stress and lipid accumulation induced by pro-oxidant t-

BHP treatment in a primary culture of rat hepatocytes. Cells were seeded onto 96-well E-

plates, treated for 12 h with or without t-BHP (120 µM) in presence (pre-treated) or not (non-

pretreated) of various concentrations of tea extracts (100, 250 and 500 µg/mL) or tempol 

(50µM). Cells were labeled with Hoechst 33342 and with (A) MitoSox or (B) LipidTox for 
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30 min before being read on the ArrayScanXTI. (A) Mitochondrial superoxide (O2
°-
) content 

and (B) Lipid accumulation were calculated from the MitoSox and LipidTox fluorescence 

intensity respectively. (C) Correlation between MitoSox staining and LipidTox staining in 

primary culture of rat hepatocytes. Error bars indicate the mean ± SEM of triplicate 

determinations in three independent experiments (note: *p < 0.05 when compared to non-

treated cells, 
#
p < 0.05 when compared to non-pretreated + t-BHP treated cells). Objective 

magnification x 20. 

 

Figure 5. Schematic illustration of potential anti-lipogenesis properties of tea through 

its antioxidant activities. → Activation or increase; ┴ or x Inhibition or decrease; 
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Figure 5 
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Highlights 

 HFS-diet induced hepatic steatosis in rats is prevented by tea 

 Tea reduces HFS diet-induced oxidative stress in the liver 

 Increased ROS production in hepatocytes results in lipid accumulation 

 ROS-dependent lipid accumulation in hepatocytes is blunted by both tempol and tea 


