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Introduction
 Nonalcoholic Fatty Liver Disease (NAFLD) is one of the most 
common causes of chronic liver disease in developed countries [1] 
and is characterized by the excessive accumulation of fat in the he-
patocytes of the liver parenchyma in the absence of excessive drink-
ing of alcohol [2]. NAFLD is particularly prevalent in patients with 
metabolic abnormalities such as obesity, type 2 diabetes, arterial 
hypertension, and hypertriglyceridemia [3,4] and no relationship be-
tween NAFLD and race, age or gender has been described to date. 

 The exact pathogenesis of NAFLD remains poorly understood. 
Initially, a “twohit” hypothesis was proposed with an initial accumu-
lation of lipids in the liver (simple steatosis), followed be events that 
propagate oxidative stress, lipid peroxidation, and inflammation pos-
sibly leading to Nonalcoholic Steatohepatitis (NASH), liver fibrosis, 
cirrhosis, or in some cases hepatocellular carcinoma [5,6]. However, a 
“multiple parallel hits” hypothesis has been recently proposed which 
suggest that gut and adipose tissue derived inflammatory mediators 
drive hepatic inflammation which is paralleled by multiple events in 
the liver including lipid synthesis and retention, and fibrosis [2].

 Over the last decade, several research initiatives have been focused 
on possible therapies to ameliorate the hepatic damage that accompa-
nies NAFLD, including synthetic and natural products. The majority 
of the strategies include the use of antioxidant and insulin sensitizers, 
and also drugs that reduce the effect of dietary carbohydrate and fats 
by the inhibition of cholesterol micellization, pancreatic lipase and 
alpha glucosidase [7-9]. Recently, the interest for natural phytochem-
icals as anti NAFLD agents has grown significantly [10,11].

 In this context, natural products from edible mushrooms, e.i. 
Agaricus bisporus (A. bisporus), with hepatoprotective properties are 
of special interest [12,13]. Ergothioneine (ERG), a unique naturally 
occurring thiol derivative of histidine produced exclusively by certain 
fungi, mushroom and microorganisms, has been suggested to accu-
mulate in cells and some tissues undergoing high oxidative stress, 
such as the liver in NAFLD, where ERG could play a protective effect 
[14]. 

 It is known that one of the main environmental factors that favors 
the development of NAFLD are fat rich diets, and that this type of 
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Abstract
 Nonalcoholic Fatty Liver Disease (NAFLD) is characterized by 
the excessive triglycerides accumulation as lipid droplets in the cy-
toplasm of hepatocytes, which result from an imbalance between 
uptake, synthesis, export, and oxidation of fatty acids. In this study, 
we have evaluated the effect of a natural extracts from mushroom 
(Agaricus bisporus) enriched in the antioxidant ergothioneine, on 
the reduction of lipid accumulation in HepG2 cells. Ergothioneine 
Rich A. bisporus Extracts (ERAbE) decreased the intracellular con-
centration of lipids, lipids droplets size and intracellular TG content 
through down regulation of SREBP1c, PPARγ and ACAT1 together 
with PPARα up regulation. These extracts also down regulated he-
patic lipogenesis through SREBP1cactivation. Moreover, increased 

lipolysis was found to be induced through PPARα.

Therefore, we concluded that EEAbE has the ability to reduce 
significantly the intracellular lipid content in an in vitro model induced 
by oleic acid. EEAbE down regulated SREBP1c expression, lead-
ing to an inhibition of hepatic lipogenesis. The activation of PPARα 
induced lipolysis being responsible for lowering hepatic fat content 
together with the reduction of lipogenesis. EEAbE has a regulatory 
effect on lipid accumulation in HepG2 cells.

Keywords: Agaricus bisporus; Ergothioneine; Mushroom; NAFLD; 
Steatosis
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diets are very common today in our society. Therefore, the develop-
ment of functional foods that could reduce the accumulation of liver 
fat, and are easily incorporated into the diet, is a topic of great interest 
today, since this would allow the treatment of this pathology through 
nutrition [15-17]. In this context, it has been postulated that products 
capable of inhibiting “de novo” lipid synthesis and lipid uptake could 
play a very important role in the effective treatment of NASH [18]. 
Therefore, the objective of this work was the study of the effect of 
a mushroom (A. bisporus) extract rich in ERG on the accumulation 
of fats (lipid droplets) in HepG2 cells grown in a high fat medium 
(1mMOA), as initial phase of a larger study in mice and humans as a 
possible nutritional intervention of NAFLD.

Experimental Sections
Preparation of aqueous extracts

 White button mushrooms (A. bisporus) were used as raw material 
after cultivation in a pilot plant at the University of Seville (Spain), 
according to standard procedures. All chemicals used were of analyti-
cal grade. A. bisporus aqueous extract were obtained by an enzymatic 
procedure based on the protocol described by Cremades et al., [19]. 
Briefly, after A. bisporus homogenization (10g+10ml distilled water) 
and enzymatic digestion with a mixture of glucanase and chitinase 
enzymes (Novo Nordisk®) at pH=5, temperature 55ºC and an enzyme/
substrate ratio of 0.1 (w/v), for 24 hours, temperature was raised up 
to 90ºC for 120 min to inactivate the enzymes. After cooling to room 
temperature, pH was adjusted to 7.0 with 1M NaOH, and centrifuged 
at 8000xg. Supernatant was collected and filtered through a 0.2µm 
membrane, using the filtrate as “crude A. bisporus extract”. ERAbE 
was prepared by Ultra Filtration (UF) fractionation with a 50 KDaUF 
membrane and concentration of the ultra filtrate by reverse osmosis 
[20].

Cell culture

 HepG2 cells were routinely cultured in DMEM (Gibco) supple-
mented with 10% FBS and 1% penicillin and streptomycin in an incu-
bator under an atmosphere of 5% CO2 at 37°C. The HepG2 cell mod-
el of OA induced intracellular lipid accumulation was developed as 
previously described by Chaves Tapia et al., [21]. HepG2 cells were 
cultured with 1mM of OA for 48h, presence and absence of ERAbE 
(0.1mg/ml) or quercetin (50µM). 

Oil Red O (ORO) cell staining

 Lipid droplets were detected by fluorescent microscopy. Briefly, 
neutral lipids stored into the lipid droplets were visualized by fluo-
rescence microscopy using Oil Red O staining (Sigma Aldrich Co. 
LLC), a vital lipophilic dye used to label fat accumulation in the 
cytosol [22]. To analyse fat accumulation 20,000 HepG2 cells were 
plated and grown on cover slips in 24 wells plate. HepG2 cells were 
cultured in presence of OA1mM diluted in DMSO (less than 0.01% 
of total volume) and treated for 48h with 0.1mg/ml of ERAbE or 
50μM of quercetin (HWI ANALYTIK GmbH German) used as posi-
tive control. The cells were rinsed two times with Phosphate Buffered 
Saline (PBS) pH 7.4, fixed with 4% paraformaldehyde in PBS for 
10 min and permeabilised with 0.2% Triton X100 for 2 min. Nuclei 
cells were stained with 4´, 6-Diamidino-2-Phenylindole (DAPI) for 
30 min at room temperature, and neutral lipids were stained with Oil 
Red O (ORO) as previously described by [23]. Images were acquired 
with a fluorescence microscope (OLIMPUS BX41) equipped with the 

standard epifluorescence filter set up for DAPI and FITC. For deter-
mination of lipid droplets diameter images were captured under oil 
with a 100x plan apochromat objective. Analyses were performed on 
three independent experiments measuring at least 100 cells for each 
treatment using Imaging Software cell^F (Olympus Corporation, To-
kyo, Japan). 

Determination of intracellular fat content

 Intracellular fat content was determined fluorimetrically based on 
Nile Red staining, a vital lipophilic dye used to label fat accumula-
tion in the cytosol [24]. Ten thousand HepGe cells were grown in 
96 plate wells, exposed to OA and treated with 0.1mg/ml ERAbE 
and 50µM quercetin for 48h. AdipoRed™ Reagent was added in each 
well and incubated at room temperature for 10min. Intensity fluores-
cence was quantified using a molecular image 485/572nm (Synergy 
HT, BioTeK) and normalized to protein concentration.

Extraction of RNA and cDNA synthesis

 Total RNA from HepG2 cells was isolated using TRI sure Reagent 
(BIO38033, Bioline Reagents Ltd., London, UK) based on the guan-
idine isothiocyanate method [25]. Retro transcriptase was performed 
using Sensi FASTTM cDNA Synthesis Kit (Bioline®). RNA quantity 
was determined using a Nano Drop spectrophotometer (Thermo Sci-
entific, Wilmington, DE, USA) and the quality was assessed with an 
Agilent 2100 Bioanalyzer (Agilent technologies, Waldbronn, Germa-
ny). Reactions were performed in 48 well plates in 10μl total volume 
containing 1μl of cDNA (100ng of cDNA), 1μl of the gene specific 
primer, 3μl of ultrapure H2O MilliQ and 5μl of the mixture GoTaq® 
qPCR Master Mix 2X (Promega®), for each sample and well plate.

Quantitative Polymerase Chain Reaction (qPCR)

 Primers for human genes, purchased from Qiagen (Qiagen, Hilden, 
Germany), were used. The sequence of the primers is shown in ta-
ble1. Gene expression levels of SREBP1c, PPARγ, PPARα, ACAT, 
DGAT1, MTTP, APOB and APOE genes were analysed using quan-
titative polymerase chain reaction.The conditions for amplification 
were as follows: Polymerase activation step of 95ºC 10 min, denatur-
ation step 95ºC 10 seconds, alignment step of 65ºC 30 seconds and 
extension step of 72ºC 15 seconds. Quantitative PCR was performed 
in triplicate for each sample using Eco Real time PCR System v3.0 
of the thermal cycler (Illumina® California, EEUU) software. Results 
are expressed as relative gene expression normalized to the expres-
sion levels of the reference gene Gapdh.

Gene Forward Sequence Reverse Sequence

SREBP1c ACTTCTGGAGGCATCGCAAGCA AGGTTCCAGAGGAGGCTACAAG

PPARγ AGCCTGCGAAAGCCTTTTGGTG GGCTTCACATTCAGCAAACCTGG

PPARα TCGGCGAGGATAGTTCTGGAAG GACCACAGGATAAGTCACCGAG

ACAT1 CCAGCCACTAAGCTTGGTTCCA GTAGGAGCTTGTCCTTCACCTC

DGAT1 GCTTCAGCAACTACCGTGGCAT CCTTCAGGAACAGAGAAACCACC

MTTP AGGCTGTCAGAAACTTCCTGGC GTCTGAGCAGAGGTGACAGCAT

APOB AGAGGACAGAGCCTTGGTGGAT CTGGACAAGGTCATACTCTGCC

APOE GAACCGCTTCTGGGATTACCTG GCCTTTACTTCCGTCATAGTGTC

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Table 1: Forward and reverse sequence of primers used for qPCR.
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Statistical analysis

 Continuous variables are described as means±SD of minimum 
three independent experiments. The Student t test was used for com-
parisons between groups. P values: p<0.05 (*), p<0.01 (**), and 
p<0.001 (***) were considered statistically significant.

Results
Intracellular lipids accumulation in HepG2 cell grown in 
presence of oleic acid 

 To test OA induced intracellular lipid accumulation in HepG2 
cells, they were grown in a medium with and without 1mM OA. As 
shown in figure 1A, untreated HepG2 shows a low content of intra-
cellular lipid droplets; however, as shown in figure 1B after OA treat-
ment, the number and size of lipid droplets were significantly higher. 
From these results we concluded that 1mM OA induces lipid accumu-
lation in HepG2 cells. Intracellular lipids content was analysed using 
fluorescence based AdipoRedTM assay. Results are shown in figure 
1C. Data show that HepG2 cells grown with OA have a higher in-
tracellular lipid content compared to untreated HepG2 cells, 4.6 fold 
(p<0.001). These results clearly show that this model can be used to 
study the effect on lipid accumulation of compounds of interest such 
as ERAbE.

Effects of ERAbE on lipid accumulation

 Before proceeding to the study of the effect of ERAbE on lipid 
accumulation, a toxicity study was carried out to exclude the possi-
ble effects of ERAbE. Nontoxic evidences were observed at 0.1mg/
ml (data not shown). This was the chosen concentration of ERAbE 
in subsequent studies. The effect of ERAbE on lipid accumulation 
in HepG2 cells was tested with 1.0mM OA and in presence and 

absence of 0.1mg/ml ERAbE, or 50µM quercetin used as a posi-
tive control [17]. As observed by ORO staining (Figure 2A), treat-
ment with 0.1mg/ml of ERAbE or 50µM of quercetin of HepG2 
cells grown in presence of 1mM OA caused a significant reduction 
in lipid accumulation in treated cells compared to untreated. These 
results also show that a significant reduction of lipid droplets size in 
HepG2 cells (Figure 2B) with both treatments(p<0.01), and that the 
effect of ERAbE at 0.1mg/ml is similar to that observed for querce-
tin (50µM) used as a positive control. Quantification of intracellular 
lipid (triacylglycerols) concentration by AdipoRed also show lower 
lipid content in OA cultivated cells by treatment with ERAbE 0.1mg/
ml (70.4±2.2%), and with 50µM quercetin (69.1±1.9%) (Figure 2C). 
Hence, both treatments are effective in the reduction of intracellular 
lipid accumulation significantly (p <0.01).

Modulation of lipogenesis related gene expression by 
ERAbE treatment

 In order to investigate the mechanisms involved in the reduction 
of lipid accumulation in cells treated with ERAbE, we have analysed 
gene expression of several proteins implicated in lipogenesis and lip-
olysis pathways (Table1).

 This analysis showed that SREBP1c, PPARγ and PPARα were 
significantly increased in HepG2 cells grown in presence of OA 
(p<0.001) (Figure 3) compared to untreated cells. These results also 

Figure 1: Untreated HepG2 cells (A), and HepG2 cells cultured in the presence of 
1mM OA (B), for 48 hours. Lipids droplets and nuclei were stained with ORO (red) 
and Dapi (blue), respectively. Images were acquired with a fluorescence microscope 
(OLIMPUS BX41). Intracellular triglycerides concentration of untreated (control) and 
OA treated HepG2 cells, by the AdiposeRedTM assay. Stained intracellular triglycerides 
were quantified by fluorescence (assigning the value of 1 to the fluorescence of un-
treated hepatocytes) (C). Data are expressed as the mean±SD of three independent 
experiments. (* p<0.05; ** p<0.01; *** p<0.001).

Figure 2: HepG2 cells exposed to 1mM OA, untreated (control) and treated with ERA-
bE 0.1mg/ml and quercetin 50µM for 48h. (A) Lipid droplets and nuclei stained with 
ORO (red) and Dapi (blue), respectively. (B) Lipid droplets size measured by Imaging 
Software CellAF Software. Results are expressed as foldarea (µm2). (C) Intracellular 
triglyceride concentration determined by the AdipoRed Assay. The intracellular tri-
glycerides were stained and the concentration of triglycerides was determined (quan-
tified) by fluorescence (HepG2 fold=1). Data are expressed as the mean values±SD 
obtained from three independent experiments. (* p<0.05; ** p<0.01; *** p<0.001).
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show that the treatment with ERAbE (0.1mg/ml) or quercetin (50µM) 
decrease expression of genes implicated in lipogenesis: SREB-
P1c (1.7±0.2 and 1.3±0.1 fold, respectively, p<0.01 and 0.001) and 
PPARγ (0.7±0.1 and 0.8±0.10 fold, respectively, p<0.01 and p<0.01). 
Conversely for PPARα, implicated in fatty acid oxidation (lipolysis), 
an induction was observed (3.0±0.2 and 3.5±0.1 fold, respectively, 
p<0.001 and p<0.001) when HepG2 cell cultured in presence of OA 
where treated with ERAbE (0.1mg/ml) and quercetin (50µM).

 Our results also show that acyl-coenzyme A: cholesterol acyl-
transferase1 (ACAT1) gene expression was significantly increased 
in presence of OA1mM (p<0.001). After treatment with 0.1mg/ml 
ERAbE and with 50µM quercetin a significant reduction in mRNA 
expression (1.4±0.2 and 1.6±0.3 respectively, p<0.001 and p<0.001) 
(Figure 4) was observed.

 Other genes implicated on triacylglycerides and Very Low Density 
Lipoproteins (VLDL) metabolism was also modulated in OA treat-
ed HepG2 cells. DGAT1 and APOE genes were found significantly 
increased (p<0.01), while MTTP and APOB genes were down reg-
ulated (p<0.05). The treatment of HepG2 cells cultured in presence  

of 1mM OA with 0.1mg/ml ERAbE or 50µM quercetin do not show 
statistically significant changes at mRNA level. Our results show that 
the treatment of OA cultured HepG2 with ERAbE or quercetin did 
not affect genes expression involved in triacylglycerol synthesis and 
VLDL excretion pathways. 

Discussion
 Current therapies for NAFLD include lifestyle modifications, 
physical activity and medical intervention. In relation with the first 
one, nutritional intervention can be of great importance. Probiotics 
and nutraceuticals (i.e. resveratrol and quercetin [26], anthocyanins 
[27], vitamin E [28], became promising in helping therapeutic ap-
proaches, probably because of their antioxidant activity. On the basis 
of these data, it seems that rich foods in the natural antioxidant ERG 
may be useful for the prevention and treatment of NAFLD. Taken into 
account that mushroom extracts have been studied as potential agent 
for both prevention and treatment of hepatic steatosis [12] and that 
mushroom in general and A. bisporus in particular are excellent ERG 
sources [19,29], ERAbE could be effective in NAFLD treatment via 
nutrition.

 In this study we have shown that ERAbE may be useful for ther-
apeutic interventions in lipid accumulation related liver pathologies 
like NAFLD reducing triglycerides concentration and lipid droplets 
size in an in vitro model, similar to that observed with quercetin [30]. 
Beneficial effects from phenolic antioxidants in the prevention and 
treatment of liver steatosis have been widely reported [26,31]. These 
molecules presented hepatic protective effects because they could 
reduce liver fat accumulation, mainly by lowering lipogenesis and 
increasing fatty acid oxidation. Besides, these molecules are able to 
reduce oxidative stress and inflammation, the main factors responsi-
ble for liver damage [32]. 

 Lipid accumulation in the liver may be caused by enhanced de 
novo lipogenesis, activation of lipid uptake, and lowering of lipid ca-
tabolism. Fatty acids are known to be ligands for nuclear transcription 
factors, such as SREBP1c, PPARγ and PPARα [33]. PPARα activa-
tion is required to enhance hepatic lipid turnover to enable sufficient 
clearance of lipids from the liver, preventing lipid accumulation and 
peroxidation in murine NASH models [34]. It has been shown that 
PPARα knockout (/) mice developed severe hepatic steatosis upon 
fasting as a result of failure to up regulate the fatty acid oxidation 
pathway [35]. Our result confirmed that the therapeutic effect of 
ERAbE and quercetin on lipid metabolism in HepG2 induced fatty 
liver cells could be partly due to PPARα up regulation (inducing lip-
olysis) and SREBP1c down regulation (reducing lipogenesis) [36,37].

 ERAbE increased PPARα gene expression levels in the model of 
steatosis which controls fatty acid degradation. It has been demon-
strated that pathogenesis of NASH increased the pool of free fatty 
acids through de novo lipid synthesis and nuclear receptors activation 
(SREBP1, ChREBP1, and PPARγ) [38]. In our study we show that 
OA significantly increased SREPB1c gene expression which was dis-
rupted by ERAbE and quercetin. In addition, PPARγ gene expression 
was induced by OA and this effect was diminished after treatment 
with ERAbE and quercetin. We also observed that genes involved 
in triacylglycerols synthesis and VLDL secretion pathways were not 
affected by ERAbE or quercetin.

Figure 3: mRNA gene expression levels of SREBP1c, PPARγ, PPARα and ACAT1, 
determined by RTqPCR. Results were normalized using GADPH, and HepG2 non 
treated cells were used as reference. Data are expressed as the mean values±SD ob-
tained from three independent experiments. (* p<0.05; ** p<0.01; *** p<0.001).

Figure 4: mRNA gene expression levels of DGAT1, APOE, MTTP and APOB deter-
mined by RTqPCR. Results were normalized using GADPH, and HepG2 non treated 
cells were used as reference. Data are expressed as the mean values±SD obtained from 
three independent experiments. (* p<0.05; ** p<0.01; *** p<0.001).
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 Our data demonstrated that ERAbE treatment modified nuclear 
transcription factors leading to a significant decrease of intracellu-
lar lipid content and lipid droplets size. Therefore, we concluded that 
ERAbE may interfere and prevent the development of metabolic dis-
orders involved in NAFLD. ERAbE may prevent the progression of 
liver damage related to NAFLD mainly by two independent mech-
anisms: i) inhibiting lipogenesis by reducing SREBP1c and ii) pro-
moting lipolysis through PPARα induction. However, further studies 
are required to clarify the molecular mechanism including their role 
on the oxidative stress and testing their effect on inflammation and 
fibrosis.
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