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ABSTRACT - Purpose: The aim of this study was to evaluate the effect of resveratrol on de novo lipogenesis 
in HepG2 cells caused by high glucose concentrations. Increased lipogenesis in the liver is the main reason 
for the development of nonalcoholic fatty liver disease (NAFLD) - currently one of the most common chronic 
liver diseases. In developed countries, this disease is mostly associated with nutritional disorders, resulting 
from the increasing consumption of monosaccharides. Resveratrol is a natural polyphenol with a promising 
potential for NAFLD treatment. Methods: The steatosis of HepG2 cells was visualized using the intracellular 
lipid staining by Nile Red dye with a fluorescence microscope. This study also evaluated the effect of 
resveratrol on the mitochondrial activity (MitoTracker Green staining), dsDNA (Hoechst 33342 staining) and 
the viability of HepG2 cells treated with high glucose concentrations (25 and 33 mM). Results: Current study 
showed that high glucose concentrations induced fat-overloading in HepG2 cells (microvacuolar steatosis 
occurred in most of the cells). Resveratrol (20 μM) limits the steatosis induction in HepG2 cells by glucose 
and increased the mitochondrial activity of cells. Resveratrol did not affect the viability of HepG2 cells. 
Conclusion: This beneficial effect could be helpful in the treatment of NAFLD. 
_______________________________________________________________________________________ 
 
 INTRODUCTION 
 
Lipogenesis is a complex metabolic pathway that 
synthesizes fatty acids from excess carbohydrates. 
The deregulation and severity of lipogenesis is 
often observed in various metabolic diseases such 
as obesity, non-alcoholic fatty liver disease 
(NAFLD), type 2 diabetes, metabolic syndrome. In 
addition, lipogenesis is reported to be elevated in 
cancer cells and virus infected cells (1). 

Nowadays the prevalence of obesity and 
NAFLD is increasing in developed countries while 
therapeutic options are limited (2-4). Nutritional 
disorders such as increased intake of 
monosaccharides (glucose and/or fructose) are the 
main causes of these diseases, resulting from 
increasing lipogenesis (5,6). In normal conditions 
lipogenesis takes place mainly in the liver and 
adipose tissue. The liver is a very important organ 
for systemic energy homeostasis - regulating 
glucose and lipid metabolism. Hepatic lipogenesis, 
including triglyceride and cholesterol synthesis, is 
upregulated by high glucose influx and may be one 
of the reasons for the development of NAFLD. The 
pathogenesis of NAFLD could be explained by the 
double-hit’’ hypothesis (7,8). The first hit’’ is 
associated with  
 

 
 
 
lipid metabolism disorders in the liver (an 
increased uptake and concentration of fatty acids 
from intensified lipogenesis and disturbed process 
of β-oxidation of fatty acids in the mitochondria) 
which translates to the accumulation of lipids in 
hepatocytes, mainly triglycerides (9,10). High 
concentrations of fatty acids in hepatocytes 
increase the expression of cytochrome P-450 2E1 
(CYP 2E1), an enzyme involved in the lipids 
peroxidation, which leads to the formation of 
reactive oxygen species in the liver (11). The 
second-hit’’ is associated with increasing oxidative 
stress in hepatocytes which results in inflammatory 
process and a further progression of the disease 
towards non-alcoholic steatohepatitis (NASH) 
(12). In the development of disease other factors 
are involved, such as mitochondrial dysfunction, 
endoplasmic reticulum stress, genetic 
predisposition and insulin resistance (13,14). 

Current therapy mainly focuses on slowing the 
progression and improving the metabolic disorders  
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which play a significant role in the pathogenesis of 
NAFLD (15-17). One group of substances with a 
potential use in the treatment of NAFLD are 
polyphenols belonging to a very large group of 
plant-derived compounds (18). A promising 
candidate is the natural polyphenol - resveratrol 
(trans-3,4’,5 trihydroxystilbene), present in several 
plants (grapes or berries) as well as in products, 
such as red wine. Resveratrol leads to a decrease in 
expression as well as activity of SREBP-1c - major 
transcription factor for de novo lipogenesis (19). 
Resveratrol also decreases the availability of fatty 
acids (decreased acetyl-CoA carboxylase activity), 
and consequently the synthesis of triglycerides 
(20). Under normal physiological conditions, the 
liver mitochondria are able to handle and maintain 
a balanced level of fatty acids by β-oxidation. 
However, disturbed and inadequate β-oxidation is 
observed in NAFLD due to the increased fatty 
acids concentrations in the liver (21). Recent 
studies showed that resveratrol may increase fatty 
acids β-oxidation by stimulating mitochondrial 
biogenesis and increased autophagy in cells 
through the cAMP-PRKA-AMPK-SIRT1 
signaling pathway (22). 

In vitro studies of de novo lipogenesis may 
be useful in the investigation of biochemical 
mechanisms leading to the accumulation of fat in 
the liver and the role of diet in this process. These 
models are also important tools in testing new 
therapeutic strategies for the treatment of NAFLD 
and drug resistance in hepatocellular carcinoma. In 
order to study the mechanisms involved in the 
process of hepatic steatosis, HepG2 cells line 
(human hepatocellular carcinoma) is often used 
(23,24). Consequently, the aim of this study was to 
evaluate the effect of resveratrol on the de novo 
lipogenesis and mitochondrial activity in HepG2 
cells treated with high glucose concentrations.  
 
MATERIALS AND METHODS  
 
Chemicals  
The following substances were used in the study: 
glucose (Sigma-Aldrich, Steinheim, Germany), 
resveratrol (Sigma-Aldrich, Steinheim, Germany), 
MTT (Thiazolyl blue tetrazolium bromide, Sigma-
Aldrich, Steinheim, Germany), DMSO (dimethyl 
sulfoxide, Avantor Performance Materials Poland 
S.A., Gliwice, Poland), PBS (phosphate buffered 
saline, Biomed Serum and Vaccine Production 
Plant Ltd, Lublin, Poland). In this study, Eagle's 
Minimal Essential Medium (EMEM, ATTC, 
Manassas, USA) was used. Fetal Bovine Serum 
(FBS), antibiotics solutions: penicillin, 
streptomycin, amphotericin B and trypsin solution 
(Trypsin 0.25% / EDTA 0.02% in PBS w/o Ca, Mg 

with Phenol red) were supplied by PAN-Biotech 
GmbH, Aidenbach, Germany.  
 
Cell culture  
The research was performed on the HepG2 cell line 
(Hepatocellular carcinoma, human, ATTC-
Number: HB-8065, American Type Culture 
Collection, Manassas, USA). The HepG2 cell line 
was grown in Eagle's Minimal Essential Medium 
(EMEM) containing normal glucose concentration 
(5mmol/L) supplemented with a 10% heat-
inactivated FBS, 100 U/ml penicillin, 100 μg/ml 
streptomycin and 2.5 μg/ml amphotericin B. 
HepG2 cells were cultured in a monolayer of 
approx. 80% confluency in a CO2 cell incubator at 
37°C in an atmosphere of 5% CO2. After 
multiplication, the cells were tripsinized from the 
bottom of the culture flask. Cell suspension was 
later added to the EMEM medium and used for 
further investigation. The suspension of HepG2 
cells was prepared at a density of 1x106 cells/ml 
and then transferred to 24-well cell culture plates 
(SPL Lifescience, Gyeonggi-do, Korea) to carry 
out the staining (by Nile Red; MitoTracker Green 
FM and Hoechst 33342) and to 96-well cell culture 
plates (SPL Lifescience, Gyeonggi-do, Korea) to 
assess the viability of cells treated with glucose and 
resveratrol. These plates were incubated for 24 
hours in order to achieve cell adhesion.  
 
Experimental procedure 
The stock solution of resveratrol at a concentration 
of 1 mM was prepared by dissolving it in DMSO 
and then, diluted in the EMEM medium to the 
concentrations used in the work, ie. 10 and 20 μM. 
The final concentration of DMSO did not exceed 
0.1%. 

Tested HepG2 cells groups used in the study 
were incubated with glucose and resveratrol in 
final concentration as follows, 

 the control group (normal glucose 
concentrations – 5.5 mM), without tested 
substance; 

 glucose 25 mM  
 glucose 33 mM 
 resveratrol 10 μM 
 resveratrol 20 μM 
 glucose 25 mM together with resveratrol 

(10 or 20 μM)  
 glucose 33 mM together with resveratrol 

(10 or 20 μM)   
 
The working solutions were prepared ex tempore 
in the EMEM medium. The solutions of test 
substances were added to the cells and incubated 
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24 hours. After incubation, HepG2 cells were 
subjected to morphological evaluation. 
 
Assessment of lipid accumulation in HepG2 
cells by Nile Red staining  
In order to visualize steatosis of HepG2 cells, Nile 
Red stain (Nile Red Bioreagent suitable for 
fluorescence, Sigma-Aldrich, Steinheim, 
Germany) was used. Nile Red (9-diethylamino-
5H-benzo[] phenoxazine-5-one) is a fluorescent, 
lipophilic dye that is applied as a vital stain for the 
detection of intracellular lipid droplets. Nile Red is 
characterized by two specific spectra of 
fluorescence: yellow-gold fluorescence (excitation 
450-500 nm, emission > 528 nm) and red 
fluorescence (excitation 515-560 nm, emission > 
590 nm) (25,26). The stock solution of Nile Red 
(0.5 mg/ml) was prepared in acetone (Acetone, 
Avantor Performance Materials, Gliwice, Poland) 
and stored at 4oC, protected from light. The 
solution of Nile Red (5μg/ml), used for the staining 
of the intracellular lipids, was prepared ex tempore 
by diluting stock solution of dye (1:100) in 
phosphate-buffered saline (PBS). After 24 hours 
incubation with the test substances, HepG2 cells 
were washed three times with PBS. Cells were 
stained with Nile Red solution in the dark for 5 
minutes at room temperature. Afterwards, the cells 
were washed again three times with PBS. The 
HepG2 cells steatosis was visualized using 
fluorescence microscopy (Nikon Eclipse Ti, 
Japan). The intensity of fluorescence was assessed 
as: mild (a few scattered lipid vacuoles within 
examined slide – < 50%), moderate (more vacuoles 
visible equally dispersed within examined slide - ≈ 
50%) and severe (the slide covered by numerous 
lipid vacuoles – >50%). Each experiment was 
conducted in three independent repetitions (n = 3) 
and representative photographs were presented. 
 
Evaluation of mitochondrial activity in HepG2 
cells by MitoTracker Green FM staining 
MitoTracker Green FM dye (2-[3-[5,6-dichloro-
1,3-bis[[4-(chloromethyl)phenyl]methyl]-1,3-
dihydro-2H-benzimidazol-2-ylidene]-1-
propenyl]-3-methyl-, chloride, M7514, 
ThermoFisher Scientific, USA) passively 
penetrates through the cell membrane and 
accumulates in active mitochondria, resulting in 
green fluorescence. This fluorescent dye 
specifically stain mitochondria independently of 
the mitochondrial membrane potential (27). After 
24 hours incubation with the test substances, 
HepG2 cells were washed three times with PBS. 
HepG2 cells were incubated with staining agent at 
37oC for 10 minutes. After incubation, cells were 

washed three times with the PBS solution and 
observed under the Nikon Eclipse Ti microscope. 
Each experiment was conducted in three 
independent repetitions (n = 3) and representative 
photographs were selected. 
 
Nucleic acid staining by Hoechst 33342 
Hoechst 33342 nucleic acid dye (Hoechst 33342, 
Trihydrochloride, Trihydrate, H1399, 
ThermoFisher Scientific, Oregon, USA) is a cell-
permeant nuclear counterstain that emits blue 
fluorescence when bound to dsDNA. The stock 
solution of Hoechst dye (10 mg/mL, 16.23 mM) 
was prepared by dissolving the contents of one vial 
(100 mg) in 10 mL of deionized water and stored 
at 4oC, protected from light. The Hoechst staining 
solution was prepared ex tempore by diluting the 
Hoechst stock solution 1:2.000 in PBS. After 24 
hours incubation with the test substances, HepG2 
cells were washed three times with PBS. The cells 
were incubated with staining solution for 10 
minutes, protected from light. After incubation, 
cells were washed three times with the PBS 
solution and observed under the Nikon Eclipse Ti 
microscope. Each experiment was conducted in 
three independent repetitions (n = 3) and 
representative photographs were chosen. 
 
The locations of used dyes (Nile Red, 
MitoTracker Green FM and Hoechst 33342) in 
HepG2 cells  
The stains localization in HepG2 cells was 
determined finally with images taken in three color 
channels superimposed by NIS-Elements, 
Microscope Imaging Software (Nikon 
Instruments). These three staining agents were 
used together to differentiate from the background 
noise (fluorescence of membrane phospholipids) 
from actual vacuoles’ lipids (steatosis). 
 
Cell viability assay 
To assess cell viability, MTT test based on the 
cleavage of the yellow tetrazolium salt MTT to 
purple formazan crystals by metabolic active cells 
was used. MTT Assay (DB-ALM Protocol n°17, 
ECVAM – European Centre for the Validation of 
Alternative Methods, Database Service on 
Alternative Methods to Animal Experimentation) 
was performed. The formazan concentration is 
measured spectrophotometrically. To assess the 
impact on cell viability, glucose and resveratrol 
were added to the HepG2 cells in the same volume 
(100 μl/well) and incubated for 24 hours. After 
incubation, 10 μl of MTT solution (5 mg/ml) was 
added to each well and incubated for 3 hours at 
37°C. At the end of incubation, the culture medium 
was carefully removed from each well, and 100 μl 
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DMSO were added (at room temperature). The cell 
culture plates were placed on a shaker for 5 
minutes. The absorbance of each well was 
measured at 550 nm and 620 nm as a reference 
wavelength using the automated absorbance 
microplate reader ELx808IU (Bio-Tek Instruments 
Inc.). The viability of treated HepG2 cells was 
expressed as % of the negative control (HepG2 
cells without test substances – normal glucose 
concentrations 5.5 mM). Each experiment was 
completely repeated five times. Three wells of 
each formulation were loaded on five different 
plates. Thus, the results are expressed as the mean 
of fifteen (n = 15) measurements of each 
formulation. Bars represent standard deviation. 
 
Morphology examination of HepG2 cells  
The morphology of HepG2 cells were assessed 
using Nikon Eclipse Ti microscope. Semi-
quantitative analysis was conducted using a four-
level rating scale: 0 – normal; “+” low 
morphological changes; “++” – moderated 
changes; “+++” – frequent changes. Each 
experiment was repeated five times (n = 5) and 
each result was the average of the observations 
obtained. 

STATISTICAL ANALYSIS  
 
The results of MTT assay were expressed as mean 
± SD. Experimental data were analysed with the 
aid of the GraphPad Prism software (version 5.01 
for Windows; GraphPad Software Inc., San Diego, 
CA, USA). The statistical significance among the 
groups was determined using the analysis of 
variance (ANOVA) with Tukey's post-hoc test. 
Differences between groups were considered 
significant at p < 0.05. 
 
RESULTS 
 
Morphology examination of HepG2 cells after 
co-treatment with high glucose concentrations 
and resveratrol  
Based on the morphology examination, there was 
no significant change in the degree of adhesion of 
HepG2 cells to the plate in each of the 
experimental groups. However, an increase in the 
number of vacuoles in the cytoplasm have been 
reported in groups of cells exposed to high glucose 
concentrations (Figure 1, Table1).  

 

 

Figure 1. Morphology changes in HepG2 cells after co-treatment with high glucose concentrations and resveratrol 
(magnification x 100). Control group – HepG2 cells cells without tested substances (normal glucose concentration - 5.5 
mM), RSV – resveratrol. The procedure was repeated five times (n = 5) and  representative photographs were chosen. 
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The effect of resveratrol on lipid accumulation 
in HepG2 cells treated with high glucose 
concentrations (Nile Red staining) 
A microscopic evaluation of HepG2 cells after 
exposure to high glucose concentrations (25 or 33 
mM) showed that the cytoplasm of these cells 
contains numerous different sized fluorescent 
bodies corresponding to lipid accumulation, 
mainly classified as microvacuolar steatosis 
(small, discrete vacuoles). The fluorescence 
intensity in cells was severe. In the cytoplasm of 
control cells (untreated) the presence of 
microvacuolar an inherent steatosis and moderate 
fluorescence was also observed. There was no 
significant effect of 10 μM resveratrol on the 
number of lipids vacuoles in HepG2 cells exposed 
to high glucose concentrations (25 or 33 mM). In 
the group of cells treated with 20 μM resveratrol 
and 25 mM glucose the increased background 
fluorescence was observed.  
The co-administration of 20 μM resveratrol with 
high glucose concentration reduced the steatosis 
compared with cells treated with glucose alone 
(Figures 2, 5 and Table 2). The fluorescence 
intensity in these cells was moderate. 
 
The effect of resveratrol on mitochondrial 
activity in HepG2 cells treated with high glucose 
concentrations (MitoTracker Green FM 
staining) 
Resveratrol at a dose of 20 μM increased the 
mitochondrial activity of HepG2 cells treated with 
high glucose concentrations (25 and 33 mM) 
compared with cells treated only with glucose or 
resveratrol and compared with the control group. 

High glucose concentrations (25 or 33 mM) did not 
result in increased mitochondrial activity in HepG2 
cells as compared to the control group (Figure 3). 
 
The effect of resveratrol on dsDNA in HepG2 
cells treated with high glucose concentrations 
(Hoechst 33342 staining) 
In HepG2 cells exposed on 33 mM glucose and 20 
μM resveratrol significant increase in the number 
of deformed cell nucleus with changed shape and 
size was observed (nearly 50% of cells) compared 
with cells treated only with glucose or resveratrol 
and compared with the control group (Figure 4, 
Table 1).  
 
The locations of used dyes (Nile Red, 
MitoTracker Green FM and Hoechst 33342) in 
HepG2 cells 
In order to better interpret the  results and reduce 
background fluorescence (fluorescence of 
membrane phospholipids) observed in HepG2 cells 
after Nile red staining, the locations of used dyes 
(Nile Red, MitoTracker Green FM and Hoechst 
33342) in cells were assessed with images taken in 
three colour channels, superimposed by NIS-
Elements, Microscope Imaging Software (Nikon 
Instruments) (Figure 5).  
 
The effect of resveratrol on the viability of 
HepG2 cells treated with high glucose 
concentrations (MTT test) 
10 and 20 μM Resveratrol did not affect the 
viability of HepG2 cells treated with 25 or 33 mM 
glucose (Figure 6). 

Table 1. Evaluation of morphology changes in HepG2 cells after co-treatment with high glucose concentrations and 
resveratrol. 
Experimental groups Adhesion 

to the plate 
Granules in the 

cytoplasm 
Changed shape of 
the nucleus/100* 

Changed size of the 
nucleus/100* 

Control group  +++ ++ 8 11 
RSV 10 μM +++ ++ 10 14 
RSV 20 μM +++ ++ 16 18 
Glucose 25mM +++ +++ 9 13 
Glucose 33mM +++ +++ 18 21 
Glucose 25mM 
and RSV 10 μM 

+++ +++ 15 17 

Glucose 25mM 
and RSV 20 μM 

+++ +++ 20 24 

Glucose 33mM 
and RSV 10 μM 

+++ +++ 22 29 

Glucose 33mM 
and RSV 20 μM 

+++ +++ 46 52 

+   < 50% of cells ; ++ ≈ 50% of cells; +++ > 50%  of cells. Semi-quantitative results are the average from five 
observations (n = 5) for each group. Control group – HepG2 cells without tested substances (normal glucose 
concentration - 5.5 mM), RSV – resveratrol *based on morphological evaluation after Hoechst 33342 staining (Fig. 
4). These results come from three independent tests (n = 3) for each group. 
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Figure 2. Fluorescence of intracellular lipids by Nile Red staining. Effect of resveratrol on lipid accumulation in HepG2 
cells treated with high glucose concentrations for 24 h (magnification x 100). Lipid vacuoles in cells showed a yellow-
gold fluorescence. Control group – HepG2 cells without tested substances (normal glucose concentration - 5.5 mM), 
RSV – resveratrol. The procedure was repeated three times (n = 3) and representative photographs were chosen.                  
 
 
 

Table 2. The features of steatosis and the intensity of Nile Red fluorescence in the HepG2 cells  

Experimental groups 
microvacuolar  
steatosis 

intensity  
of fluorescence  

Control group  +/++ +/++ 
RSV 10 μM +/++ +/++ 
RSV 20 μM +/++ +/++ 
Glucose 25mM +++ +++ 
Glucose 33mM +++ +++ 
Glucose 25mM and RSV 10 μM +++ ++/+++ 
Glucose 25mM and RSV 20 μM ++ ++ 
Glucose 33mM and RSV 10 μM +++ ++/+++ 
Glucose 33mM and RSV 20 μM ++ ++ 
Micro-vacuolar steatosis:  + <50% of cells, ++ ≈ 50% of cells, +++ >50% of cells. Intensity of fluorescence: + mild, 
++ moderate, +++ severe. Control group – HepG2 cells without tested substances (normal glucose concentration -  
5.5 mM), RSV – HepG2 cells treated with resveratrol. Semi-quantitative results are the average from three 
observations (n = 3).  
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The evaluation of the viability of cells in 
experimental groups with resveratrol was carried 
out in the presence of its solvent (DMSO). For the 
purpose of this study, an additional group of 
HepG2 cells was prepared incubated with a 0.1% 
solution of DMSO. In the MTT assay, there were 
no significant differences between the viability of 
the control group and the cells treated with the 
solvent (viability of cells incubated with a 0.1% of 
DMSO – 98.8% ±3.9). 
 
DISCUSSION  
 
De novo lipogenesis, which is caused by the 
increased consumption of monosaccharides 
(glucose and fructose) is responsible for 
development of many different metabolic diseases 
such as obesity, type 2 diabetes, metabolic 
syndrome and non-alcoholic fatty liver disease 
(NAFLD). Lipogenesis is the metabolic pathway 

that synthesizes endogenous fatty acids from 
excess monosaccharides (28). Lipogenesis takes 
place under positive energy balance conditions, 
mainly in adipose tissue but also in the liver. Fatty 
acids can be next metabolized into triglycerides for 
energy storage (1). The pathogenesis of NAFLD is 
closely associated with metabolic disorders which 
can be observed as increase in fatty acids 
concentration in the liver and, at the same time, the 
β-oxidation processes are disrupted which leads to 
the increased triglycerides accumulation in the 
cytoplasm of hepatocytes, which are later stored in 
the form of lipid vacuoles. NAFLD usually takes 
the form of simple steatosis (in the microscopic 
image mainly microvacuolar steatosis of 
cytoplasm is observed) but in approx. 15% of cases 
can evolve into fatty liver disease aggravated by 
inflammations (non-alcoholic steatohepatitis - 
NASH) (9). 

 

 
Figure 3. Fluorescence of active mitochondria by MitoTracker Green FM staining. Effect of resveratrol on mitochondrial 
activity in HepG2 cells treated with high glucose concentrations for 24 h (magnification x 100). Control group – HepG2 
cells without tested substances (normal glucose concentration - 5.5 mM), RSV – resveratrol. The procedure was repeated 
three times (n = 3) and representative photographs were chosen.                  
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  Although the risk factors of NAFLD have been 
identified, little is still known about the most 
efficient therapeutic strategy for treatment (17). 
Focus on this, lipogenesis pathway may be the key 
to cure various diseases dependent on intensified 
lipogenesis, such as NAFLD, obesity or cancers. 
Therefore, we decided to investigate the effect of 
resveratrol on de novo lipogenesis and 
mitochondrial activity of HepG2 cells exposed to 
high glucose concentrations (25 or 33 mM). The 
upper reference limit of blood glucose level in 
people is 5.5 mM, when it reaches the level of 10 
mM (180 mg%) the glucose passes to the urine. 
However, in this model to induce steatosis in 24h 
higher level of glucose were used (25 and 33 mM). 
These glucose concentrations were used to induce 
de novo lipogenesis and steatosis of cells in in vitro 
models (29-31). The study revealed that high 
glucose concentrations (25 or 33 mM) induced 
steatosis in HepG2 cells (cytoplasm of these cells 
contains numerous fluorescent bodies 
corresponding to lipid accumulation, classified as 
microvacuolar steatosis – small lipid droplets) 
(Figures 2, 5). Steatosis of HepG2 cells was 

visualized by Nile red staining. Nile red (9-
diethylamino-5H-benzo[] phenoxazine-5-one) is 
a fluorescent, lipophilic vital dye that is applied for 
detection of intracellular lipid droplets, usually 
triglycerides. Greenspan et al. demonstrated the 
utility of Nile red as a stain to detect lipid droplets 
by fluorescence microscopy but this dye can also 
interact and exhibit fluorescence in the presence of 
phospholipid, cholesterol and cholesteryl esters 
(26). Because, especially in the group of cells 
treated with 25 mM glucose and 20 μM resveratrol, 
increased background fluorescence after Nile red 
staining was observed (Figure 2), we decided to 
take images in three different color channels (for 
Nile Red, MitoTracker Green FM, and Hoechst 
33342) superimposed by NIS- Elements, Nikon 
Microscope Imaging Software. These three dyes 
(staining colours) were used to differentiate the 
background noise (fluorescence of mitochondrial 
membrane phospholipids from stimulated 
mitochondria) from actual vacuoles’ lipids (Figure 
5).

 

 

Figure 4. Fluorescence of dsDNA by Hoechst 33342 staining (magnification x 100). Control group – HepG2 cells 
without tested substances (normal glucose concentration - 5.5 mM), RSV – resveratrol. The procedure was repeated three 
times (n = 3) and  representative photographs were chosen.                  
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Figure 5. The dyes (Nile Red, MitoTracker Green FM and Hoechst 33342) localization in HepG2 cells cells determined 
with images taken in three colour channels superimposed by NIS-Elements, Microscope Imaging Software (Nikon 
Instruments) (magnification x 100). Control group – HepG2 cells without tested substances (normal glucose 
concentration - 5.5 mM), RSV – resveratrol. The procedure was repeated three times (n = 3) and representative 
photographs were chosen. 
 

 
 
Figure 6. Effects of resveratrol (RSV) on the viability of HepG2 cells treated for 24 h with high glucose concentrations 
in the MTT test. Data presented as percentage of control ± SD. There was no statistical difference among the means vs 
control. Each experiment was completely repeated five times. Three wells of each formulation were loaded on five 
different plates. Thus, the results are expressed as the mean of fifteen (n = 15) measurements of each formulation. Bars 
represent standard deviation.  
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Normally, de novo lipogenesis is responsible 
for the synthesis of about 5% of hepatic fat content, 
however, in case of NAFLD, de novo synthesis is 
elevated and responds to 25% of the hepatic fat 
content (1). This process is regulated and 
intensified by glucose and insulin. Glucose and 
insulin stimulate transcription factors - 
carbohydrate response element binding protein 
(ChREBP) and sterol regulatory element binding 
protein 1c (SREBP-1c) that promotes transcription 
of all genes involved in lipogenesis, such as  
peroxisome proliferator-activated receptor (PPAR) 
(28). Resveratrol used in this study is a polyphenol 
with strong and favorable effect on lipid 
metabolism of the body.  

Resveratrol, in vitro, in concentration of 8.7 
μM and 7.8 μM has shown 50% inhibition of 
microsomal liver metabolism of ibrutininib, 
respectively in rats and human (32). Moreover, 
Sergides et al. have shown that following oral 
administration of a single dose of Evelor 500 mg 
tablets (containing trans-resveratrol) mean total 
concentration in plasma of 15 healthy volunteers of 
free resveratrol, resveratrol glucuronides and 
sulphate is equal to 5.67 µg/ml, that corresponds to 
248 µM (33). Thus we assumed that 10 and 20 μM 
are suitable for this study. 

Previously published studies demonstrated 
that RSV decreased expression as well as activity 
of ChREBP and SREBP-1c - the most important 
transcription factor for de novo lipogenesis (18). 
Our study showed that resveratrol in higher dose 
(20 μM) reduced the steatosis of HepG2 cells 
treated with high glucose concentration (Figure 5, 
Table 2). These results are in accordance with the 
studies published by Shang et al. where HepG2 
cells cells were also exposed to high glucose 
concentrations to get the effect of cell steatosis 
(30). These studies showed that resveratrol reduced 
triglyceride accumulation by activating AMP-
activated protein kinase (AMPK). 

Microvacuolar steatosis observed in NAFLD 
is also associated with fatty acids  
β-oxidation disorders in mitochondria. 
Microvacuolar steatosis observed in HepG2 cells 
in the current study may result from the 
disturbance in the mitochondrial electron transport 
chain. The disturbance in mitochondrial electron 
transport chain leads to an excess of NADH which 
inhibits beta-oxidation of free fatty acids. 
Therefore, we decided to evaluate the effect of 
resveratrol on mitochondrial activity in HepG2 
cells exposed to high glucose concentrations. 
Resveratrol at a higher dose (20 μM) increased the 
mitochondrial activity of HepG2 cells treated with 
high glucose concentrations (25 and 33 mM). This 

beneficial effect is most likely responsible for the 
decrease in steatosis of HepG2 cells.  

Our earlier studies showed that resveratrol 
decreased steatosis in HepG2 cells induced by fatty 
acids mixtures and reduced the mitochondrial 
oxidative stress in cells. We also observed the 
favorable effect of resveratrol on the mitochondrial 
membrane potential in HepG2 cells treated with 
the mixtures of fatty acids (34).  

In this study, we also decided to evaluate the 
effect of resveratrol on the viability of HepG2 cells 
incubated with high glucose concentrations using 
the MTT assay. Resveratrol exhibits an antitumor 
activity depending on the dose (35,36). Stervbo et 
al. noted that the half-maximal inhibitory 
concentration - IC50 for resveratrol was 60 μM, 
after 24 hours incubation with HepG2 cells. 
Therefore, in this study the lower doses of 
resveratrol were used, i.e. 10 and 20 μM, which we 
assumed would not significantly reduce the 
viability of hepatocellular carcinoma cells, as it 
was confirmed in our study in the MTT assay. 
These concentrations of resveratrol, used in our 
study, are effective in in vitro studies on cellular 
models of NAFLD (18). Resveratrol did not affect 
the viability of HepG2 cells treated with glucose. 

Unfortunately in HepG2 cells treated with 20 
μM resveratrol and 33 mM glucose significant 
increase in the number of deformed cell nucleus 
with changed shape and size (nearly 50% of cells) 
was observed (Figure 4, Table 1). The cells that are 
undergoing apoptosis exhibit nuclear condensation 
and DNA fragmentation, which can be detected by 
staining with Hoechst 33342 and fluorescence 
microscopy.  
 
CONCLUSIONS  
 
The results obtained in this study indicate that 
resveratrol at higher dose limited the steatosis of 
HepG2 cells induced by high glucose 
concentrations and increased the mitochondrial 
activity of cells. This beneficial effect seems to be 
promising and could prove helpful in the treatment 
of NAFLD. Therapeutic targeting of lipogenesis 
pathway may be a good option for treatment of this 
disease. These results should be continued in 
further studies in order to confirm both the 
effectiveness of this polyphenol (the influence on 
transcription factors for de novo lipogenesis) and 
safety of resveratrol (the impact of cell apoptosis). 
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