
 

 

Introduction 
 
Nonalcoholic fatty liver disease (NAFLD) is the 
most common liver disease that affects millions 
of people worldwide characterized by a clinical 
and pathological syndrome due to liver cell stea-
tosis and lipidosis [1]. NAFLD encompasses a 
spectrum of liver diseases ranging from a be-
nign fatty liver disorder to the more severe non-
alcoholic steatohepatitis (NASH) that may pro-
gress to cirrhosis in up to 25% of patients [2]. 
Despite the increasing prevalence of NAFLD, the 
exact molecular and cellular mechanisms re-
main obscure and the effective therapeutic 
strategies are still limited. It is widely accepted 
that lipid accumulation is the main cause of 
NAFLD causing fatty tissue degeneration [3] . 
This is mainly due to a lipid metabolism disorder 
caused by fat deposition in the liver. Moreover, 
cell viability decreases due to the imbalance 
between the anti-oxidation/oxidation systems 
resulting in lipid peroxidation. Oxidative stress in 
hepatocyte is due to a buildup of a large num-

ber of free radicals and inflammatory factors. 
Moreover, the infiltration of inflammatory cells 
may gradually cause fatty hepatitis, liver necro-
sis, and fibrosis. Therefore, ideal NAFLD therapy 
must target the disease by reducing lipid accu-
mulation. In other words, accumulation of neu-
tral lipids in the liver particularly triglycerides 
(TG) is the main indicator of NAFLD. This lipid 
accumulation in hepatocytes results from an 
imbalance between lipid availability (circulating 
lipids uptake or de novo lipogenesis) and lipid 
metabolism (via fatty acid oxidation) causing 
eventual lipoperoxidative stress and hepatic 
injury [4].  
 
The main fatty acids in the human body consist 
of palmitic acid (PA) and oleic acid (OA) [5]. They 
are widely used in vitro to induce steatosis in 
cultured human liver cell lines or primary cells in 
addition to simulating steatosis in vivo [6]. 
Therefore, the intracellular absorption of FFAs is 
of utmost importance in understanding accumu-
lation of fatty acids in liver cells and how it re-
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lates to NAFLD. In this present study, we will 
examine the FFA induced lipid accumulation in 
HepG2 cells and show the characteristics of the 
cytotoxicity caused by such lipid accumulation. 
 
Materials and methods 
 
Cell culture treatment 
 
HepG2 cells, a human hepatoblastoma cell line, 
were culture in high glucose Dulbecco’s modi-
fied Eagle’s medium supplemented with 100 U/
ml penicillin, 100 U/ml streptomycin and 10% 
fetal bovine serum (FBS), and kept at 37 °C in a 
humidified atmosphere of 5% CO2. All cells were 
plated in cell culture flasks at least 24 h before 
treatment. To induce FFA overloading, HepG2 
cells at 70% confluence were exposed to a mix-
ture of long-chain FFAs (oleic acid/palmitic acid, 
2:1) with different concentrations in media con-
taining 1% FFAs-free BSA as previously de-
scribed [7]. Stock solutions of 30 mM FFAs were 
conveniently diluted in culture medium contain-
ing 1% BSA to obtain the desired final concen-
trations.  
 
Intracellular lipid content assessment  
 
HepG2 cells were plated in 25cm2 flask at 70% 
confluence and co-incubated with various con-
centrations of FFAs in serum-free medium con-
taining 1% FFAs-free BSA for 24 h. Cells were 
observed under phase contrast microscope 
(Olympus 1X71S8F-2, Japan). The number of 
lipid droplets was counted in 5 microfields and 
represented the average of triplicate assays. 
 
Oil Red O staining 
 
HepG2 cells were grown at an initial density of 
105 cells/well in a 24-well plate and treated with 
different concentrations of FFAs for 24 h. Cells 
were then washed three times with iced PBS 
and fixed with 4% paraform for 30 minutes. Af-
ter fixation, cells were washed three times and 
stained with Oil Red O solution (working solu-
tion, 0.5g Oil Red O powder dissolved in 60% 
ethanol) for 15 min at room temperature. Cells 
were washed again with phosphate-buffered 
saline (PBS) to remove unbound staining. To 
quantify Oil Red O content levels, dimethyl sul-
foxide was added to each sample; after shaking 
at room temperature for 5 min, the density of 
samples were read at 510 nm on a spectropho-
tometer [8]. 

Nile Red staining  
 
After treatment, the cells were washed in PBS. 
Cells were then fixed with 4% paraformaldehyde 
for 15 min and stained with Nile Red (1μg/ml) 
in the dark for 5 min at room temperature. Im-
ages were acquired by digitized fluorescence 
microscopy. For quantitative analysis, HepG2 
cells were treated with different concentrations 
of FFAs for 24 h. Cells were harvested, washed 
in PBS and incubated with Nile Red (1μg/ml) in 
the dark for 5 min at room temperature. The 
fluorescence intensity of each sample was 
measured immediately by flow cytometry at an 
excitation wavelength of 488 nm and emission 
wavelength of 550 nm [9]. 
 
Hoechst 33342 / propidium iodide (PI) staining  
 
HepG2 cells were plated at an initial density of 
105 cells/well in a 24-well plate and co-
incubated with FFAs for 24 h. Cells were washed 
twice with PBS. After adding 5μl Hoechst 33342 
staining solution, cells were stained with PI in 
the dark for 20-30 minutes at 4 °C and washed 
twice with PBS. Cells of blue and red fluores-
cence were examined under a fluorescence mi-
croscopy (Olympus).  
 
Annexin V-FITC/ PI staining 
 
FFA-induced lipotoxicity in HepG2 cells was 
studied with Annexin V-FITC/PI staining. Cells 
were cultured for 24 h. Apoptotic and necrotic 
cells were counted by flow cytometry. Briefly, the 
culture medium was collected and the treated 
cells were digested with 0.25% pancreatic en-
zyme for 3 to 5 min. The digested cells were 
washed with the collected culture medium, and 
then suspended in PBS. Approximately 5-
10×104 cells were incubated with the apoptosis 
detection kit according to the manufacturer’s 
instructions before analysis by flow cytometry. 
The same steps were followed for the control 
cells. Cells underwent early stages apoptosis 
were stained only with annexin V-FITC. Other 
cells at late stage of apoptosis and necrotic 
cells were stained with both annexin V-FITC /PI 
[10]. 
 
Cell viability assay 
 
HepG2 cells were plated at an initial density of 
8×103cells/well in a 96-well plate and treated 
with various concentrations of FFAs for 12h, 
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24h or 36 h . MTT solution was added to each 
well to a final concentration of 0.5 mg/ml. After 
4 h of exposure at 37 °C, the formazan crystals 
were dissolved in dimethylsulfoxide (DMSO). 
Using an ELISA reader (TECAN Safire II, Sweden) 
the absorbance was measured at 570 nm.  
 
Statistical analysis 
 
Each experiment was repeated for at least three 
times and all data are expressed as the 
mean±SD unless otherwise indicated. One-way 
ANOVA was performed to compare the means 
between different treatments. Statistically sig-
nificant differences were accepted at p < 0.05. 
 
Results 
 
Analysis of lipid accumulation in FFA-overloaded 
cells   
 
After treating cells with different concentrations 
of FFAs for 24h, lipid accumulation in the HepG2 
cells were observed (Figure 1). The data indi-
cated that the FFAs induced cellular lipid accu-
mulation in a dose-dependent manner. The lipid 
droplets were quantified in different fields and 
quantitative analysis confirmed the data to be 

statistically significant (P＜0.001) (Figure 1B). 
The comparison between the control group and 
treated groups demonstrated a significant dif-

ference (P＜0.001) as well as the difference 

among the treated groups significant (P＜0.01). 
 

FFAs induced lipid accumulation in HepG2 cells  
 
In order to observe the lipid content, cultured 
HepG2 cells were exposed to FFAs and the lipid 
accumulation levels were detected by Oil Red O 
staining after 24 h. As shown in Figure 2, photo-
micrographs indicate that the intracellular lipid 
content increased significantly. The total intra-
cellular area stained with Oil Red O in the 
treated cultures was quantitated using a spec-
trophotometer at 500nm. The results have 
shown significant elevations of lipid content in a 
dose-dependent manner (Figure 2C). 
 
Fluorimetric determination of fat content in 
HepG2 cells  
 
Nile Red, a stain vital for the detection of intra-
cellular lipid droplets by fluorescence intensity 
was used to further confirm that FFAs could 
induce the formation of intracellular lipid vacu-

oles by fluorescence microscopy (Figure 3). 
Compared to control cells, the fluorescence in-
tensity of lipid in the experimental cells was evi-
dently higher. To quantify the cellular FFA up-
take, flow cytometric assays were conducted. As 
indicated in Figure 3B and 3C, the difference of 
fluorescence intensity in FFA-treated groups 
compared to control was significant (p<0.01, 
p<0.001); among the treated groups, the differ-
ence was also significant (p<0.05), suggesting a 
dose-dependent increase of intracellular lipid 
accumulation in cells treated with FFA mixture. 
 
Apoptotic and necrotic cell morphology 
observation  
 
In order to investigate whether FFAs have an 

Figure 1. Observation of lipid accumulation in HepG2 
cells induced by FFAs. Representative photomicro-
graphs (×400) of HepG2 cells, normal or treated with 
various concentrations of FFAs for 24 h (A). (a) Con-
trol cells; (b)Cells treated with 1mM FFAs; (c) Cells 
treated with 2mM FFAs; (d) Cells treated with 3mM 
FFAs; (B) The number of lipid droplets in cells in-
duced by FFAs were counted at 5 microfields of 3 
independent experiments. aaap < 0.001 vs control; bb 

p <0.01 vs. FFA-treated cells. 
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Figure 2. Observation of lipid accumulation in HepG2 cells by 
Oil-Red O staining after treating cells with various concentra-
tions of FFAs for 24h. (A) Representative photomicrographs of 
HepG2 cells (×200). (a)Control cells; (b) Cells treated with 
1mM FFAs; (c) Cells treated with 2mM FFAs; (d) Cells treated 
with 3mM FFAs; (B) Representative photomicrographs of 
HepG2 cells (×400). (a) Control cells; (b) Cells treated with 
1mM FFAs; (c) Cells treated with 2mM FFAs; (d) Cells treated 
with 3mM FFAs; (C) After cells were treated for 
24h,intracellular fat drops were read with spectrophotometer 
at 500 nm with Oil Red O staining, representing the mean ± 
SD of 3 independent experiments. aap < 0.01, aaap < 0.001vs 
control. 

Figure 3. Observation of lipid accumula-
tion in HepG2 cells by Nile Red staining 
after treating cells with various concentra-
tions of FFAs for 24 h. (A) Representative 
photomicrographs of HepG2 cells(×400). 
(a) Control cells; (b) Cells treated with 
1mM FFAs; (c) Cells treated with 2mM 
FFAs; (d) Cells treated with 3mM FFAs; (B) 
The flow cytometry diagram of Nile Red 
staining. (a)Control cells; (b) 1mM FFAs; (c) 
2mM FFAs; (d) 3mM FFAs. The median 
geometric fluorescent intensity in each 
sample is indicated. (C) The column statis-
tics graph represents the mean ± SD of 3 
independent experiments. aap<0.01, 
aaap<0.001 vs control; bp<0.05 vs FFAs-
treated cells. 
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apoptosis inducing effect on cytotrophoblasts, 
Hoechest 33342 and PI double-staining tests 
were used to investigate the changes in cells’ 
nuclei. As shown in Figure 4, the fluorescence in 
FFA-treated cells was higher compared to con-
trol. Morphological analysis of cytotrophoblasts 
with fluorescence microscopy revealed a 
stronger blue fluorescence and a significant 
increase in the number of cells with nuclear 
condensation and fragmentation after incuba-
tion with FFAs for 24 hours. Furthermore, PI 
staining was higher with increasing FFA concen-

trations as well as an observed 
significant increase in the number 
of necrotic cells.  Based on the 
above morphological changes, 
FFAs were able to cause apop-
tosis and necrosis in HepG2 cells 
in a concentration-dependent 
manner. 
 
Apoptosis detection using an-
nexin V-FITC/PI staining 
 
Cells undergo early apoptosis is 
usually characterized with phos-
phatidylserine exposure at the 
outer leaflet of the plasma mem-
brane. Based on their annexin V-
affinity, apoptotic cells can be 
distinguished from annexin V-
negative living cells by using cy-
tometric procedures. Further-
more, the double labeling assay, 
annexin V combined with PI al-
lows a further distinction of ne-
crotic or late apoptotic (annexin 
V+/PI+) cells versus early apop-
totic cells (annexin V+/PI-). When 
cells were treated with different 
concentrations, 1, 2 and 3mM of 
FFAs, the percentages of normal 
c e l l s  w e r e  r e d u c e d  t o 
(88.84±1.33)%, (86.80±3.70)% 
and (77.74±5.30)%, respectively. 
In contrast, late apoptotic and 
necrotic cells were increased to 
(12.7±1.23)%, (16.96±3.52)% 
and (26.34±5.31)% , respectively 
(Figure 5), indicating that FFA can  
induce apoptosis and necrosis in 
HepG2 cells in a dose-dependent 
manner causing no obvious early 
apoptosis. 
 

Effect of FFAs on HepG2 cell viability 
 
To determine whether FFAs have growth-
inhibitory effects in HepG2 cells, the cells were 
exposed to different concentrations of FFAs 
(0.25,0.5,1,2 and 3mM) for different time inter-
vals (12, 24 and 36h). Cell growth was evalu-
ated by MTT assays. As shown in Figure 6, con-
centrations from 0.25 to 1mM of FFAs were not 
toxic to HepG2 cells after different times of ex-
posure. The 2 mM and 3 mM FFA showed a cy-
totoxicity in different time intervals (Figure 6); 

Figure 4.  Micrographs showing fluorescence of apopototic and dead 
cells among FFA-induced HepG2 cells by double-staining with Hoechst 
33342/ Propidium (×400). Observation in the same visual field with 
Hoechst 33342, PI and Hoechst 33342+ PI respectively. (A) Control 
cells; (B) Cells treated with 1mM FFAs; (C) Cells treated with 2mM 
FFAs; (D) Cells treated with 3mM FFAs. White, yellow, and pink arrows 
indicate apoptotic cells, necrotic cells, and cells in advanced stages of 
apoptosis and necrosis respectively. 
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the percentages of viable cells were 70-80%, 
and 60-70%, respectively. These two groups 

showed a significant difference 
compared to control group. Further-
more, HepG2 cells were more sensi-
tive to 2mM and 3mM of FFAs after 
treatment for 12 and 24 h. 
 
Discussion 
 
FFAs, when added to cells may lead 
to a significant increase of lipid 
droplet accumulation in the cyto-
plasm. Accumulation of a high con-
centration of lipid droplets in cells 
can be toxic manifesting in apop-
tosis and necrosis if high enough 
levels are reached [11, 12]. To date, 
few investigations have been con-
ducted in order to address FFA-
induced lipotoxicity in HepG2 cells. 
Moreover, little interest has been 
developed showing any insight to-
ward lipid accumulation-induced 
lipotoxicity in cells [13].  
 
Morphological observation and 
quantitative analysis have demon-
strated that intracellular lipid con-
tent increased in a dose-dependent 
manner after treatment of cells with 
different concentrations of FFAs 
(Figure 1). Furthermore, changes of 
lipid content in cells were evaluated 
qualitatively and quantitatively us-
ing Oil Red O staining to confirm the 
previous data. Compared to normal 
group, the contents and size of red 
lipid droplets inside cells of FFA-
treated groups was significantly 
increased in a concentration-
dependent manner. By Nile Red 
fluorescence staining, it was obvi-
ous under the microscope that 
higher FFAs concentrations caused 
an increase in red fluorescence in-
tensity in the cytoplasm. Flow cy-
tometry results have confirmed the 
previous observation; as the con-
centration of FFAs increased, the 
peak continuously shifts to the 
right, corresponding to the signifi-
cant increase in the geometric me-
dian and fluorescence intensity 
(Figure 3). 

 
Previous studies [14, 15] have shown that a 

Figure 5. Observation of FFAs-induced apoptosis by Annexin V-FITC/PI 
in HepG2 cells treated with different concentrations of FFAs. (A) The 
flow cytometry diagram of double-staining with Annexin V-FITC/PI stain-
ing. (a) Control cells; (b) 1mM FFAs; (c) 2mM FFAs; (d) 3mM FFAs. The 
normal control, early apoptotic, late apoptotic, and necrotic cells were 
present in the lower left, lower right, upper right, and upper left quad-
rant, respectively. The percentage of cells in each quadrant is indi-
cated. (B) Quantitive detection of FFAs-induced apoptosis by Annexin V-
FITC/PI staining. Each value represents the mean±SD of 3 independ-
ent experiments. Comparison of the percentages of normal cells. ap < 
0.05, aap < 0.01 vs. control; Comparison of the percentages of late 
apoptotic and necrotic cells. bp < 0.05, bbp < 0.01 vs. control. 
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concentration of 1mM FFAs causes lipotoxicity 
in cells but this toxicity becomes not so appar-
ent making it more evident to observe the lipo-
toxicity in these cells by increasing the concen-
trations of FFAs [16]. Therefore, we have fol-
lowed the same methodology described in previ-
ous studies to investigate the lipotoxicity caused 
by FFAs in HepG2 cells [17, 18]. The Hoechst 
33342 and PI double staining demonstrated 
that apoptosis and necrosis in cells were signifi-
cantly increased with the increasing FFA con-
centrations. Furthermore, apoptosis was not 
obvious in the 1mM FFA-treated groups, which 
is consistent with previous studies indicating 
that 1mM of FFAs caused lipid accumulation but 
not cytotoxicity. Nuclei showed some dense 
staining and localization in the group treated 
with 2 mM FFAs, indicating the appearance of 
apoptosis in cells. Apoptosis was more apparent 
in the 3mM FFA-treated groups indicating a 
large number of cells close to late apoptosis 
and necrosis (Figure 4).  
 
MTT assays performed with different concentra-
tions of FFAs at different time exposure intervals 
indicated that 1mM of FFAs had no effect on the 
amount of viable cells. Furthermore, Annexin V-
FITC experiments demonstrated that cell viabil-
ity was decreased with the increase in FFA con-
centration, while late apoptosis and necrosis 
rates were increased, early apoptosis was not 
apparent. Moreover, compared with the normal 
cell group, the treated groups of 2mM and 3mM 
FFAs showed significantly more apoptosis and 
cell death; 86-80% and 77-74%, respectively, 
confirming the MTT test results (Figure 5). 
Therefore, FFAs induced late apoptosis in HepG2 
cells in a concentration-dependent manner, 
while early apoptosis was not obvious. Mean-
while, 1mM FFAs mainly caused lipid accumula-

tion in HepG2 cells without apparent lipotoxicity. 
However, the groups treated with 2 and 3 mM 
FFAs significantly increased the lipotoxicity in 
HepG2 cells. 
 
The above results suggest that within a certain 
range of concentrations, FFAs can induce the 
accumulation of lipids in HepG2 cells in a con-
centration-dependent manner. This gradual in-
crease in FFA concentration can cause an accu-
mulation of lipid droplets in the cytoplasm, and 
thus induces late apoptosis and necrosis in 
HepG2 cells but not necessarily early apoptosis. 
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