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Abstract: Hepatocellular carcinoma (HCC) can be originated from various etiologies and is preceded mostly by cir-
rhosis. Unfortunately, there is no effective treatment due to its late prognosis. Alterations in autophagy have been 
reported during the development and progression of HCC. Autophagy allows for the maintenance of a positive en-
ergy balance and the proper functioning of organelles through the selective degradation of cellular components. It 
has been demonstrated that autophagy suppresses spontaneous tumorigenesis in the liver. Therefore, autophagy 
has become a therapeutic target for effective HCC therapies. We have previously demonstrated that the adenosine-
derived compound, IFC-305, has a chemopreventive effect on HCC, in addition to maintaining mitochondrial func-
tion in a sequential model of cirrhosis-HCC. Thus, the aim of this work was to determine if IFC-305 has an effect 
on autophagy in the sequential model of cirrhosis-HCC induced by diethylnitrosamine or in vitro in the HCC cell line 
HepG2 and mouse embryonic fibroblasts. The results of this work showed that IFC-305 modifies the levels of the 
BECN1, p62/SQSTM1 and LC3-II proteins that play an important role in the autophagic process. In vivo, IFC-305 
regulates the levels of the PINK1 and PARKIN proteins that specifically mark mitochondria for repair or degradation. 
In the HepG2 cell line, its effect was accompanied by a decrease in cell viability. Interestingly, in nontumoral cells 
the time to autophagy induction was different compared to the HepG2 cells. This study suggests that autophagy 
induction may be part of the mechanism by which IFC-305 maintains mitochondrial function, thereby facilitating the 
prevention and reversal of HCC.
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Introduction

Hepatocellular carcinoma is a complex pathol-
ogy that develops mainly from cirrhosis of a dif-
ferent etiology; ethanol consumption, hepatitis 
B or C virus infection (HBV or HCV, respectively), 
metabolic syndrome and obesity are all consid-
ered factors associated with an increased inci-
dence of HCC [1]. The main problem with HCC is 
that it causes a large number of deaths mainly 
because there is no early detection and current 
therapies are not very effective [1]. 

Autophagy is a cellular process that helps to 
maintain a positive energy balance through the 
selective degradation of intracellular compo-
nents and the renewal of cellular organelles, 

such as damaged mitochondria [2, 3]. Different 
types of cellular stress activate autophagy, 
such as DNA damage, mitochondrial damage, 
hypoxia, and nutrient deprivation, among oth-
ers. In addition to cytoprotection, several func-
tions have been related to autophagy, such as 
immune responses [4, 5], genome stability and 
tumor suppression through the induction of cell 
death among precancerous cells with chromo-
somal instability, thus preventing their prolifera-
tion [6]. Accordingly, autophagy is deregulated 
in various diseases, including cancer, and its 
modulation is a therapeutic approach. 

Three types of autophagy occur in the liver: 1) 
Endosomal microautophagy, where the late 
endosomal membrane forms small invagina-
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tions that later detach from the membrane and 
remain inside the endosome for degradation, 
2) Chaperone-mediated autophagy, where 
cytosolic proteins are incorporated into the lys-
osome through a receptor called the lysosome-
associated membrane protein type 2A, and 3) 
Macroautophagy, in which an isolation mem- 
brane forms a cup shaped structure known as 
the phagophore that elongates around the 
cytoplasmic cargo and eventually seals, giving 
rise to a double-membrane vesicle called the 
autophagosome. The autophagosome is then 
delivered by microtubules to lysosomes, the 
outer membrane of the autophagosome fuses 
with the lysosomal membrane to form an autol-
ysosome, and the engulfed cargo is degraded 
by lysosomal hydrolases [2]. Macroautophagy 
is the focus of this work and will be referred to 
herein as autophagy.

The autophagic process is controlled by pro-
teins known as ATGs that group into functional 
complexes and are encoded by autophagy 
related genes (Atg). Upon autophagy induction, 
the ULK1 complex is recruited to trigger the 
nucleation of the phagophore by phosphorylat-
ing components of the class III PI3K complex  
1, which contains BECN1 (BECLIN-1) and PI3- 
KC3 (VPS34), among other proteins. In turn, 
PI3KC3 produces phosphatidylinositol-3-phos-
phate (PI3P) that recruits the WIPI2 effector 
protein. WIPI2 binds to ATG16L1, recruiting the 
ATG5-ATG12/ATG16L complex that enhances 
the conjugation of the LC3-I protein to mem-
brane-resident phosphatidylethanolamine (PE), 
thus forming the membrane-bound, lipidated 
form, LC3-II, which is required for phagophore 
elongation and the sealing of the autophago-
some. LC3-II also attracts components of the 
autophagic machinery that function as cargo 
receptors because they contain both an LC3-
interacting motif and a specific binding motif 
for a label in the cargo, such as ubiquitin in the 
case of p62/SQSTM1. Since cargo receptors 
are degraded together with the engulfed cyto-
plasmic material, the abundance of p62/
SQSTM1 is indicative of a functional autopha-
gic flux [7, 8]. 

The accumulation of p62/SQSTM1 during carci-
nogenesis has been related to the chronic acti-
vation of NRF-2 through a direct interaction 
with Keap1, the NRF-2 inhibitor protein [9]. 
NRF-2 is a transcription factor that is responsi-
ble for regulating the antioxidant response 
through inducible antioxidant elements in 
response to oxidative damage. These elements 

are direct or indirect free radical scavengers. 
The activity of NRF-2 is constitutively repressed 
due to its interaction with the KEAP1 cytoplas-
mic protein because this interaction induces 
the degradation of NRF-2. However, NRF-2 over-
expression has been associated with different 
chronic inflammatory diseases, as well as the 
development and progression of cancer [10].

Dysregulated autophagy has been described in 
various metabolic disorders such as fatty liver 
and obesity [11]. In addition, deletions have 
been reported in several Atg genes in HCC. It 
has been suggested that autophagy has an 
important role in the suppression of spontane-
ous tumorigenesis in the liver because multiple 
tumors are induced by the deletion of the  
Atg5 and Atg7 genes [12]. Interestingly, lower 
expression of Atg5, Atg7 and Becn1 was ob- 
served in malignant HCC cells and in particular, 
the expression of Becn1 in 44 human HCC  
tissue samples was decreased compared to 
adjacent nontumor tissue. In HCC tissue from 
recurrent patients, lower Becn1 expression cor-
related with malignancy and poor prognosis 
[13]. Moreover, the promotion of inflammatory 
and profibrotic milieu by macrophages has 
been observed in autophagy-deficient Kupffer 
cells resulting in fibrosis and hepatocarcino-
genesis [14]. Hence, dysfunctional autophagy 
seems to contribute to HCC pathogenesis.

The degradation of mitochondria by autophagy 
is known as mitophagy, which is a specialized 
mechanism for the elimination of malfunction-
ing mitochondria. Mitochondrial fission and 
depolarization are required for mitophagy. Fra- 
gmented mitochondria are targeted for mitoph-
agy through labeling by the ubiquitin ligase 
PARKIN that is recruited by PINK1 in response 
to depolarization [15]. PINK1 mediates PARKIN 
recruitment through its association with the 
TOM (translocase of outer mitochondrial mem-
brane) complex. Defective mitophagy has been 
found to both favor and act against tumorigen-
esis [16]. Takamura et al. [12] found the pres-
ence of abnormally swollen mitochondria in 
autophagy-deficient mice that develop liver 
tumors. 

Our group has previously demonstrated that 
the compound IFC-305 has a chemopreventive 
effect in the sequential model of cirrhosis-HCC 
induced by diethylnitrosamine (DEN) in the 
Wistar rat; this effect is related to diminished 
cellular proliferation [17]. In the HCC model 
induced by DEN there are functional and meta-
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bolic alterations. Moreover, fission process is 
favored leading to damaged mitochondrial. 
Treatment with IFC-305 had a protective effect 
favoring the fusion process and the recovery of 
morphology, and thus improving mitochondrial 
function [18]. 

Considering the implications of dysfunctional 
autophagy in HCC, the accumulation of dam-
aged mitochondria in HCC and the recovery of 
mitochondrial function by IFC-305 administra-
tion in the sequential model of cirrhosis-HCC, in 
this work we hypothesized that the IFC-305 
compound restores autophagic function. We 
found that the IFC-305 compound induces 
autophagy both in the experimental model of 
cirrhosis-HCC and in vitro, explaining part of its 
chemopreventive mechanism.

Materials and methods

Chemicals

IFC-305 is the aspartate salt of adenosine  
prepared with adenosine free base (MP Bio- 
medicals, LLC, Illkirch, France) and L-aspartic 
acid (MP Biomedicals, Inc, Eschwege, Germany) 
[19, 20]. Diethylnitrosamine, sucrose, EDTA, 
Trizma base, KCl, MgCl2, luminol, and cumaric 
acid were purchased from the Sigma Chemical 
Company (St. Louis, MO, USA). Sodium pento-
barbital was purchased form PiSA (PiSA 
Agropecuaria, Hidalgo, México).

Animal treatment and experimental groups

Male Wistar rats (weighing 200 g) were 
obtained from and housed at the Animal Faci- 
lity of the National Autonomous University of 

Mexico (UNAM), and all procedures were con-
ducted according to our institutional guidelin- 
es for the care and use of laboratory animals. 
Rats (n=6 per group) were divided in two differ-
ent groups: hepatocellular carcinoma (HCC) 
and cancer progression (CP). They were treated 
as follows: A) the HCC groups were i.p. injected 
with DEN (Sigma-Aldrich) at 50 mg/kg of body 
weight, once a week, and saline solution or IFC-
305 at 50 mg/kg of body weight, 3 times week-
ly (HCC+IFC-305) for 16 weeks, plus 2 a week 
wash out period; B) the CP groups were i.p. 
administered DEN at 50 mg/kg of body weight, 
once a week for 16 weeks and then received 
saline solution or IFC-305 (CP+IFC-305) at 50 
mg/kg of body weight, 3 times weekly for 6 
weeks (Table 1). For euthanasia, the animals 
were anesthetized with sodium pentobarbital 
and subsequently underwent cardiac puncture, 
followed by removal of the liver. 

Mitochondria isolation

Liver samples were homogenized (1:10 w/v) in 
a medium containing 250 mM sucrose, 1 mM 
EDTA, 10 mM Trizma base, and 0.1% BSA, at pH 
7.3. The tissue homogenate was centrifuged at 
755 g for 5 min to remove the nuclei and plas-
ma membrane fragments. The supernatant 
was filtered through organza fabric and centri-
fuged at 8400 g for 10 min to obtain the mito-
chondrial pellet. Mitochondria were resuspend-
ed in 250 mM sucrose, 1 mM EDTA, and 10 mM 
Trizma base, pH 7.3.

Electron microscopy

Liver samples for electron microscopy were 
fixed with glutaraldehyde (6%) and stained  
with osmium tetroxide (1% phosphate buffered 
saline solution) according to Mascorro et al. 
[21].

Isolation and culture of mouse embryonic fi-
broblasts (MEFs)

According to a standard protocol [22], mouse 
embryonic fibroblasts from wild type CD1 or 
GFP-LC3 transgenic mice (C57BL/6J) [23] were 
isolated at E13.5. MEFs were seeded in 
Dulbecco’s Modified Eagle Medium + Gluta- 
MAXTM, 10% FBS and 100 U/mL Penicillin/
Streptomycin. Media and supplements were 
purchased from GIBCO® Life TechnologiesTM, 
Grand Island, NY, USA.

Table 1. Design of the experimental groups

Group
Treatment

16 weeks 6 weeks
Control Saline solution
HCC DEN+ saline solution
HCC+IFC-305 DEN+IFC-305
CP DEN Saline solution
CP+IFC-305 DEN IFC-305
Five experimental groups (n=6) were included as indicated. 
HCC (hepatocellular carcinoma), CP (cancer progression). 
The control group received saline solution only. DEN was 
administered by i.p. injection at 50 mg/kg, once a week for 
16 weeks and the IFC-305 compound was administered 
at 50 mg/kg, 3 times weekly during the DEN administra-
tion intoxication (HCC+IFC-305), or for 6 weeks after DEN 
administration was stopped (CP+IFC-305).
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HepG2 treatment with IFC-305 and determina-
tion of the membrane potential (ΔΨm) with 
JC-1 staining

HepG2 cells (American Type Culture Collection, 
USA) were cultured in EMEM (ATCC, USA), 10% 
FBS and 100 U/mL Penicillin/Streptomycin. 
Cells (10×103 cells/well) were cultured in black 
96-well plates for 24 h and then IFC-305 was 
added at 5 mM for 1, 2, 4, 6 or 24 h. After each 
timepoint, cells were stained with JC-1 (Cayman 
Chemical #15003, USA) at 3 μM in culture 
medium for 20 min at 37°C and 5% CO2. Then, 
cells were washed with PBS, and maintained in 
PBS. JC-1 is able to form aggregates within the 
mitochondria when their membrane potential is 
high or remains as monomers in cells contain-
ing mitochondria with low membrane potential. 
Fluorescence of J-aggregates and J-monomers 
was measured with excitation/emission wave-
lengths of 535/590 and 485/535, respective-
ly, with a Cytation plate reader (Bio-Tek, USA). 
For confocal microscopy, cells were seeded in 
35 mm Fluorodish plates (World Precision 
Instruments, Inc) (20×104 cells/well) and treat-
ed with IFC-305 as above and analyzed by con-
focal microscopy using a Leica TCS SP5 micro-
scope. Scale bars represent 30 µm. The chloro-
quine treatment 25 µM for 30 min was used as 
an autophagy inhibitor to demonstrate the inhi-
bition of the effect of IFC-305 on the recovery 
of ΔΨm.

Western blot assays

Mitochondrial and total protein extracts were 
used. Volumes equivalent to 50 µg of protein 
were electrophoresed on polyacrylamide gels 
(10% for BECN1 and p62/SQSTM1; 15% for 
LC3: 12% for PINK1 and PARKIN) and separ- 
ated proteins were transferred onto PVDF 
(Immobilon P). Next, blots were blocked with 
5% skim milk and 0.05% Tween-20 for 30 min 
at room temperature and independently incu-
bated overnight at 4°C with selective anti- 
bodies (1:1000 dilution) against BECN1 and 
p62/SQSTM1 (Cell Signaling, cat. D40C5 and 
5114S, respectively), LC3 (MBL, cat. PD014), 
PINK1, PARKIN, HSP60, and ACTIN (Santa Cruz 
Biotechnology, cat. sc-33796, cc-133167, sc- 
136291, and sc-47778, respectively). On the 
following day, the membranes were washed 
and then exposed to a secondary peroxidase-
labeled antibody at a dilution of 1:10000 
(Jackson ImmunoResearch) in the blocking 
solution for 1 h at room temperature. Blots 
were washed and the protein signal was  

developed using the ECL detection system. 
Densitometric analyses of bands were per-
formed with Quantity One software (Bio-Rad 
Laboratories, Hercules, CA, USA).

Sulforhodamine B assay for HepG2 cells 

For cytotoxicity assays, HepG2 cells were  
seeded into 96-well plates (10×104/well) 24 h 
before treatment. Then, HepG2 cells were  
cultured with 5 mM IFC-305 for 24 hours  
and the cell density was evaluated by the 
Sulforhodamine B colorimetric assay for cyto-
toxicity screening (SRB) [24]. Briefly, cells were 
fixed with 10% (wt/vol) trichloroacetic acid and 
stained with a 0.04% (wt/vol) SRB solution in 
acetic acid for 60 min. Then, the plates were 
rinsed with 1% (vol/vol) acetic acid to remove 
unbound dye. The protein-bound dye was dis-
solved in 10 mM Tris pH 10.5 base solution and 
the absorbance was measured at 510 nm using 
a microplate reader.

Cyto-ID staining

IFC-305 was added to MEFs at 5 mM for 1, 2, 4 
or 6 h. After each timepoint, cells were stained 
with CYTO-ID® (Autophagy Detection Kit, Enzo 
Life Sciences, cat. 51031-K200, Farmingdale, 
NY, USA) using 1 μL CYTO-ID/mL culture medi-
um for 20 min at 37°C and 5% CO2. Then, the 
cells were washed with PBS, maintained in  
PBS supplemented with 10% FBS and analyzed 
by confocal microscopy using a Leica TCS  
SP5 microscope (with UV-405 and Arg-488 nm 
lasers). Scale bars represent 30 µm.

Statistical analysis

Data are expressed as the mean values +/- 
standard error of the mean (S.E.M.). Compari- 
sons were carried out by analysis of variance, 
followed by Tukey’s test, as appropriate, using 
Graph Pad Prism 5.0 (Graph Pad Software Inc, 
La Jolla, CA) for Windows. Differences were 
considered statistically significant when P≤ 
0.05.

Results

IFC-305 induces autophagy in the HCC experi-
mental model in vivo

To assess whether IFC-305 has any effect on 
autophagy in vivo, we followed the scheme 
shown in Table 1. The presence of citrate syn-
thase and VDAC1 was determined as positive 
controls and β-actin as mitochondrial purity. 
Figure 1G shows the presence of citrate syn-
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Figure 1. Effect of IFC-305 on autophagy in the sequential model of cirrhosis-HCC. Autoph-
agy-related protein levels were determined by Western blot analysis of total protein extracts 
from the liver: (A) BECN1, (B) p62/SQSTM1, (C) LC3; and isolated mitochondria: (D) PINK1 
and (E) PARKIN. The bars correspond to the densitometric analysis. Values are expressed 
as the means ± SE. a, Significant difference vs. control; b, Significant difference vs. HCC 
group; c, Significant difference vs. CP group. (F) Representative blots of (A-E). (G) Mitochon-
drial purity: representative blots for citrate synthase, VDAC and β-actin in total, cytoplasmic 
and, mitochondrial fractions from HCC and HCC+IFC-305.
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thase and VDAC in the total and mitochondrial 
fractions. On the other hand, in the mitochon-
drial extracts the presence of β-actin was not 
detected. This result indicates the mitochon-
drial fraction purity. To determine if autophagy 
is induced by the IFC-305 compound, which 
has a chemopreventive function in the sequ- 
ential model of cirrhosis-HCC, we compared  
the levels of BECN1, p62/SQSTM1 and LC3 
with or without IFC-305. We found that the  
level of BECN1 was reduced in the CP group 
and the IFC-305 treatment increased the  
levels of this protein (CP+IFC-305); there were 
no significant changes in the level of this pro-
tein in the HCC or HCC+IFC-305 groups (Figure 
1A). The abundance of p62/SQSTM1, on the 
other hand, was not altered with 16 weeks of 
DEN administration (HCC group) but was signifi-
cantly decreased with IFC-305 treatment 
(HCC+IFC-305); however, at week 22, the level 
of p62/SQSTM1 was reduced in the CP group 
and increased with IFC-305 treatment (CP+ 
IFC-305) (Figure 1B). The levels of the lipidated 
form of LC3 (LC3-II) were only modified in the 
group where the rats were treated with IFC-305 
when the DEN administration was stopped 
(CP+IFC-305) (Figure 1C). These results sug-
gest that IFC-305 indeed induces autophagy. 
To evaluate whether mitophagy in particular  

is being induced, we decided to determine 
whether the PINK1 and PARKIN proteins, which 
mark depolarized and damaged mitochondria 
for degradation by mitophagy, are recruited to 
the mitochondria in response to IFC-305 treat-
ment. There was an increase in the PINK1  
mitochondrial content in the HCC group, while 
no changes were detected in the other experi-
mental groups (Figure 1D). Interestingly, an 
increased PARKIN content was detected in the 
HCC and CP groups, and the treatment with 
IFC-305 inhibited and diminished this effect 
(HCC+IFC-305 and CP+IFC-305, respectively) 
(Figure 1E). These results indicate that even 
though damaged mitochondria are properly 
recognized by PINK1, mitophagy is interrupted 
in HCC giving rise to dysfunctional mitochon-
dria accumulation, which suggest that IFC-305 
treatment restores the mitophagic flux. We  
confirmed by electron microscopy that engulf-
ment of damaged mitochondria is impaired in 
HCC, as mitochondria with surrounding mem-
branes were observed (pointed with an arrow, 
Figure 2), suggesting incomplete autophago-
some formation. By contrast, circular mitochon-
dria were observed in the CP group. The treat-
ment with IFC-305 led to the presence of nor-
mally shaped mitochondria and the absence  
of surrounding membranes, as expected for 

Figure 2. Morphological changes evaluated by electron microscopy. Each panel is representative of the indicated 
group. Liver slices were fixed with glutaraldehyde and stained with osmium tetroxide. The dotted-outline squares 
represent a magnification of a mitochondrion. 
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healthy mitochondria, suggesting that any dam-
aged mitochondria had already been degraded. 
In Figure 2, magnified images of some mito-
chondria are shown in the dotted squares for a 
better appreciation.

IFC-305 induces autophagy in HepG2 cells

Because the abnormal mitochondria found in 
abundance in the in vivo model of HCC disap-
pear with IFC-305 administration, we decided 
to evaluate whether the IFC-305 compound 
restores the mitochondrial membrane potential 
(ΔΨm) in an HCC cell line. To do this, HepG2 
cultured cells were treated with 5 mM IFC-305 
for 2, 4, 6, and 24 h and the ΔΨm was evaluat-
ed. Figure 3A shows the JC-1 signal in the 
untreated and 4 and 24 h IFC-305-treated 
HepG2 cells. In the IFC-305-treated cells there 
was a greater red fluorescence signal indicat-
ing a recuperation of the ΔΨm. This result was 
corroborated with the J-aggregates versus J- 
monomers ratio, which indicated the recovery 
of the ΔΨm. As shown in Figure 3B, the maxi-
mum peak is observed at 4 hours after treat-
ment with IFC-305, while this peak diminished 
after 24 hours. In addition to the effect on fluo-
rescence at 24 hours, a different HepG2 phe-
notype can also be observed; the green and 
red JC-1 signals are reduced after 24 hours of 
treatment with IFC-305. This could indicate 
that there is an alteration in the cellular integ-
rity due to a modification in the membranes or 
cell death. Hence, IFC-305 partially restores 
the ΔΨm in HepG2 cells. This effect was pre-
vented by the autophagy inhibitor chloroquine 
(CQL) as it compound avoid the increment in 
the ΔΨm induced by the IFC-305 treatment 
suggesting that the effect observed in mito-
chondria is due to an induction of autophagy.

To determine whether the positive effect of the 
IFC-305 compound on mitochondrial function 
is related to autophagy induction in the HepG2 
cells, we measured the amount of some ATG 
proteins by Western blot. The levels of the 
BECN1 and LC3-II proteins were significantly 

increased after 24 h of IFC-305 treatment 
(Figure 3C), while p62/SQSTM1 progressively 
diminished, with significant decreases after 6 
and 24 h of IFC-305 treatment (Figure 3D). 
Because p62/SQSTM1 affects the abundance 
of NRF-2 by interacting with PEAK1, and HCC 
protects against oxidative stress, we decided to 
evaluate if there were changes in the amount of 
NRF2 induced by IFC-305 treatment. Indeed, 
the level of NRF2 diminished after 2 h of IFC-
305 treatment and was maintained at the 
same level out to 24 h (Figure 3F). Repres- 
entative blots are presented in Figure 3G. In 
summary, the IFC-305 compound induced 
autophagy in transformed HepG2 cells, howev-
er, it also decreased cell viability (Figure 3H). 

IFC-305 induces autophagy in primary mouse 
embryonic fibroblasts

To evaluate the effect of the IFC-305 compound 
on autophagy in healthy, nontumoral cells, we 
measured BECN1, p62/SQSTM1 and LC3 pro-
tein content in primary mouse embryonic fibro-
blasts (MEFs). We incubated the cells with 5 
mM IFC-305 for 0, 1, 2, 4 and 6 h. We observed 
a progressive increase in BECN1 up to 4 h of 
IFC-305 treatment; after 6 h, the BECN1  
content recovered to the normal level (Figure 
4A). An augmented p62/SQSTM1 level was 
observed beginning at 1 h of IFC-305 treat-
ment, which was sustained until 4 h, but 
returned to normal levels by 6 h (Figure 4B). 
LC3-I and LC3-II significantly increased at 1 h 
and then slightly decreased at 2 and 4 hours, 
with levels lower than the control group at 6 h. 
Representative blots are shown in Figure 4D. 
Together, these observations suggested that 
IFC-305 induced a functional autophagic flux in 
MEFs.

To further confirm IFC-305-induced autophagy, 
we directly detected the presence of autopha-
gosomes stained with Cyto ID®; Figure 4E 
shows representative images. An induction  
of autophagosome formation was observed 
with 5 mM IFC-305 treatment for 2 h, which 

Figure 3. Autophagy modulation by the IFC-305 compound in HepG2 cells. IFC-305 was added to cultured HepG2 
cells for 0, 2, 4, 6, and 24 h. (A) Mitochondrial membrane potential was determined by staining with JC-1 dye; (B) 
Timecourse of JC-1 fluorescence as determined by the J-aggregates:J-monomers ratio and the effect of chloroquine. 
Autophagy-related protein levels were determined by Western blot analysis of total protein extracts from HepG2 cells 
(C) BECN1, (D) p62/SQSTM1, (E) LC3 and (F) NRF2. (G) Representative blots. (H) Cell density determination by the 
sulforhodamine B (SRB) assay based on the measurement of cellular protein content after 24 hours of treatment 
with 5 mM IFC-305.
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Figure 4. IFC-305 induces autophagy in MEFs. IFC-305 was added to MEFs at 5 mM for 1, 2, 4 or 6 h. Autophagy-related protein levels were determined by Western 
blot analysis of total protein extracts from MEFs: (A) BECN1, (B) p62/SQSTM1, (C) LC3. (D) Representative blots. (E) Representative images of autophagosome 
formation in MEFs stained with Cyto ID® and nuclear Hoechst staining after 12, 2 or 4 h of treatment with 5 mM IFC-305. (F) Fluorescence quantification from the 
autophagosomes in (E).
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increased after 4 h. This effect was diminished 
at 6 h, as expected with an active autophagic 
flux because CytoID fluorescence diminishes  
in acidic pH such as that in autolysosomes. 
Fluorescence quantifications from autophago-
somes are shown in Figure 4F.

Discussion 

Autophagy is a recycling process that promotes 
cell survival during stress and serves as organ-
elle quality control, such as the process of 
mitophagy that helps to maintain functional 
mitochondrial. In addition, autophagy seems to 
be protective against cancer [27]. However, the 
exact mechanism is not yet known, however, it 
has been proposed to be dependent on the 
context of the cell involved [28]. 

BECN1 has been implied as a tumor suppres-
sor [29, 30]. Here, we showed an important 
increase in the level of BECN1 in the group 
treated with IFC-305 after the discontinua- 
tion of DEN administration, suggesting the 
induction of autophagy in our in vivo model. 
Previously, the expression of BECN1 was been 
found to be downregulated in HCC patients, 
and this finding was correlated with the severity 
of HCC, cirrhosis and vascular invasion [31]. 
Zou et al. demonstrated that induction of 
BECN1 could mediate autophagy as a mecha-
nism to promote apoptosis in HCC cultured 
cells [32]. This result suggests that HCC sever-
ity is lower when treated with IFC-305 com-
pared to the group that only received vehicle 
due to autophagy induction. 

As seen in the HCC groups, IFC-305 treatment 
affected protein levels, as demonstrated by  
the decreased amount of p62/SQSTM1 in the 
HCC+IFC-305 group compared to the HCC 
group. It has been recently shown that p62/
SQSTM1 is required to induce HCC in mice [33] 
and that it is needed for NRF2 activation to pro-
tect HCC from oxidative stress in a preneoplas-
tic stage [34]. This effect could explain the dif-
ferences founded in the HCC and CP groups, 
remembering that the latter corresponds to a 
cancer progression state rather than an initial 
stage. The ability of IFC-305 to diminish the 
amount of p62/SQSTM1 protein supports its 
previously reported chemopreventive effect 
[17]. 

Recently, the absence of LC3 was associated 
with immediate mortality after surgical HCC 

resection. Therefore, in addition to the role that 
these proteins have in autophagy, they may 
also serve as prognosis indicators in HCC 
patients undergoing liver resection [35]. The 
results from our in vivo model may suggest the 
importance of mitophagy induction to degrade 
dysfunctional mitochondria that accumulate  
in the HCC and CP groups. On the other hand, 
we observed a significant increase only in the 
levels of PINK1, which suggests that mitochon-
dria with decreased membrane potential are 
labeled, an effect that we have demonstrated 
previously [18]. We know that one of the most 
important steps, although not unique, in con-
tinuing the process of repairing or degrading 
damaged mitochondria through mitophagy is 
the subsequent translocation of PARKIN and 
the ubiquitination of various proteins, which 
precedes LC3-mediated degradation via the 
autophagy machinery [36]. One of the most 
notorious changes in the in vivo model was  
the increase in PARKIN protein levels in the 
HCC and CP groups, which were decreased  
with IFC-305 treatment (HCC+IFC-305 and 
CP+IFC-305). This effect could suggest that 
mitochondria marked by PINK1 have indeed 
been repaired or degraded by mitophagy. In 
addition to the important role that PARKIN 
plays in mitophagy, this protein has also been 
associated with 8-hydroxy-2’-deoxyguanosine, 
a marker of mutagenicity and damage to mito-
chondrial and nuclear DNA (mtDNA and nDNA, 
respectively). Its colocalization has been found 
in models of chronic and acute alcoholism in 
rats [37, 38]. Mitochondria can promote tumori-
genesis because they play an important role in 
the overproduction of reactive oxygen species 
when they are nonfunctional and favoring fis-
sion. As a result, mitophagy may function as a 
tumor suppressor because it is the main way to 
correct or degrade dysfunctional mitochondria 
[39].

We compared the in vivo effect of IFC-305 with 
its effect on an HCC cell line to verify if this 
compound also induces autophagy in vitro. 
Recently, it has been demonstrated that 
autophagy inhibits the proliferation of HepG2 
cells and that some of the autophagy markers 
could be useful as prognostic factors [32, 35, 
40]. Here, we showed an increase in the levels 
of BECN1 and LC3-II and a decrease in the  
level of p62/SQSTM1. Moreover, we evaluated 
the ΔΨm by JC-1 staining, which selectively 
enters mitochondria with a polarized mem-
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brane potential and forms complexes known  
as J-aggregates with red fluorescence that 
decrease the red/green fluorescence intensity 
ratio. We observed a ΔΨm recuperation after 4 
h of IFC-305 treatment and a depolarization at 
24 h. Interestingly, we observed a significant 
decrease in the levels of the NRF2 transcription 
factor beginning within the first hour of IFC- 
305 treatment. This decrease probably occur 
because decreased p62/SQSTM1 levels inhibit 
the NRF-2-KEAP1 interaction, which results in 
its polyubiquitination and degradation by the 
proteasome [41]. This result suggests that a 
lower antioxidant defense compromised the 
cellular viability, which would explain the 
observed changes in the JC-1 signal and thus, 
the changes in cell morphology. Some studies 
have found that increased NRF2 expression is 
related to proliferation, invasion, chemoresis-
tance, tumor size and differentiation metasta-
sis in HCC [42-44]. 

Finally, this study evaluated the ability of  
the IFC-305 compound to induce autophagy  
in nontumoral cells. Here, we demonstrate, 
through the evaluation of autophagy markers, 
that IFC-305 is able to induce autophagy in 
MEFs, showing a peak in autophagosome for-
mation after 4 hours of treatment with the  
compound. This effect was corroborated by the 
autophagosome formation observed in GFP-
LC3 MEFs (data not shown). The autophagy 
induction by IFC-305 could be part of the pro-
tective mechanism that has been demonstrat-
ed for this compound, including preventing the 
accumulation of nonfunctional mitochondria or 
allowing for their repair through mitophagy. We 
have previously reported the effect of IFC-305 
on the function, metabolism and dynamics of 
mitochondria in the sequential model of cirrho-
sis-HCC [18]. Further studies are required to 
elucidate the autophagy-related mechanism by 
which the inhibition of tumor cell proliferation 
by IFC-305 is carried out. An important charac-
teristic that we would like to highlight is that the 
times of autophagy induction in the HepG2 cell 
line and in the MEFs are different; in the latter 
we find that autophagy is induced more rapidly, 
possibly because the metabolic characteristics 
of these cells are different.

In conclusion, IFC-305 is a compound that has 
the ability to induce autophagy. In the in vivo 
HCC model, this effect may help to recover 
mitochondrial function by preventing progres-

sion and favoring the reversal of HCC [17, 18]. 
In the in vitro model, the induction of autopha-
gy may partially favor the recovery of the ΔΨm 
in HepG2 cells, this result was supported by the 
fact that chloroquine, an autophagy inhibitor, 
avoided this effect; however, the main effect of 
the IFC-305 compound was a decrease in the 
number of viable cells. In this study, we found 
that the induction of autophagy by the IFC-305 
compound may be an important component in 
the recovery of mitochondrial function, as well 
as in the prevention and reversal of HCC. 
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