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Abstract
AIM: To investigate the role of autophagy in the anti-
apoptotic effect of augmenter of liver regeneration 
(ALR). 

METHODS: Autophagy was induced through serum 
deprivation. An ALR-expressing plasmid was transfected 
into HepG2 cells, and autophagic flux was determined 
using fluorescence microscopy, electron microscopy, 
Western blot and quantitative polymerase chain 
reaction (qPCR) assays. After ALR-expressing plasmid 
transfection, an autophagy inhibitor [3-methyladenine 
(3-MA)] was added to HepG2 cells, and apoptosis 
was observed using fluorescence microscopy and flow 
cytometry. 

RESULTS: Autophagy was activated in HepG2 cells, 
peaking at 24 h after serum deprivation. Microtubule-
associated protein light chain three-II levels were 
higher in HepG2 cells treated with ALR than in control 
cells, fluorescence microscopy, electron microscopy and 
qPCR studies showed the similar trend, and p62 levels 
showed the opposite trend, which indicated that ALR 
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may play an important role in increasing autophagy 
flux. The numbers of apoptotic cells were substantially 
higher in HepG2 cells treated with both ALR and 3-MA 
than in cells treated with ALR alone. Therefore, the 
protective effect of ALR was significantly attenuated 
or abolished when autophagy was inhibited, indicating 
that the anti-apoptotic effect of ALR may be related to 
autophagy. 

CONCLUSION: ALR protects cells from apoptosis 
partly through increased autophagy in HepG2 cells and 
may be valuable as a new therapeutic treatment for 
liver disease.

Key words: Autophagy; Augmenter of liver regeneration; 
Apoptosis; HepG2 cells
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Core tip: Recent studies have found that augmenter 
of liver regeneration (ALR) plays an important role 
in suppressing hepatocyte apoptosis, although the 
mechanism remains unknown. Our study shows that 
ALR plays an important role in increasing the level of 
autophagy in HepG2 cells. The protective effect of 
ALR was significantly attenuated or abolished when 
autophagy was inhibited, indicating that the anti-
apoptotic effect of ALR may be related to autophagy. 
Hence, we conclude that ALR protects cells against 
apoptosis partly by increasing autophagic activity in 
HepG2 cells and may be valuable for developing new 
therapeutic treatments for liver disease.
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INTRODUCTION
In 1975, LaBrecque et al[1] discovered hepatic 
stimulator substance (HSS), which specifically 
stimulates hepatocyte DNA synthesis, in livers 
regenerating from partial hepatectomy and in the 
cytosol of neonatal rat livers. In 1994, Hagiya et al[2] 
cloned the cDNA of HSS, clarified its primary structure 
and renamed it augmenter of liver regeneration (ALR). 
Recent studies found that the ALR protein is a flavin-
containing sulfhydryl oxidase that localizes to the 
mitochondrial intermembrane space and plays an 
important role in suppressing hepatocyte apoptosis[3-5]. 
Polimeno et al[3] demonstrated that ALR can control 
apoptosis in regenerating livers in rats treated with 
ALR 72 h after a partial hepatectomy. However, the 
mechanism underlying the anti-apoptotic or protective 

effect of ALR remains unknown. 
Multiple lines of direct and indirect evidence suggest 

a mechanistic overlap and interaction between the 
apoptotic machinery and autophagic proteins[6,7], which 
can be mutually regulated by nuclear factor (NF)-κB, 
c-Jun N-terminal kinase, p62, Beclin-1, Bcl-2, Caspase, 
and p53 signaling[8,9]. For example, Mei et al[10] found 
that tumor necrosis factor (TNF)-α/ActD can inhibit 
autophagy through the Caspase-3-mediated cleavage 
of Beclin-1, which produces a truncated protein that 
is unable to promote autophagy. In addition, when 
the Caspase inhibitor Z-VAD-FMK was used to inhibit 
TNF-α/ActD-induced apoptosis, autophagy increased 
significantly due to the inhibition of Beclin-1 cleavage. 
Thus, we hypothesized that autophagy may play an 
important role in the anti-apoptotic effect of ALR.

To test our hypothesis, we determined the effect of 
ALR on autophagy by transfecting an ALR-expressing 
plasmid into HepG2 cells. We then monitored 
hepatocyte apoptosis in HepG2 cells treated with an 
ALR-expressing plasmid and an autophagy inhibitor 
to uncover the role of autophagy in the anti-apoptotic 
effect of ALR. This study provides new insight into 
mechanisms underlying the protective effect of ALR in 
the liver, which may be valuable for developing new 
therapeutic treatments for liver disease.

MATERIALS AND METHODS
Cell culture and treatment
HepG2 cells, a human hepatoma cell line (Xiangfu 
Biological Company, Shanghai), were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) with 
10% fetal calf serum in a 37 ℃ incubator with 5% CO2. 
All culture reagents were purchased from Hyclone. 
Autophagy was observed at different time points (0, 
12, 24, and 48 h) after starvation caused by serum 
deprivation. For 3-methyladenine (3-MA, Sigma) 
treatment, 3-MA (final concentration, 750 ng/ml) was 
added to the medium when the medium was changed 
to serum-free medium.

Plasmid infection  
The GFP-LC3B[11] and ALR-expressing plasmids[5] 
(1ug) were transfected into HepG2 cells using the 
X-tremeGENE HP DNA transfection reagent (Roche) 
according to the manufacturer’s instructions. Cells were 
then cultured in DMEM for 6 h, followed by treatment 
with serum-free medium to induce autophagy. 

Fluorescence microscopy
For fluorescence microscopy, cells were cultured in 
24-well plates with a microscope glass coverslip. After 
the designated treatments, the cells were fixed with 4% 
paraformaldehyde in PBS. All images were obtained 
on an inverted fluorescence microscope (Nikon Eclipse 
E800). To quantify autophagic cells, GFP-LC3 puncta 
were determined in triplicate by counting more than 
30 cells[10]. Apoptotic cells were visualized by staining 
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with Annexin V-FITC and propidium iodide (KeyGEN 
BioTECH). 

Electron microscopy
HepG2 cells were fixed with 2.5% glutaraldehyde in 0.1 
mol/L phosphate buffer (pH 7.4). After dehydration, 
thin sections were cut and stained with uranyl acetate 
and lead citrate. Digital images were obtained using an 
electron microscope (H-7650, Japan). The numbers of 
typical autophagosomes and autolysosomes from each 
cell section were counted randomly in more than 30 
cells[10].

Western blot analysis
Cells were washed in PBS, and cell pellets were lysed 
with RIPA buffer supplemented with phosphatase 
inhibitors and protease inhibitors. Total proteins (50 
μg) were separated via 12% SDS-polyacrylamide 
gel electrophoresis (PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes. The 
membranes were incubated overnight with rabbit 
anti-LC3B and anti-p62 antibodies (Sigma) at 4 ℃. 
Then, the membranes were treated with a horseradish 
peroxidase-conjugated goat anti-rabbit secondary 
antibody (Cell Signaling) and developed with a 
chemiluminescent substrate (Pierce). Densitometry 
analysis was performed using ImageJ software, 
and the relative levels of microtubule-associated 
protein light chain three (LC3)-II in each group were 
normalized to the loading control.

Flow cytometry analysis
After the designated treatments, the cells were 
digested with EDTA-free trypsin. The single-cell solution 
was washed with cold PBS, and approximately 105 cells 
were collected. Binding buffer was added to suspend 
the cells, which were then stained with Annexin V-FITC 
and propidium iodide (KeyGEN BioTECH) at 4 ℃ for 15 
min. The cells were analyzed using flow cytometry (BD 
FACS Calibur, United States). 

Quantitative polymerase chain reaction 
Total RNA was extracted using a Trizol kit (Invitrogen, 
United States) according to the manufacturer’s 
instructions. First-strand cDNA was synthesized from 5 
μg RNA (Superscript Ⅲ cDNA Synthesis Kit, Invitrogen), 
and ATG5, ATG7, Beclin-1 and GADPH mRNA 
levels were estimated by quantitative polymerase 
chain reaction (qPCR) using the SYBR Green PCR 
Kit (Invitrogen) on a real-time PCR system (ABI 
PRISM7300, United States). The relative quantity of the 
cycle threshold value in each primer was normalized to 
an internal primer.

Statistical analysis
All data are expressed as the mean ± SD. Independent-
sample t-tests were performed to compare differences 
between two groups. One-way analysis of variance 
(ANOVA) followed by the post hoc LSD test was used to 

compare differences among multiple groups. P < 0.05 
was considered significant. All data were analyzed using 
SPSS 11.5 software.

RESULTS
Starvation-induced autophagic activation in HepG2 cells 
We first assessed the induction of autophagy in HepG2 
cells using a classic method of inducing autophagy, 
which is to starve cells via serum deprivation[12]. To 
assess autophagy, a GFP-LC3 plasmid was transfected 
into HepG2 cells. GFP-LC3 behaves similarly to 
endogenous LC3 and has been widely used to monitor 
autophagy[13]. Upon autophagy induction, GFP-LC3 
translocates to autophagosome membranes, displaying 
punctate green fluorescence after conjugation with 
phosphatidylethanolamine[14]. The number of green 
puncta can then be quantified as an indication of the 
number of autophagosomes and autolysosomes. 

After transfection, HepG2 cells displayed an 
increase in the number of green puncta beginning 
at 6 h and peaking at 24 h after serum deprivation 
(Figure 1A). To verify this result, we monitored the 
changes in the levels of LC3. The transformation of 
LC3 from type I to II is generally regarded as a marker 
of autophagosome formation[15]. LC3-II expression 
also reached its highest point after 24 h (Figure 1B). 
To further confirm the induction of autophagy, we 
performed electron microscopy studies of the HepG2 
cells. Serum deprivation significantly increased the 
number of double-membrane autophagosomes in 
HepG2 cells, especially after 24 h, and most of these 
had enveloped cytosolic contents (Figure 1C, arrows). 
Thus, autophagy was successfully activated in HepG2 
cells after serum deprivation.

ALR increases autophagy in HepG2 cells 
HepG2 cells were transfected with an ALR-expressing 
plasmid to observe the effect of ALR on autophagy. In 
the LC3 turnover assay, LC3-II levels were substantially 
higher in ALR-treated cells than in control cells (Figure 
2A, P < 0.05). To further confirm this result, GFP-LC3 
and ALR-expressing plasmids were cotransfected into 
HepG2 cells. After a 24-h starvation, we observed a 
greater number of green puncta in HepG2 cells treated 
with ALR than in control cells (Figure 2B, P < 0.05). 
Electron microscopy also revealed a similar trend as 
the fluorescence microscopy studies, namely, the 
number of autophagosomes in HepG2 cells treated 
with ALR was higher than that in control cells (Figure 
2C, P < 0.05). However, LC3-II levels indicate only 
upstream level of autophagic processes, and it is 
important to distinguish whether autophagosome 
accumulation is due to the induction of autophagy 
or the inhibition of downstream steps, for instance, 
reduced fusion of autophagosomes with lysosomes. 
p62, which is a lysosome substrate, is degraded 
when autophagosomes fuse with lysosomes. In our 
study, p62 levels were lower in HepG2 cells treated 
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class-Ⅲ PI3 kinase complex is important for the 
regulation of autophagic vesicle nucleation[17]. In our 
study, we observed fewer green puncta in HepG2 cells 
treated with 3-MA than in control cells (Figure 3A). In 
the LC3 turnover assay, LC3-II levels were significantly 
decreased upon 3-MA treatment (Figure 3B). These 
results suggested that 3-MA was able to suppress 
autophagic activity in HepG2 cells.

role of autophagy in the anti-apoptotic effect of ALR in 
HepG2 cells
We monitored apoptosis in HepG2 cells using Annexin 
V-FITC and propidium iodide, which can differentiate 
between early- (green) and late-stage (red) apoptosis. 
Most apoptotic cells were found to be in the early 
stage in HepG2 cells treated by starvation only, 
whereas most were in the late stage or were necrotic 
when treated with 3-MA (Figure 4). 3-MA treatment 
significantly increased the number of late-stage 

with ALR than in control cells (Figure 2A, P < 0.05), 
suggesting that ALR treatment did not block the fusion 
of autophagosomes with lysosomes. Taken together, 
these results indicate that ALR increases autophagic 
flux in HepG2 cells 24 h after serum deprivation.

Of the autophagy-related genes (ATGs) that are 
known to regulate autophagy, ATG6/Beclin-1 plays 
a critical role in regulating the initial nucleation of 
autophagic vesicles, whereas ATG5 and ATG7 are 
involved in the extension and closure of autophagic 
vesicles[16]. The levels of ATG5, ATG7 and Beclin-1 
mRNAs in HepG2 cells treated with the ALR-expressing 
plasmid were higher than that in control cells (Figure 
2D, P < 0.05), indicating that ALR plays an important 
role in increasing overall autophagic activity. 

3-MA suppresses autophagic activity in HepG2 cells 
The class-Ⅲ PI3 kinase inhibitor 3-MA is widely used 
to inhibit autophagic formation because the Beclin-1/

Figure 1  Starvation induces autophagic activation in HepG2 cells. Autophagy in HepG2 cells was observed at 0, 12, 24, and 48 h after starvation caused by 
serum deprivation. A: HepG2 cells were transfected with the GFP-LC3 plasmid and cultured in Dulbecco’s modified Eagle’s medium for 6 h, followed by treatment with 
serum-free medium. Green puncta were observed using an inverted fluorescence microscope (Nikon Eclipse E800); B: Total cell lysates were subjected to Western 
blot analysis with anti-LC3 and anti-β-actin antibodies; C: Typical autophagosomes and autolysosomes (arrow) in HepG2 cells were observed via electron microscopy 
(H-7650, Japan). 
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Figure 2  Augmenter of liver regeneration increases autophagic activity in HepG2 cells. HepG2 cells were transfected with an augmenter of liver regeneration 
(ALR)-expressing plasmid or a control vector and cultured in Dulbecco’s modified Eagle’s medium for 6 h, followed by treatment with serum-free medium. Autophagy 
was observed at 24 h after serum deprivation. A: Total cell lysates were subjected to Western blot analysis with anti-LC3, anti-p62 and anti-β-actin antibodies. 
Densitometry was performed using ImageJ software to analyze the expression of LC3-II; B: GFP-LC3 puncta were determined by counting a total of more than 
30 cells in triplicate samples; C: Digital images were obtained using an electron microscope (H-7650, Japan). The numbers of typical autophagosomes and 
autolysosomes in each cell section were counted randomly for more than 30 cells; D: The expression of ATG5, ATG7 and Beclin-1 mRNA was determined by qPCR. 
Digital data are presented as the mean ± SD from at least three independent experiments. aP < 0.05 ALR (-) vs ALR (+).
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apoptotic cells, indicating that inhibiting autophagy 
promoted apoptosis in HepG2 cells. 

Similar to the results from other studies[18-20], fewer 
apoptotic cells were observed when HepG2 cells were 
treated both by starvation and with ALR compared with 
cells treated by starvation only, suggesting that ALR 
plays an important role in protecting HepG2 cells from 
apoptosis (Figure 4). The number of apoptotic cells 
was also substantially higher in HepG2 cells treated 
with both ALR and 3-MA than in cells treated with ALR 
alone, indicating that the protective effect of ALR was 
significantly attenuated or completely abolished when 
autophagy was inhibited. Hence, the anti-apoptotic 
effect of ALR may be related to autophagy (Figure 
4). ALR was therefore able to protect cells against 
apoptosis partly via increased autophagic activity in 
HepG2 cells.

DISCUSSION
Autophagy is defined as self-eating, which is a self-
degradation process that depends on lysosomes 
in eukaryotes. The first step in autophagy involves 
the formation of lipid bilayer structures that engulf 
cellular macromolecules and organelles to form 
autophagosomes. These autophagosomes then fuse 
with lysosomes to form mature autolysosomes, in 
which, the sequestered components are digested to 

provide the cell with molecular building blocks and 
energy[21]. Autophagy functions as a mechanism to 
survive cellular stresses such as nutrient deprivation, 
which plays an important role in cell self-protection. 

Increasing evidence shows that autophagy 
exhibits a protective effect in hepatocytes[22-24]. Ni et 
al[23] determined the cell viability of primary mouse 
hepatocytes treated with various concentrations of 
APAP in the presence of 3-MA or CQ and found that 
the induction of autophagy protects against APAP-
induced necrosis, whereas the inhibition of autophagy 
further exacerbates it. Ding et al[24] also reached a 
similar conclusion using an ethanol-induced model, 
wherein the suppression of macroautophagy using CQ 
or siRNAs significantly increased hepatocyte apoptosis; 
thus, macroautophagy protected cells from the toxic 
effects of ethanol. 

Based upon this premise, we explored the hypo
thesis that autophagy is involved in the anti-apoptotic 
effect of ALR in hepatocytes. We found that starvation 
induced the activation of autophagy in HepG2 cells, 
which peaked at 24 h after serum deprivation. Li et 
al[25] reported that peak ALR expression in hepatocytes 
occurred 24-36 h after plasmid transfection. Hence, 
we chose to transfect the ALR-expressing plasmid into 
HepG2 cells approximately 30 h before observing the 
effects of ALR on autophagy.

We found that ALR significantly increased autophagic 
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Figure 3  3-MA suppresses autophagic activity in HepG2 cells. 3-MA (final concentration, 750 ng/mL) was added to Dulbecco’s modified Eagle’s medium (DMEM) 
when the medium was changed to serum-free medium. Autophagy was observed at 24 h after serum deprivation. A: HepG2 cells were transfected with the GFP-LC3 
plasmid and cultured in DMEM for 6 h, followed by treatment with serum-free medium. Green puncta were observed using an inverted fluorescence microscope (Nikon 
Eclipse E800); B: Total cell lysates were subjected to Western blot analysis using anti-LC3 and anti-β-actin antibodies. 3-MA: 3-Methyladenine; LC3: Light chain three.
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flux in HepG2 cells after serum deprivation. Although 
very few studies similar to ours have been reported, 
some studies of liver regeneration have provided 
indirect confirmation of our results. Toshima et al[26] 
found that hepatocyte growth factor (HGF) increased 
autophagic activity in primary hepatocytes and that 
autophagy was activated in the regenerating liver after 
PHx. It is known that ALR levels in the serum and 
liver increase quickly in a 70% PHx mouse model[27], 
consistent with the trend of autophagic flux, thereby 
indicating a potential relationship between ALR levels 
and autophagic expression. As growth factors, ALR and 
HGF play similar roles in promoting cell proliferation via 
the MAPK and ERK pathways; therefore, ALR may also 
play a role similar to HGF in regulating autophagy. 

Similar to other studies, we found that inhibiting 
autophagy promoted apoptosis in HepG2 cells and that 
ALR played an important role in protecting HepG2 cells 
against apoptosis. In addition, we found that the anti-

apoptotic effect of ALR may be related to autophagy, 
indicating that ALR may play a protective role partially 
by increasing autophagic activity in HepG2 cells. 
However, the mechanism or pathway by which ALR 
modulates autophagy is still unknown. One possibility 
is that ALR promotes autophagy by inhibiting the 
cleavage of Beclin-1, which is mediated by the Caspase 
family. In fact, ALR has been suggested to inhibit 
Caspase-3 activation by promoting ATP synthesis and 
reducing the release of cytochrome c[19]. Elucidating 
these mechanisms will contribute to our understanding 
of liver recovery and regeneration, which holds 
promise for the treatment of liver diseases in the 
future. 
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Background
Recent studies found that augmenter of liver regeneration (ALR) plays an 
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important role in suppressing hepatocyte apoptosis, but the mechanism is still 
unknown. Increasing evidence suggests that autophagy has a protective effect 
in the liver. There may also be a mechanistic overlap between the apoptotic 
machinery and autophagy proteins. Thus, the present study hypothesized that 
autophagy may play an important role in the anti-apoptotic effect of ALR.
Research frontiers
Direct and indirect evidence suggests a mechanistic overlap and interaction 
between the apoptotic machinery and autophagy proteins, which are mutually 
regulated through nuclear factor-κB, c-Jun N-terminal kinase, p62, Beclin-1, 
Bcl-2, Caspase, and p53. For example, tumor necrosis factor (TNF)-α/ActD can 
inhibit autophagy through the Caspase-3-mediated cleavage of Beclin-1, which 
produces a truncated protein that is unable to promote autophagy. In addition, 
when the Caspase inhibitor Z-VAD-FMK was used to inhibit TNF-α/ActD-
induced apoptosis, autophagy increased significantly.
Innovations and breakthroughs
Recent studies have shown that ALR plays an important role in suppressing 
hepatocyte apoptosis, though the mechanism remains unknown. This study 
shows that ALR significantly increases the level of autophagy in HepG2 cells 
following serum deprivation and that the anti-apoptotic effect of ALR can be 
significantly attenuated or abolished when autophagy was inhibited. Thus, ALR 
is able to protect cells against apoptosis partly by increasing autophagic activity 
in HepG2 cells.
Applications
The results of this study highlight a novel mechanism for the anti-apoptotic 
effect of ALR, which may be valuable for developing new therapeutic treatments 
for liver disease in the future.
Terminology
Autophagy is defined as self-eating, which is a self-degradation process that 
is dependent on lysosomes in eukaryotes. The first step of autophagy involves 
the formation of lipid bilayer structures that engulf cellular macromolecules 
and organelles to form autophagosomes. These autophagosomes then fuse 
with lysosomes to form mature autolysosomes, wherein the sequestered 
components are digested to provide the cell with molecular building blocks and 
energy.
Peer-review
This is a good study in which the authors analyzed the role of autophagy in the 
anti-apoptosis effect of augmenter of liver regeneration in HepG2 cells. The 
results are interesting and suggest that ALR was able to protect cells against 
apoptosis partly through increased autophagic activity in HepG2 cells, which 
may be valuable for new therapeutic treatments for liver disease in the future.
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