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Introduction

Autophagy is the process that allows cells to isolate 
and degrade subcellular components in lysosomes 
and/or vacuoles and subsequently process them for cell 
metabolism. The role of autophagy in cancerogenesis 
is controversial. On one hand, autophagy can promote 
the survival of cancer cells under stress conditions or the 
deprivation of nutrients. On the other hand, autophagy acts 
as tumor suppressor, by stimulating autophagic cell death 
(ACD). ACD is a form of cell death which characterized by 
the large-scale autophagic vacuolization of the cytoplasm 
[1] and several studies have suggested that extended and 
unresolved autophagy promotes cancer cell death by 
ACD [2-3]. Hepatocellular carcinoma (HCC) is one of 
the most malignant and deadly cancers worldwide [4-5]. 
It is considered to the role of autophagy in the HCC 
development and progression is also controversial and 
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still not well known [6-8]. Recent studies reported that 
ACD promotion can enhance the response cancer cells to 
chemotherapy [9-11]. Therefore, stimulation of autophagy 
can be an attractive approach in HCC chemotherapy. 
Lithium induces autophagy and apoptosis, affects on 
proliferation and survival of tumor cells [12-14], and thus, 
can ranks as an antitumor agent for HCC therapy. In this 
study we estimated lithium`s effects on autophagy in HCC 
population in vivo.

Materials and Methods

Cell line and reagents
Hepatocellular carcinoma-29 (HCC-29) cell line was 

obtained from the Institute of Cytology and Genetics, 
Siberian Branch, Russian Academy of Sciences [15]. 
Lithium carbonate was from “Novosibirsk rare metals 
plant” (Russia).
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Animals and tumor induction
Animal testing was performed in accordance with 

Directive 2010/63/EU. Mice were maintained at a constant 
room temperature (23 °C) with a natural day/night light 
cycle in a conventional animal colony. Standard laboratory 
food and water were provided. Before experiments, 
the mice were afforded an adaptation period of at least 
10 days. Male CBA mice of 6–8 weeks of age, with 
weights of 18–20 g were used in experiment. For tumor 
induction, 1 ∙ 106 НСС-29 cells were transplanted into the 
abdominal cavity. After 10 days, ascitic fluid was removed 
and 2 ∙ 106 НСС-29 cells suspended in 100 µL of PBS were 
injected into the right thigh muscle. Mice were randomly 
divided into three experimental groups (five mice in each). 
All treatments were delivered in 100 µL volumes given 
intramuscularly along periphery of the tumor every day. 
Experimental groups were as follows: the mice with intact 
tumor (Control); 0.9 % saline (S) and 20 mM lithium 
carbonate (LC). Lithium was given in sterile 0.9 % saline. 
All drugs were injected using aseptic techniques to avoid 
contamination.  All mice were euthanized by cervical 
dislocation under overdose of anesthesia on the 23rd 
day of the experiment.

Transmission electron microscopy (TEM)
Tumor tissue was fixed with a 4 % paraformaldehyde 

and then incubated with 1 % osmium tetroxide (OsO4) 
at 4° C for 1h. The tumor tissue was then incubated with 
1 % uranyl acetate after which it were further processed 
at the JEM 1400 electron microscope (JEOL, Japan). 
For each group 100 НСС cells, containing nucleus and 
distinct uninterrupted cell membrane were randomly 
selected. For each cell volume (Vv) and numerical (NА) 
densities of autophagic vacuoles (AV) and lysosomes 
were counted and analyzed at × 8000 magnification 
using ImageJ software (National Institutes of Health, 
Bethesda, MD). Identification of autophagic structures and 
quantification of autophagy by TEM morphometry were 
estimated as described in autophagy monitoring guidelines 
[16]. Initial autophagic vacuoles (AVi) or autophagosomes 
had double membrane, visible as two parallel membrane 
layers separated by electron-translucent cleft. Degradative 
autophagic vacuoles (AVd) or autolysosomes had 
one limiting membrane and contained heterogeneous 
electron dense cytoplasmic material at different stages of 
degradation. Lysosomes had high electron density and 
contained relatively homogeneous material.

Immunofluorescent staining (IF-F)
Frozen sections of tumor tissue (15 μm) were analyzed 

by double-immunofluorescence staining using anti-LC3 
beta (1/200; ab48394, Abcam, UK) and anti-LAMP1 
(1/200; ab25245, Abcam, UK) primary antibodies. Alexa 
Fluor 488-conjugated anti-rabbit IgG (1/200; ab150077, 
Abcam, UK) and Alexa Fluor 568-conjugated anti-rat 
IgG (1/200; ab175476, Abcam, UK) were used to detect 
the corresponding primary antibodies. Images were 
analyzed using an Axio Observer Z1 (Zeiss, Germany) 
fluorescence microscope at × 400 final magnification. 

Six fields per group were captured. The number of cells 
with LC3 and LAMP1 punctate staining was counted and 
analyzed using ImageJ software (National Institutes of 
Health, Bethesda, MD).

Statistical analysis
Data are presented as mean (M) ± standard deviation 

(SD). Mann–Whitney nonparametric tests were used to 
assess differences by statistical package Statistica 6.0 
(StatSoft, USA). Statistically significant differences were 
considered at P < 0.05. 

Results 

TEM analyses of ultrastructural changes in HCC 
cells. The differences concerning the ultrastructural 
characteristics detected between control groups and 
LC group regarded the structural polymorphism tumor 
cells (nucleus and cytoplasm sizes, concentrations and 
differences of subcellular components) (Figure 1, A).  
Mitochondrial changes observed included swelling, cristae 
fragmentation and loss of matrix density (Figure 1, B). The 
cisternae of rough endoplasmic reticulum were limited 
and multiple free polysomes were resided in cytoplasm 
(Figure 1, B). 

Lithium carbonate induced autophagic vacuoles 
formation in HCC-29 cells in vivo (Figure 2). Autophagic 
vacuoles varied in sizes: AVi were not abundant and 
contained different portions of the cytosol (Figure 3, A). 
AVd predominated among cell vacuoles and the highly 
heterogeneity in AVd sizes, shapes and luminal undigested 
material were noticed (Figure 3, B, C). Lysosomes 
were occasionally distributed throughout the cytoplasm 
and had a homogeneous electron-dense material 
(Figure 3, D). The number of cells that had AVi and/
or AVd was higher after lithium introduction – 59 % 
(versus Control – 48 % and S – 35 %) (Figure 3, E). 
TEM analysis of autophagic vacuoles revealed a marked 
increase in the volume (Vv) and numerical (NA) densities 
in LC group (Figure 3, F, G). The numerical density of AVd 
in the LC group also was more abundant (Figure 3, H), 

Figure 1. Ultrastructural Organization of НСС-29 
Cells (TEM). The heterogeneity of tumor cells was 
backed by differences between nucleus and cytoplasm 
sizes, concentrations of subcellular components 
(A). Mitochondrial changes (B) included swelling, 
cristae fragmentation and loss of matrix density (Mit); 
the cisternae of rough endoplasmic reticulum were 
limited (ER). Scale bars as indicated.
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LC3 beta (Figure 4, B) and a modest increase of LAMP1 
(Figure 4, C) after lithium carbonate treatment. Taken 
together, these findings are indicative of lithium-mediated 
autophagy in HCC cells in vivo. 

Discussion

Autophagy in cancer cells can have a dual role. It is 
known that autophagy promotes cancer cell survival under 
stress conditions, which confirmed by enhancement of 
autophagy in hypoxic regions of tumors, especially of 
solid type [17-18]; furthermore, autophagy can stimulates 
the resistance to antitumor therapy [19-20]. Alternatively, 
autophagy also acts as a tumor suppressor mechanism: 

1. Selective degradation of mitochondria (mitophagy) 
reduces main sources of reactive oxygen species, which 
accelerates mutagenesis and cancerogenesis [17];

2. Autophagy promotes genomic stability by eliminating 
potentially damaged or genotoxic organelles, protein 
aggregates and autophagy substrate p62 (Sequestosome 
1) [21-22]; 

3. Autophagy participates in the cross-presentation of 
tumor associated antigens by MHC (major histocompatibility 
complex) molecules and stimulation of immunologic cell 
death, which enhanced antitumor immunosurveillance 
[22-26]. Taken together, all these evidence suggests the 
possible tumor suppressor role of autophagy.

In general, autophagy can be regulated by mTOR 
(mammalian target of rapamycin)-dependent and 
mTOR-independent signalling pathways [27]. Lithium 
enhances autophagy by modulating the phosphatidylinositol 
pathway, independently of the PI3K/AKT/mTOR pathway. 

while Vv and NA of both AVi and lysosomes were 
comparable to the control. 

A u t o p h a g y  r e v e a l e d  i n  H C C  c e l l s  b y 
immunofluorescence. The expression of the autophagy 
markers LC3 beta and LAMP1 were assessed by 
immunofluorescence staining of frozen tumor tissue 
(Figure 4, A). IF-F results showed a significant increase of 

Figure 2. Morphology of Hepatocellular Carcinoma Cells 
(TEM) in the Control Group (A), Saline Group (B) and 
after Introduction of 20 mM Lithium Carbonate at the 
Periphery of the Tumor (C, D). Arrows indicate multiple 
degradative autophagic vacuoles containing intracellular 
undifferentiated components (C - low magnification; 
D - high magnification from black box in C). Scale bars 
as indicated. 

Figure 3. Ultrastructural Morphology of Initial 
Autophagic Vacuole (AVi, A), Degradative Autophagic 
Vacuoles (AVd, B and C) and Lysosomes (Lys, D) (TEM). 
Scale bars as indicated. Lithium carbonate increased 
cells with AVi and/or AVd (E); numerical (F) and volume 
(G) densities of autophagic vacuoles (AVi + AVd); 
numerical density of AVd (H). Contr – control; S – 
saline; LC – lithium carbonate. Statistical analysis was 
carried out a Mann-Whitney U test (*P < 0.05 compared 
to control; 1P < 0.005 compared to saline). Data were 
represented as mean ± SD. Electron microscopy images 
were analyzed using Image J software.

Figure 4. Double Immunofluorescent Staining (IF-F) 
Revealed Accumulation of LC3 (+) and LAMP1 (+) 
Vesicles in HCC-29 Cells in Vivo (magnification: × 
400). Lithium carbonate increased amount of cells with 
LC3 (A) and LAMP1 (B) punctated foci. Contr – control; 
S – saline; LC – lithium carbonate. Statistical analysis 
was carried out a Mann-Whitney U test (*P < 0.05 
compared to control; 1P < 0.005 compared to saline). NS 
– no significance. Data were represented as mean ± SD. 
Fluorescent microscopy images were analyzed using 
Image J software.
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Sarkar et al. [28] revealed that lithium induces autophagy 
by inhibiting inositol monophosphatase (IMPase), which 
result to decreased free inositol and mio-inositol-1,4,5-
triphosphate (IP3) levels. However, later Sade et al. [29] 
showed that elevated IP3 levels stimulate autophagy, and 
they proposed that lithium promotes IP3 accumulation 
which causing IP3 receptors (IP3Rs) desensitization 
and downregulation. A study by Vicencio et al. [30] has 
shown that IP3R formed a molecular complex with both 
Beclin 1 and Bcl-2, and disrupting this interaction led 
to Bcl-2-mediated autophagy inhibition; accordingly, 
lithium-mediated IP3Rs desensitization/downregulation 
reduces availability of IP3Rs, which would promote 
autophagy [29]. 

It has been shown that lithium is effective in inhibiting 
glioma [31], esophageal cancer [32], pancreatic cancer 
[33], colorectal cancer [34], leukemia [13-35] and 
other cancer cells; and several studies suggested the 
beneficial effects of lithium on cancer cell death and 
autophagy. O’Donovan et al. [36] have demonstrated that 
lithium-treated colorectal cells showed autophagosomes 
formation and vesicle accumulation. In addition, other 
study reported that treatment with 30 mM LiCl increased 
autophagic flux in colon cancer cells [37]. Furthermore, 
some studies have investigated lithium treatment of 
hepatocellular carcinoma. Erdal et al. [38] have provided 
evidence that lithium inhibits the growth of HCC cell lines, 
affects morphology, proliferation and cell cycle arrest in 
HCC cells. Interestingly, analysis of cell morphology in 
this study revealed significant morphological changes in 
HCC cells after lithium treatment in vitro: there was an 
increase in nucleus/cytoplasm ratios and multinuclear 
cell formation. Beurel et al. [39] revealed that lithium 
sensitized HCC cells to TRAIL-induced apoptosis. Taken 
together, these results indicate that lithium promotes 
autophagy in cancer cells and inhibits both growth and 
extension of tumor. 

In this study we investigated effects of lithium on 
autophagy induction in HCC cells in vivo. Our results 
show a significant increase autophagic vacuoles following 
lithium treatment, revealed by TEM. Also, the punctuated 
LC3 and LAMP1 staining increased in HCC cells 
treated to 23 days of lithium. Collectively, our findings 
demonstrate that lithium carbonate promotes autophagy 
in HCC cells in vivo. In conclusion, further studies are 
required to complex monitoring autophagic flux and 
exploring lithium-mediated autophagy for sensitizing 
HCC cells to killing by chemotherapy. 
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