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Abstract⎯Hepatocellular carcinoma (HCC) is an aggressive cancer that is resistant to drug therapy. It is
believed that the development of HCC is correlated with misregulation of programmed cell death. Discovery
of effective inducers of HCC cell death is very important for HCC therapy. The aim of this work was to iden-
tify structural changes leading to the death of HCC cells exposed to nanosized and original forms of lithium
salts. Structural features of autophagy and apoptosis were revealed in HCC cells after their incubation with
various forms of lithium salts by light, electron microscopy, and flow cytometry. It was shown that nanosized
forms of lithium carbonate and lithium citrate had a pronounced effect on HCC-29 cells. Of these forms, the
nanosized lithium citrate induced mainly apoptosis, while the nanosized form of lithium carbonate, along
with apoptosis, induced autophagic death of HCC cells.
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INTRODUCTION

Hepatocarcinoma (HCC) is a widespread aggres-
sive tumor that is resistant to drug therapy (Shen and
Cao, 2012). The development of HCC is accompanied
by impaired regulation of programmed cell death
(Degterev and Yuan, 2008). The programmed cell
death is divided into three general types: apoptosis,
autophagy, and programmed necrosis (Edinger and
Thompson, 2004). It has been proposed that hepato-
carcinoma cells can undergo apoptosis, autophagy,
and necrosis (Cui et al., 2013), Unlike necrosis apop-
tosis and autophagy do not provoke local and systemic
inflammation and are considered as targets for anti-
cancer therapy (Zhang et al., 2016).

The same extracellular signaling molecules and
intracellular messengers frequently stimulate opposite
cell responses, from proliferation to apoptosis
(Gomperts et al., 2013). Different signaling pathways
are involved in the regulation of apoptosis. Apoptosis
is associated with Wnt signaling and glycogen-syn-
thase kinase-3β (GSK-3β) as a key negative regulator
(McCubrey et al., 2016). GSK-3β inhibition affects
the cell proliferation and apoptosis development in

colorectal, pancreas, and ovarian cancer cells (Wang
et al., 2008; de Araujo et al., 2015).

Lithium compounds make up one of five classes of
GSK-3β inhibitors (Quiroz et al., 2004). Lithium car-
bonate (LiC) suppresses GSK-3β activity and cyclin E
expression and inhibits the cell proliferation due to the
cycle arrest of cancer cells in G2/M (Erdal et al., 2005,
Tsui et al., 2012). It also induces apoptosis in tumor
cells (Li et al., 2015). New findings show that lithium
modulates autophagy in cancer cells (O’Donovan
et al., 2015).

Lithium’s toxicity limits its application for cancer
therapy (Chiu et al., 2013). We found that nanosized
forms of lithium salts in doses less than the initial
forms were more effective for HCC cells (Gavrilova et
al., 2016). Morphological division of HCC cells for
differentiation stages (Bgatova et al., 2016) reveals that
the targets for initial (LC, LiC) and nanosized lithium
citrate (nLC) and carbonate (nLiC) forms are differ-
ent cell types. We suggested that these agents triggered
different mechanisms of the cell death (Gavrilova
et al., 2016). The aim of this study was to disclose
structural changes resulting in death of HCC cells after
cell exposure to lithium salts.

Abbreviations: HCC-29-hepatocarcinoma-29, LCl—lithium
chloride, LiC—lithium carbonate, nLiC—lithium carbonate
nanosized form, LC—lithium citrate, nLC—lithium citrate
nanosized form.
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MATERIALS AND METHODS
Cells

Experiments were performed using the cell line
HCC-29 (hepatocarcinoma) obtained from the Insti-
tute of Cytology and Genetics, Siberian Branch, Rus-
sian Academy of Sciences (Kaledin et al., 2009).
HCC-29 cells were expanded via injecting
(106 cells/mouse) and growing them in CBA females
for 2–3 weeks.

nLC and nLiC were obtained by sample mechano-
activation in a planetary activator mill by the method
described in (Isupov et al., 2015). The size of lithium
salt particles determined with the Image software
(United States) was 10 nm. Lithium chloride, the most
frequently used lithium salt (Li et al., 2014), was used
as control.

A dose of 5 mM was used to determine early struc-
tural modifications triggered by lithium salts in HCC-
29 cells. The cell viability with this dose was about 50%
(Gavrilova et al., 2016).

Cell morphology
Intact (control) cells and cells exposed to 5 mM

lithium salts for 24 or 48 h were fixed with 2.5% glutar-
aldehyde (Sigma, United States) in phosphate buffer,
pH 7.4, treated with 1% ОsO4 (Sigma, United States)
in phosphate buffer, pH 7.4, dehydrated with increas-
ing concentrations of ethanol and imbedded into
Epon (Serva, Germany). Semithin sections (1 μM)
were cut with an EM UC7 Leica ultratome (Ger-
many/Switzerland), stained with toluidine blue, and
visualized under a LEICA DME light microscope
(Germany). Ultrathin sections 70–100 nm in thick-
ness were contrasted with a saturated water solution of
sodium uranyl acetate and lead citrate and analyzed
with a JEM 1400 electron microscope. Morphometric
analysis was performed with the Image J software
(Wayne Rasband, United States). The cell number
with apoptotic nuclei, nuclear invaginations, and
binucleated cells was calculated in HCC-29 cultures
exposed to lithium salts for 48 h.

Cell-cycle assay
HCC-29 cells treated with lithium salts were

washed twice and fixed with 96% ethanol for 16–18 h
at 4°С. The cells washed from ethanol were stained
with 100 mg/mL propidium iodide (BD, United
States) with 0.2% Triton X-100 (Sigma, United States)
and 0.15 mg/mL RNAase (Vector, Russia) added to it
for 20 min at 37°С and analyzed with a FACS Canto II
flow cytometer (BD, United States).

Apoptosis
Apoptosis in HCC-29 cells cultivated with lithium

salts for 24 h was assayed by annexin V binding using

the Annexin V-FITC Apoptosis Detection Kit (BD
PharmingemTM, United States). The data are pre-
sented as the percentage of apoptotic cells in the total
cell number.

Autophagy
HCC-29 cells cultivated with lithium salts for 24 h

were washed and incubated with antibodies to the LC3
autophagic marker (Abcam, United Kingdom), dilu-
tion 1 : 400, for 1 h at 37°С. The cells were washed and
incubated with Alexa Fluor 647 secondary antibodies
(Abcam, United Kingdom), dilution 1 : 400, for
30 min at 37°С. The cells were washed and fixed.
Expression of the LC3 autophagic marker was assayed
with an FACS Canto II f low cytometer (BD, United
States).

Statistics
Statistical treatment was performed with the Statis-

tica 6.0 Mean value (M), standard deviation (SD),
median (Me), low (LQ), and upper (UQ) quartiles
were calculated. Significant difference was estimated
with the Mann–Whitney U-test. P < 0.05 was consid-
ered statistically significant.

Reagents
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-

lium bromide glutaraldehyde (Sigma, United States),
osmium tetroxide (Sigma, United States), Epon
(Serva, Germany), Anenxin V-FITV Apoptosis
Detection Kit (BD PharmingemTM, United States),
antibodies to LC3 and Alexa Fluor 647 antibodies
(Abcam, United Kingdom).

RESULTS AND DISCUSSION
The most pronounced structural modifications

were observed in HCC-29 cells exposed to nLC.
Endocytic vesicles on the cell periphery (Fig. 1a) and
invaginations of various sizes and locations on the
nuclear periphery (Fig. 1b), as well crossing the full
nuclear diameter (Fig. 1c), were observed after treat-
ment for 24 h. Cells manifesting apoptotic features
(large accumulation of condensed chromatin on the
nuclear periphery) appeared at 24 and 48 h after treat-
ment (Fig. 1d).

The highest number of apoptotic cells assessed with
flow cytometry was registered after HCC-29 cell
exposed to nLC (Fig. 2a). Compared to lithium salts,
nLiC was an effective apoptosis inducer in HCC-29
cells treated for 48 h (Figs. 2b, 2c). It was demon-
strated that 1 mM nLC induced apoptosis in HCC-29
cells more strongly than nLiC and lithium chloride at
the same dose (Lykov et al., 2015).

HCC-29 cells treated with LiC displayed structural
features of autophagy. The most effective was nLiC.
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Twenty-four hours after nLiC administration, phago-
somes with lithium particles (Fig. 3a), as well as auto-
phagosomes with mitochondria, cytoplasmic frag-
ments, extended cisterns of the granular endoplasmic
reticulum (Fig. 3b), and autophagosome accumula-
tion with the membranes of the endoplasmic reticu-
lum and lysosomes, were observed (Fig. 3c). After 24
and 48 h, the cells exhibited structural characteristics
of autophagic death. Cells that do not swell and are
without condensed chromatin contain a significant
amount of autophagosomes and autophagolysosomes
(Figs. 3d, 3e).

The development of autophagy in HCC-29 cells
treated with nLiC was confirmed with f low-cytometry
assay. nLiC produced a higher number of cells
expressing the autophagy marker LC3 than other lith-
ium salts and forms (p < 0.05) (Fig. 3f).

The cell-death program is determined by the cell-
differentiation level and their position in the cell cycle.
Unlike apoptosis triggered in various stages of the cell
cycle, autophagic cell death develops mainly in nondi-
viding cells (G0-phase) (Chen et al., 2016). The cell
number of HCC-29 in the G0/G1 stage after adminis-
tration of nLiC increased, whereas their number in the
S-phase declined compared to that of chloride-treated
and control cells (p < 0.05) (Fig. 4a). HCC-29 cell

accumulation in the G0/G1 phase after nLiC adminis-
tration may be a structural basis for autophagy devel-
opment in differentiated cells.

It was found that nLC and nLiC reduced HCC-29
number in the G2/M-phase. It has also been reported
that lithium inhibits cell proliferation and cell-cycle
arrest in the G2/M-phase have been reported (Tsui
et al., 2012). nLC induced the highest frequency of
apoptosis in HCC-29 cells (Fig. 2a). It mostly affected
proliferating cells, because the number of binuclear
cells in the HCC-29 population significantly dimin-
ished (Fig. 4b). The decrease has been accompanied
with increased number of cells with nuclear invagina-
tions (Fig. 4c) that is an evidence of a higher frequency
of pathological forms of division (Vargas et al., 2012)
after HСС treatment with nLC.

Lithium is a common drug for of bipolar disorder
treatment (Malhi et al., 2012). Lithium compounds
applied in different diseases exert various results
(Mota de Freitas et al., 2016). It has been widely doc-
umented that lithium salts (mostly studies is lithium
chloride) trigger apoptosis in cancer cells (Li et al.,
2014). The main mechanism of the apoptosis triggered
with lithium salts is inhibition of GSK-3β and Akt sig-
naling (Li et al., 2015).

Fig. 1. Structural changes in hepatocarcinoma-29 (HCC-29) cells treated with nanosized lithium citrate. Arrows show (a) endo-
cytic vesicles, (b), the intranuclear channel, (c), formation of an intranuclear channel crossing the nucleus, and (d) chromatin
condensation during apoptosis.
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On the other hand, there exists some evidence that

lithium induces autophagy (Motoi et al., 2014). Struc-

tural features of autophagy were shown to exist in

motor neurons of chicken embryos exposed to lithium

salts: accumulation of large dense vesicles, autophagic

vacuoles, neurofilaments, degradation of rough endo-

plasmic reticulum, and diminished number of free

ribosomes (Calderó et al., 2010). Lithium affects auto-

phagosome production in neurons in neurodegenera-

tive disorders (Chang et al., 2011). Esophageal and

colorectal cancer cells exposed in culture to lithium

have experienced autophagy (O’Donovan et al., 2015).

The mechanism underlying the lithium-induced

autophagy is considered to be inhibited with inositol

monophosphatase (IMP) followed by reduced level of

inositol 1,4,5-triphosphate (Sarkar et al., 2005). It has

been proposed that autophagy is a double-edge sword

for cancer cells. On one hand, it is a mechanism for

their survival, but, on the other hand, it promotes their

death (Peng et al., 2013; Zhang et al., 2016). It has

been suggested that enhanced autophagic death of

tumor cells resistant to apoptosis facilitates the thera-

peutic efficiency of anticancer drugs (O’Donovan

et al., 2015).

Lithium’s inhibition of the key targets GSK-3β and

IMP results in opposite effects on cell-death develop-

ment (induction of apoptosis or autophagy). The

choice is determined by the drug dose. Low lithium

concentrations inhibit IMP and induce autophagy.

Higher lithium doses inhibit GSK-3β activity and

Fig. 2. Apoptosis in HCC-29 cells cultured treated with lithium salts. (a) Apoptotic cell number at 24 h after lithium-salt admin-
istration, f low-cytometry assay; (b) number of apoptotic bodies in cells cultivated with lithium salts for 48 h; (c) and apoptosis in
cells (arrows) cultivated with nanosized lithium citrate for 48 h. Toluidine blue staining. Magnification: 400×. Here and in Figs. 3
and 4: HCC-29—hepatocarcinoma-29; LCl—lithium chloride; LiC—lithium carbonate, initial form; nLiC—nanosized lithium
carbonate; LC—lithium citrate, initial form; nLC—nanosized lithium citrate.
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Fig. 3. Structural changes in HCC-29 cells exposed to nanosized lithium carbonate for 24 h. (a) Lithium carbonate particles in
phagosomes (arrow), (b) autophagosome with mitochondria (arrow) and cistern extension in granular endoplasmic reticulum
membrane, (c) autophagosome with endoplasmic membrane and lysosomes (arrows), (d) autophagosomes and autophagolyso-
somes in the cytoplasm with nuclear structural integrity, (e) autophagosomes and autophagolysosomes in the cytoplasm (arrows),
and (f) expression of LC3-marker in HCC-29 cells.
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trigger apoptosis (Dell’Osso et al., 2016). Lithium
may, via different mechanisms, activate or suppress
autophagy depending on the cell type and administra-
tion routes (Fabrizi et al., 2012). Further studies are
needed to understand the mechanisms underlying the
induction of apoptosis or autophagy in HCC-29 cells
exposed to nLC or nLiC.

In conclusion, the results of this study show that
lithium salts produce structural modification causing
the death of HCC-29 cells. The most active of these
cells are nLiC and nLC. nLC mainly induces apopto-
sis. nLiC induces both apoptotic and autophagic death
of HCC-29 cells.
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