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Abstract: Multiple myeloma (MM) is an extremely malignant plasma cell disease, which is still incurable due to its 
drug resistance. Lithium chloride (LiCl) functions in many pathological processes, including bipolar disorder, acute 
brain injuries, and chronic neurodegenerative diseases, but its antagonistic role in MM progression has not been 
reported thus far. In this study, we found that LiCl inhibited MM cell proliferation and induced MM cell cycle G2/M 
phase arrest in a dose-dependent manner. Moreover, LiCl overcomes bortezomib (BTZ)-mediated resistance in MM 
cells and induces apoptosis in BTZ-resistant cells. Our data preliminarily indicate that LiCl induces MM cell apop-
tosis via activating the Wnt/β-catenin signaling pathway. Overall, our results define LiCl as an inducer of MM cell 
apoptosis and unveil a crosstalk between BTZ and LiCl in facilitating cell apoptosis. 
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Introduction

Multiple myeloma (MM), a malignant disease of 
plasma cells, is one of the most frequent types 
of hematological tumors [1]. Due to its high 
complexity and heterogeneity, MM can induce 
various severe complications, such as infec-
tion, renal failure, fractures, and spinal cord 
compression [2]. In recent years, many novel 
drugs, such as thalidomide, bortezomib (BTZ), 
lenalidomide, and elotuzumab, have been ap- 
plied as treatment for MM, but the disease con-
tinues to be incurable [3]. Because patients 
with MM continue to experience easy relapse 
and drug resistance, it is urgent to develop new 
molecular targeted therapies that can be used 
to treat MM.

Numerous research studies have delved into 
the mechanisms of MM pathogenesis, and 
many pathways, including Wnt/β-catenin, NF- 
κB, and Janus kinase/signal transducers and 
activators of transcription (JAK/STAT) have 
been reported to be involved in MM survival 

[4-6]. Among them, the canonical Wnt/β-ca- 
tenin signaling pathway is associated with MM 
progression [7]. Normally, the protein level of 
β-catenin in the cytoplasm is mainly regulated 
via phosphorylation and ubiquitin-dependent 
degradation. However, under certain physiologi-
cal or pathological conditions, β-catenin is not 
phosphorylated by glycogen synthase kinase-3 
(GSK-3β), which subsequently inhibits β-catenin 
ubiquitination and degradation. Then, the stabi-
lized β-catenin translocates into the nucleus 
and regulates the expression of downstream 
genes along with the T-cell factor 4/lymphoid 
enhancer-binding factor (TCF4/LEF) family [8, 
9]. 

Lithium chloride (LiCl) plays a vital function in 
the treatment of bipolar disorder, acute brain 
injuries, and chronic neurodegenerative diseas-
es [10-12]. Recently, LiCl has been reported  
to promote human acute promyelocytic leuke-
mia cell apoptosis [13]. A major antagonistic 
effect of lithium is to inhibit the kinase activity 
of GSK-3β, which is a crucial mediator of the 
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Wnt/β-catenin signaling pathway [14]. Never- 
theless, whether and how LiCl is involved in MM 
progression is currently unknown.

In our present study, we found that LiCl inhibits 
MM cell line viability in a concentration- and 
time-dependent manner. We also present evi-
dence that LiCl overcomes BTZ resistance for 
MM cells. Moreover, the data from western blot 
(WB) and luciferase reporter assay indicated 
that LiCl triggered cell cycle arrest and apopto-
sis in MM cells via the inhibition of GSK-3β  
and subsequent activation of the Wnt/β-catenin 
signaling pathway. These data preliminarily pro-
vide an insight into the mechanism of LiCl-
mediated cell death in MM and also contri- 
bute to developing LiCl as a novel therapeutic 
intervention agent for relapsed/refractory MM.

Materials and methods

Cell culture

Human MM cell lines (RPMI-8226 and U266) 
were purchased from the American Type Cul- 
ture Collection (ATCC, Manassas, VA, USA). The 
BTZ-resistant RPMI-8226 cell line (RPMI8226/

BTZ100) was kindly provided by Dr. Jacqueline 
Cloos (VU University Medical Center, The Ne- 
therlands) [15], and 100 nM of these cells was 
cultured in Roswell Park Memorial Institute 
1640 (RPMI-1640) medium supplemented with 
10% fetal bovine serum (FBS) at 37°C in a 5% 
CO2 incubator. Human embryonic kidney 293T 
(HEK293T) cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) medium with 
10% FBS.

Cell viability assay

The indicated MM cells were seeded at 1 × 104 
cells per well in 96-well plates and dose-
dependently treated with LiCl for 48 h or with 
40 mM LiCl for different times. Then, the cell 
viability was detected using a Cell Counting 
Kit-8 (CCK-8) kit (Beyotime, China). Additionally, 
RPMI-8226 cells treated with 40 mM LiCl for 
48 h were measured using a BrdU cell prolifera-
tion Detection Kit based on FITC-labeled flow 
cytometry analysis (KeyGEN, China). 

Western blot

The WB was performed as previously described 
[16]. Antibodies were used against β-actin, H3, 

Figure 1. The cytotoxic effect of LiCl on 
MM cell survival. A, B. Indicated cells were 
seeded at 1 × 104 cells per well in 96-well 
plates and cell proliferation detection of 
RPMI-8226 and U266 cells treated with LiCl 
in different concentrations (0, 5 mM, 10 
mM, 20 mM, and 40 mM) for 48 h, with 40 
mM NaCl used as a negative control. C, D. 
Indicated cells were seeded at 1 × 104 cells 
per well in 96-well plates and CCK-8 analy-
sis of RPMI-8226 and U266 cells exposed 
to 40 mM LiCl at different times (12, 24, 36, 
48 and 72 h). E. BrdU incorporation assay, 
using RPMI-8226 cells that were treated 
with 40 mM LiCl for 48 h and labeled with 
FITC-BrdU; cell proliferation was examined 
by flow cytometry. The data represent three 
independent experiments. Error bars, mean 
± SD. *, P < 0.05; **, P < 0.01; ***, P < 
0.001.
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cyclin D1, cyclin B1, PARP1, GSK-3β, and 
β���������� ������������������������������������  -catenin (Proteintech, Chicago, IL, USA), cas-
pase-9 and caspase-3 (Cell Signaling Tech- 
nology, Beverley, MA, USA), and p-GSK-3β and 
p-β-catenin (Affinity Biosciences, Cincinnati, 
OH, USA).

Cell cycle and apoptosis assay

For the cell cycle assay, the indicated cells were 
dispensed into a 6-well plate and treated with 
different concentrations of LiCl for 48 h. Then, 
the cells were incubated with 50 μg/ml propidi-
um iodide (PI) (KeyGEN, China), and analysis 
was performed using a FACSCaliburTM (BD 
Biosciences). Similarly, MM cells stimulated by 
LiCl were treated according to the Annexin 
V-fluorescein isothiocyanate/propidium iodide 
(FITC/PI) cell apoptosis detection kit (KeyGEN, 
China). The cell apoptosis rate was measured 
by flow cytometry. 

Luciferase reporter assay

The luciferase assay was performed according 
to a previously reported procedure [16]. TOP 
Flash or FOP Flash reporter gene plasmids 
were purchased from Upstate Biotechnology, 
Lake Placid, NY, USA. The luciferase activities 
were measured according to a standard proto-
col (Promega). 

Statistical analysis

The data from the above experiments are pre-
sented as the mean ± SD. Student’s t-test was 
used to assess the difference between two 
groups. P < 0.05 was considered to be statisti-
cally significant. All analyses were conducted 
using GraphPad Prism 5 software (GraphPad, 
La Jolla, CA, USA).

Results

The cytotoxic effect of LiCl on MM cell survival

To illuminate the relevance between LiCl and 
MM cell proliferation, we first treated RPMI-
8226 cells with different doses of LiCl (0, 5 
mM, 10 mM, 20 mM, and 40 mM) for 48 h. The 
results showed that LiCl inhibited RPMI-8226 
cell viability in a dose-dependent manner 
(Figure 1A). Similarly, U266 cells treated with 
LiCl also showed decreased cell survival in a 

concentration-dependent manner (Figure 1B). 
Additionally, we observed that LiCl clearly re- 
duced the MM cell viability in a time-dependent 
manner (Figure 1C, 1D). We also detected the 
cell proliferation rate by FITC-labeled BrdU 
assay, and the flow cytometry analysis demon-
strated that LiCl clearly decreased RPMI-8226 
cell survival (Figure 1E). Therefore, we specu-
lated that LiCl was responsible for cell cytotox-
icity and growth inhibition.

LiCl induced cell cycle arrest

To demonstrate the impact of LiCl on the cell 
cycle, we determined the MM cell cycle distribu-
tion by flow cytometry. As shown in Figure 2A, 
2B, LiCl treatment induced a percentage of 
RPMI-8226 cells to enter G2 phase in a dose-
dependent manner, corresponding to the de- 
crease in G1 phase. As expected, cyclin D1, a 
regulator of G1-S phase transition, exhibited a 
lower level expression in RPMI-8226 cells treat-
ed with 40 mM LiCl. Likewise, cyclin B1, which 
is highly expressed in G2/M phase, exhibited a 
high level of expression in the treated group 
(Figure 2C). Subsequently, we also evaluated 
the effect of LiCl on the U266 cell cycle, and the 
results showed that LiCl treatment led to cell 
cycle arrest at G2/M phase (Figure 2D, 2E). The 
WB results indicated that the expression of 
cyclin D1 was decreased along with elevated 
expression of cyclin B1 in U266 cells treated  
by LiCl (Figure 2F). The above results showed 
that LiCl induced MM cell cycle arrest at G2/M 
phase.

LiCl triggered MM cell apoptosis

Due to its effect on cell proliferation and the 
cell cycle, we explored whether LiCl promoted 
MM cell apoptosis. We first performed a cell 
apoptosis assay by flow cytometry using the 
RPMI-8226 cell line. The results showed that 
LiCl increased cell apoptosis in a concentra-
tion-dependent manner (Figure 3A, 3B). Then, 
we detected the expression of apoptosis-asso-
ciated proteins. As shown in Figure 3C, cas-
pase-9, caspase-3, and poly (ADP-ribose) poly-
merase 1 (PARP1) proteins were significantly 
activated when RPMI-8226 cells were treated 
with 40 mM LiCl compared with 40 mM NaCl. 
Furthermore, we also found that LiCl treat- 
ment dose-dependently increased the U266 
cell apoptosis rate (Figure 3D, 3E). Surprisingly, 
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Figure 2. LiCl induced cell cycle G2/M phase arrest. A, B. RPMI-8226 cells were treated with different concentra-
tions (5 mM, 10 mM, 20 mM, and 40 mM) of LiCl for 48 h, with 40 mM NaCl used as a negative control. Then the cell 
cycle was detected by flow cytometry. C. Western blot analyses of cell cycle-associated proteins cyclin D1 and cyclin 
B1 in RPMI-8226 cells treated with 40 mM LiCl, β-actin was used as internal reference. D, E. Cell cycle analysis of 
U266 cells treated with different doses (5 mM, 10 mM, 20 mM, and 40 mM) of LiCl for 48 h, and the distribution of 
the subpopulation was analyzed based on three independent experiments. F. Cell cycle-associated proteins cyclin 
D1 and cyclin B1 were detected by Western blot in U266 cells treated with 40 mM LiCl for 48 h. All experiments were 
conducted at least three times. Error bars, mean ± SD. *, P < 0.05; **, P < 0.01.

Figure 3. LiCl induced MM cell apoptosis. A, B. After treatment with LiCl for 48 h, RPMI-8226 cells were analyzed 
using an Annexin V-FITC/PI double staining detection kit. C. Western blot analyses of apoptosis-related proteins 
caspase-9, caspase-3, PARP1, and corresponding cleaved forms, β-actin was used as internal reference. D, E. 
Flow cytometry analyses of U266 cell apoptosis following treatment with different concentrations (5 mM, 10 mM, 
20 mM, and 40 mM) of LiCl for 48 h, with 40 mM NaCl used as a negative control. F. Assessment of caspase-9, 
caspase-3, PARP1, and corresponding cleaved forms in U266 cells treated by 40 mM LiCl for 48 h. All experiments 
were repeated three times. Error bars, mean ± SD. *, P < 0.05; **, P < 0.01.
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Figure 4. LiCl overcame the drug resistance of bortezomib. A. Cell viabilities were detected by CCK-8 assay in RPMI-
8226/BTZ100 cells treated with different doses (5 mM, 10 mM, 20 mM, and 40 mM) of LiCl for 48 h, with 40 mM 
NaCl used as a negative control. B. The survival rate of RPMI-8226/BTZ100 cells exposed to 40 mM LiCl for 12, 
24, 36, 48 and 72 h was measured by CCK-8 assay. C. Flow cytometry analysis of apoptosis of RPMI-8226/BTZ100 
cells treated with 40 mM LiCl for 48 h. D-G. The apoptosis of RPMI-8226 and U266 cells treated with 20 nM BTZ 
and/or 20 mM LiCl for 48 h was detected by flow cytometry. All experiments were conducted three times. Error bars, 
mean ± SD. *, P < 0.05; **, P < 0.01.

the WB results showed elevated activated cas-
pase-9 and caspase-3, but not PARP1 in U266 

cell lines (Figure 3F). These results suggested 
that LiCl promoted MM cell apoptosis.
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Figure 5. The Wnt/β-catenin signaling pathway was activated in MM cells. 
A, B. Western blot analyses of the GSK-3β and p-GSK-3β protein levels in 
RPMI-8226 and U266 cells treated with 40 mM NaCl or 40 mM LiCl for 48 
h, and using β-actin as an internal reference. C, D. RPMI-8226 and U266 
cells were treated with 40 mM NaCl or 40 mM LiCl, the nuclear proteins 
were extracted, and then Western blot analyses of β-catenin and p-β-catenin 
protein levels were performed, using histone H3 as an internal reference. 
E, F. TOP/FOP Flash luciferase reporter assay indicating the activity of the 
downstream transcriptional factor of the Wnt pathway in HEK293T and 
RPMI-8226 cells following 40 mM LiCl treatment. Error bars, mean ± SD. 
*, P < 0.05.

LiCl overcame BTZ-mediated resistance for 
MM cells

As a first-in-class proteasome inhibitor, bort-
ezomib (BTZ) has been successfully used for 
MM treatment for many years. However, be- 
cause of the resistance to it often encounter- 
ed in relapsed/refractory MM, its efficiency  
has been greatly restricted [17]. Herein, we per-
formed tests to determine whether LiCl had a 
cytotoxic effect on BTZ-resistant cell survi- 
val. As shown in Figure 4A, 4B, LiCl inhibit- 
ed 100 nM BTZ-resistant RPMI-8226 (RPMI-
8226/BTZ100) cell survival in a dose- and 
time-dependent manner. The proportion of 
apoptotic RPMI-8226/BTZ100 cells was evi-
dently elevated by 40 mM LiCl treatment com-
pared with the NaCl control group (Figure 4C). 
Subsequently, we conducted Annexin V/PI st- 
aining and flow cytometry analysis by combin-
ing LiCl with bortezomib treatment. The results 

showed that multiple drugs 
combined with BTZ and LiCl 
treatment further enhanced 
MM cell apoptosis compared 
with the BTZ- or LiCl-treated 
group (Figure 4D-G). Taken 
together, our data suggested 
that LiCl overcame the BTZ-
mediated resistance of MM 
cells and inhibited BTZ-resi- 
stant cell apoptosis. Also, our 
data unveiled a crosstalk be- 
tween BTZ and LiCl that facili-
tated MM cell apoptosis.

LiCl triggered cell apoptosis 
via activating the Wnt/β-
catenin signaling pathway

Emerging evidence shows that 
LiCl inhibits the activity of gly-
cogen synthase kinase 3 (GSK-
3β) [18, 19]. To explore the 
molecular mechanism of LiCl-
induced MM cell apoptosis, we 
first detected the expression 
level of GSK-3β and p-GSK-3β 
in the RPMI-8226 and U266 
cell lines treated by LiCl. The 
results showed that LiCl treat-
ment did not change the pro-
tein level of GSK-3β, but clearly 
increased the level of p-GSK-
3β, implying the loss of activity 

of GSK-3β (Figure 5A, 5B). Additionally, we 
extracted the nucleus proteins from RPMI-
8226 and U266 cells via treatment with 40  
mM LiCl. As shown in Figure 5C, 5D, LiCl treat-
ment led to increased protein levels of β-ca- 
tenin corresponding to decreased phospho- 
rylation levels of β-catenin. Normally, once β- 
catenin translocates into the nucleus, it will 
activate the expression of downstream target 
genes. Therefore, we conducted the TOP/FOP 
Flash luciferase reporter gene assay and found 
that LiCl enhanced the activities of the Wnt 
reporter gene in the HEK293T and RPMI-8226 
cell lines (Figure 5E, 5F). Collectively, our study 
preliminarily shows that LiCl induced apoptosis 
of MM cells via activation of the Wnt/β-catenin 
signaling pathway.

Discussion

In the current study, we carried out CCK-8 and 
BrdU assays to measure the proliferation of 



LiCl overcomes drug resistance and triggers cell apoptosis

2617	 Am J Transl Res 2018;10(8):2610-2618

MM cells treated with different doses of LiCl. 
The results showed that LiCl inhibited MM cell 
survival in a dose-dependent manner (at con-
centrations of 5 mM, 10 mM, 20 mM, and 40 
mM) and reached its peak at 40 mM (Figure 1). 
Interestingly, LiCl promoted metanephric mes-
enchyme cell proliferation at 40 mM and inhib-
ited it at 50 mM [20]. Another study also indi-
cated that LiCl increased the proliferation of 
hippocampal neural stem/progenitor cells at 
low concentration [21]. The main reason for 
this phenomenon is likely to be the variant 
background of different sources of cells. These 
studies also indicated that LiCl, as the main 
drug used for bipolar disorder, is closely associ-
ated with cell proliferation.

In addition, we found that LiCl induced MM  
cell cycle arrest at G2/M phase as well as cell 
apoptosis in a concentration-dependent man-
ner (Figures 2 and 3). Generally, the Wnt signal-
ing pathway plays an important role in tumor 
cell cycle distribution and cell apoptosis [22-
25]. Nevertheless, it has been reported that 
LiCl inhibited GSK-3β activity [19, 26]. In this 
study, we confirmed that LiCl treatment in- 
creased the level of p-GSK-3β and further 
inhibited the activity of GSK-3β (Figure 5A, 5B). 
Then, GSK-3β did not phosphorylate β-catenin, 
and the unphosphorylated form of β-catenin 
translocated into the nucleus, which was also 
confirmed by our data showing that LiCl treat-
ment led to an increased level of β-catenin pro-
tein in the nucleus (Figure 5C, 5D). The TOP/
FOP Flash luciferase reporter gene assay fur-
ther indicated that LiCl activated the canonical 
Wnt signaling pathway to induce MM cell apop-
tosis (Figure 5E, 5F).

Despite having been successfully used to treat 
MM, bortezomib is not an optimal treatment 
because of the drug resistance that is often 
encountered with its use [27]. Here, we found 
that LiCl further reduced the viability of 100 nM 
BTZ-resistant cells in a dose- and time-depen-
dent manner (Figure 4A, 4B). LiCl also induced 
apoptosis in BTZ-resistant cells (Figure 4C). 
Surprisingly, both RPMI-8226 and U266 cells 
were insensitive to low concentrations of bort-
ezomib (5 nM and 10 nM), and IM9 cells were 
sensitive to 10 nM bortezomib (data not shown). 
Therefore, our results showed that multiple 
drugs combined with 20 nM BTZ and 20 mM 
LiCl treatment further enhanced MM cell apop-
tosis compared with the BTZ- or LiCl-treated 

groups (Figure 4D, 4E). The above results indi-
cate that LiCl was able to overcome bortezo-
mib-mediated resistance of MM cells.

In conclusion, our data revealed that LiCl inhib-
ited MM cell proliferation and triggered cell 
cycle arrest in a dose-dependent manner. We 
also found that LiCl repressed the viability in 
BTZ-resistant cells and overcame the drug 
resistance to BTZ in MM cells. Finally, we pre-
liminarily confirmed that LiCl induced cell death 
via transcriptional activation of the Wnt/β-
catenin signaling pathway. These results con-
tribute to a better understanding of the impact 
of LiCl on MM progression.
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