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ABSTRACT

Beyond its use as an antiepileptic drug, over time valproate has been increasingly used for several other ther-
apeutic applications. Among these, the antineoplastic effects of valproate have been assessed in several in vitro
and in vivo preclinical studies, suggesting that this agent significantly inhibits cancer cell proliferation by
modulating multiple signaling pathways. During the last years various clinical trials have tried to find out if
valproate co-administration could enhance the antineoplastic activity of chemotherapy in glioblastoma patients
and in patients suffering from brain metastases, demonstrating that the inclusion of valproate in the therapeutic
schedule causes an improved median overall survival in some studies, but not in others. Thus, the effects of the
use of concomitant valproate in brain cancer patients are still controversial.

Similarly, lithium has been tested as an anticancer drug in several preclinical studies mainly using the un-
registered formulation of lithium chloride salts. Although, there are no data showing that the anticancer effects of
lithium chloride are superimposable to the registered lithium carbonate, this formulation has shown preclinical
activity in glioblastoma and hepatocellular cancers. However, few but interesting clinical trials have been per-
formed with lithium carbonate on a very small number of cancer patients.

Based on published data, valproate could represent a potential complementary therapeutic approach to
enhance the anticancer activity of brain cancer standard chemotherapy. Same advantageous characteristics are
less convincing for lithium carbonate. Therefore, the planning of specific phase III studies is necessary to validate

the repositioning of these drugs in present and future oncological research.

1. Introduction

The non-recent use of an old or existing or even banned drug for new
therapeutic indications other than those for which it was initially mar-
keted, is a growing phenomenon formally and initially referred to as
“drug repositioning” (or later also repurposing, reprofiling, retasking,
switching) by Ashburn and Thor in 2004 [1]. There are several examples
of drug repositioning also in the oncology field [2,3]. The oldest case is
represented by acetylsalicylic acid, which was initially introduced as
analgesic drug and in more recent times as a drug to prevent colorectal
cancer, as well [4]. Banned for its dramatic experience of teratogenicity
in 1950s, thalidomide was carefully rehabilitated and repositioned as an
effective drug against multiple myeloma for its antiangiogenic and

immunomodulatory effects [5]. Thus, antitumor activities have
described for several agents widely used for other therapeutic in-
dications. These include, for example, non-aspirin nonsteroidal
anti-inflammatory drugs [6], the oral contraceptive ormeloxifene [7],
and the natural polyphenol resveratrol [8]. More recently, there is
increasing evidence that classic antipsychotic, antidepressant, and
mood-stabilizing drugs are endowed with anticancer properties. These
compounds can inhibit the progression of glioma by targeting signaling
pathways related to cell proliferation, apoptosis, or invasion/migration
or by increasing the sensitivity of glioma cells to conventional chemo-
therapy or radiotherapy [9]. Similar findings have been demonstrated
for antiepileptic drugs such as levetiracetam and valproate [10]. In line
with this profitable perspective, the present work aims to focus the
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attention on two old neurological and psychoactive compounds, val-
proate and lithium, as possible candidate to be the next repositioned
drugs assessed as anticancer agents effective against brain tumors.

2. Anticancer activity of valproate
2.1. Preclinical studies of valproate on cancer

The antineoplastic effects of valproate (Fig. 1) were discovered
fortuitously, and a new important therapeutic role of this old drug was
assessed [11]. In a first experiment, valproate inhibited growth and
promoted maturation of HL-60 human promyelocytic leukemia cells at
concentrations above the recommended therapeutic blood levels [12].
When tested as possible teratogenic agent, valproate showed anti-
proliferative activity, inhibiting the mitotic index of mouse neuroblas-
toma (Neuro-2A) and rat glioma (C6) cells with an approximate ICsq of
0.5 and 1.0 mM, respectively [13]. In subsequent studies, valproate was
found to reduce cell growth of the rapidly dividing cholinergic neuro-
blastoma x glioma hybrid cell-line (NG108-15) at therapeutic free drug
concentrations. Indeed, it behaves as a pro-differentiating agent, since it
increases the activity of choline acetyltransferase, beta-galactosidase,
and muscarinic cholinergic receptor binding [14]. Since compounds
with antiproliferative and differentiation potential are known to inhibit
tumor progression or induce malignant reversion, valproate appeared as
a good candidate for anticancer therapy. Accordingly, several in vitro
and in vivo pre-clinical studies suggest that this agent significantly in-
hibits cancer cell proliferation by modulating multiple signaling path-
ways [11,15].

In additional studies, Regan and his coworkers found that valproate
antiproliferative activity was due to the arrest C6 glioma cell at the G1
phase of cycle [16-18]. Anticancer properties of valproate are mainly
attributable to its histone deacetylases (HDACs) inhibitory action, as
well as to the ability to affect microRNAs expression [19]. Four classes of
HDAGCs inhibitors with potential anticancer activity have been recog-
nized: hydroxamic acids, short chain fatty acids (including valproate),
cyclic peptides, and benzamides. Valproate causes acetylation of the
N-terminal tails on histones H3 and H4, and inhibits the activity of
HDAGs I and II, probably by binding to the catalytic center, and thereby
blocking access to the substrate. Since histone deacetylation and DNA
methylation are involved in resistance to chemotherapy through the
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Fig. 1. Chemical structures of valproate and lithium formulations.
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protection of cancer cells via silencing of anti-tumor genes, HDACs in-
hibitors would stimulate or de-repress silenced tumor inhibitor genes
[20]. Nevertheless, the mechanisms of antineoplastic activity and the
specificity of HDACs have not been perfectly clarified. More impor-
tantly, as a psychoactive agent that crosses the blood-brain barrier,
valproate might also adequately defeat metastatic cancer cells in the
central nervous system.

Since then, many other works were published, showing the growth
inhibition exerted by valproate on several cancer cell lines. These
include blood malignancies [21], such as murine B-myeloma (FO) cells
and T-lymphoma (AKR-1) cells, as observed in single-cell culture [22],
and in other murine and human cell lines of lymphoid origin [20,23]. In
a more recent study, valproate induced apoptosis in bone marrow blast
cells taken from patients affected by the aggressive acute myeloid leu-
kemia characterized by t(8; 21) chromosomal aberration (AML1/ETO),
suggesting the use of this drug to treat this leukemia subtype [24]. Ac-
cording to Schwartz and colleagues, the antiproliferative effect of val-
proate in different myeloma cell lines (OPM2, RPMI and U266) was not
mediated by apoptosis [25].

In line with its hepatotoxicity, in rat hepatome cell line FaO val-
proate caused cell death through apoptosis, with Fas-ligand and caspase-
11 expression, which was increased at the transcriptome level, while
caspase-3 was activated at the proteome level during the exposure
period [26]. Recent evidence was provided that in human hepatocellular
carcinoma (HepG2 cells) cell line valproate induced a significant and
dose-dependent cytotoxicity caused by a marked increase in intracel-
lular reactive oxygen species, leading to early and late apoptosis [27].

In a recent study, valproate inhibited cell viability in human prostate
cancer PC-3 and LNCaP cells. This effect was due to a decreased lipo-
genesis and increased apoptosis via the CCAAT-enhancer-binding pro-
tein alpha/sterol regulatory element-binding protein 1 (C/EBPa/SREBP-
1) pathway [28]. Furthermore, valproate inhibited the metastatic
re-activation of PC3 prostate cancer cells due to chronic mammalian
target of rapamycin (mTOR) suppression induced by temsirolimus [29].

Valproate appeared beneficial also in the treatment of breast cancer.
Promising preclinical findings suggest that it could be considered as a
complementary agent in combination with many cytotoxic, hormonal,
and immunotherapeutic compounds [30]. Furthermore, in a recent
paper it was shown that valproate decreased the expression of pyruvate
kinase M2 isoform (PKM2), leading to inhibited cell proliferation and
reduced colony formation in breast cancer MCF-7 and MDA-MB-231
cells. This novel mechanism would regulate the Warburg effect, that is
the ability of cancer cells to exhibit a unique metabolic way concerning
an accelerated glucose consumption, an improved lactate accumulation,
and low oxidative phosphorylation even under aerobic conditions. This
aspect is essential for developing a successful approach in breast cancer
therapy [31].

Valproate proved to be a promising anticancer drug, alone or in
combination with classic antitumor agents, in other severe malig-
nancies, including gastric [32], medullary thyroid [33], lung [34],
pancreatic [35], cervical cancer cell lines [36], and head and neck
squamous carcinoma cell lines [37].

2.2. Preclinical activity of valproate on models of intracranial
malignancies

Thanks to its ability to cross the blood-brain barrier, valproate is a
good compound for the treatment of intracranial malignancies.
Furthermore, considering that some intracranial tumors can induce
epileptic activity [38], not surprisingly valproate can be a good candi-
date to be administered as an anticancer drug, as well [39]. In this
respect, in recent years a wide literature considered the importance of
valproate as an anticancer compound for the treatment of malignancies
of the central nervous system [40-44].

In addition to this, several studies suggested a neuroprotective role
for valproate. Repeated administration of both lithium and valproate
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increased the expression of brain-derived neurotrophic factor (BDNF),
but not of glia-derived neurotrophic factor (GDNF), in the rat frontal
cortex and hippocampus [45]. Neuroprotective properties of valproate
seem to involve modulation of neurotrophic factors and receptors for
melatonin [46]. Furthermore, in different experimental models, val-
proate is able to reinforce neurons restoration after stroke and brain
injury. Finally, valproate was shown to protect dopaminergic neurons in
different experimental models of Parkinson’s disease [15].

As anticipated, one of the first experiments where valproate dis-
closed its unexpected antiproliferative activity was just against mouse
neuroblastoma (Neuro-2A) and rat glioma (C6) cells [13]. Since the
expression of certain HDACs forms differs with glioma tumor grade,
valproate can be regarded as an experimental drug in the treatment of
these very aggressive malignancies. In particular, valproate induces a
reversible hyperacetylation of the N-terminal tails of histones H3 and H4
in glioma cell lines. Another important effect of valproate is its ability to
induce DNA hypomethylation, as shown in rat astrocytes, and the
modulation of several transcription factors. Thus, valproate induces
differentiation of glioma cells, preventing their invasion in brain tissues
[471.

Concerning the gene and protein expression mediated by valproate
in glioblastoma and other nervous cancers, this drug up-regulates p21,
wingless-related integration site (Wnt) 1,2, cyclin D3 (proliferation),
glial fibrillary acidic protein (GFAP), BDNF, beta3 tubulin, cluster
determinant 133 (cell differentiation), Bax, reactive oxygen species,
glutathione (cell death), TIMP metallopeptidase inhibitor 1 (tumor in-
vasion), and down-regulates glycogen synthase kinase-3 (cell prolifer-
ation), cluster determinant 44, GDNF (cell differentiation), Bcl 2 (cell
death), vascular endothelial growth factor (VEGF; angiogenesis), matrix
metalloprotease 2, interleukin 6, NF-kB (tumor invasion) [47,48]. Thus,
valproate exhibits different effects on cancer cell proliferation, both
through HDAGCs inhibition and other mechanisms. It can directly alter
the acetylation status of p53 and inhibit NF-kB, possibly through HDACs
inhibition. At the same time, NF-kB can also be constrained by
valproate-mediated HDACs inhibition and subsequent increased
expression of cartilage glycoprotein-39, which is an inhibitor of NF-kB.
The valproate-mediated cell cycle stop is achieved through p21
increased expression by HDACs inhibition and p53 acetylation, and
spindle assembly defects through HDACs inhibition [47]. Direct and
indirect inhibition of glycogen synthase kinase-3beta can also induce
both tumor proliferation and cell cycle arrest. Furthermore, p-catenin
expression appears enhanced by direct and indirect inhibition of GSK-3f
[49]. Finally, signal transducer and activator of transcription 3 may still
promote oncogenesis, regulated by the epidermal growth factor receptor
and phosphatase and tensin homolog mutant status of the tumor [47]. In
a recent in vitro study valproate enhanced apoptosis by promoting
autophagy via Akt/mTOR signaling in two glioma cell lines, U251 and
SNB19 [50].

HDAGs inhibitors, including valproate, inhibit tumor angiogenesis in
vivo in xenograft models of medulloblastoma, neuroblastoma, prostatic
and colon tumors. Accordingly, in in vitro experiments (human glioma
cell lines U87-MG, U251 and A172; rat glioma cell line C6), valproate
preferentially inhibited endothelial cell proliferation in comparison with
glioma cell proliferation. This effect was attributed to a diminution of
vascular endothelial growth factor secretion of glioma cells under both
normoxic and hypoxic conditions. Valproate was also able to constrain
tube formation in the angiogenesis assay. In in vivo experiments of fe-
male rats inoculated with glioma C6 cells into the right frontal lobe,
treatment with valproate combined with irinotecan reduced the number
of vessels expressing factor VIII in the brain tumor model. Thus, glioma
angiogenesis is suppressed both by a direct way, i.e. inhibition of
endothelial cell proliferation and tube formation, and by an indirect
way, i.e. decreased secretion of VEGF by glioma cells [51].

Several cell types, especially microglial cells, macrophages, and
neural precursor cells, seem to adopt a specific phenotype when
attracted to glioblastomas, favoring loss of immunogenicity of cancer
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cells and tumor invasion. It was suggested that valproate is able to affect
the brain tumor microenvironment by modulating gene expression,
phenotype and survival of many of these cell populations [47].

A very recent study carried out on human glioma SHG44 and U87
cell lines showed that valproate inhibited glioma invasion and metas-
tasis through the regulation of Smad4 expression. In detail, the drug
inhibited the process of conversion of epidermal cells to mesothelial
ones by altering the expression level of Small mothers against decap-
entaplegic homolog 4 (Smad4), which is induced by transforming
growth factor beta 1 (TGF-f1) to form a Smad3/4 complex [52].

The remodeling effects induced by valproate on chromatin suggested
to include this drug in combination with other chemotherapeutic agents,
immunotherapy, and radiation therapy to potentiate their anticancer
effects. In this respect, for example valproate synergized with the
topoisomerase-II DNA-damaging agent etoposide when tested in vitro
against glioma cells. This adjuvant role of valproate was proved to be
effective with temozolomide, nitrosourea alkylating agents, the natural
flavonoid luteolin and the tyrosine kinase inhibitor gefitinib [44].
Again, valproate-induced histone hyperacetylation leads to chromatin
de-condensation. This effect sensitizes the DNA to radiation therapy,
causing DNA double-strand breaks (DSBs), which initiate apoptotic cell
death. Furthermore, valproate may inhibit the dissociation of the DNA
repair machinery from the DNA after double-strand breaks repair,
leading to apoptosis [48]. Finally, the effects of valproate-adjuvant
immunotherapy are also promising. For example, the combination
therapy of the oncolytic animal virus equine herpesvirus type 1 (EHV-1)
with valproate was evaluated, showing that pretreatment with the drug
promoted the infection [47,48]. Accordingly, several in vivo and in vitro
studies have demonstrated that valproate has radio-sensitizing effects
for gliomas and radioprotective influence on normal brain tissue or
hippocampal neurons [42].

Neuroblastoma is the most common extracranial solid cancer in
childhood, and it is originated from the sympathoadrenal progenitors of
neural crest [53,54]. The anticancer effects of valproate combined with
interferon- o (IFN-a) were examined against two neuroblastoma cell
lines (NB-2 and UKF-NB-3) and it was found that drug combination
inhibited the growth of UKF-NB-3 xenograft tumors in nude mice syn-
ergistically and promoted complete healing in two out of six animals,
whereas single therapy only repressed tumor growth [55].

As previously described for breast cancer [31], valproate was shown
for the first time to restrain the Warburg effect and tumor progression
also in human neuroblastoma cell lines SH-SY5Y and BE(2)C, suggesting
a novel therapeutic strategy for this malignancy. More in depth, this
anticancer compound curbs the aerobic glycolysis in neuroblastoma
cells, acting through a reduction of glucose uptake, of lactate and ATP
production, and of E2F transcription factor 1 (E2F1) levels. So, it follows
in a diminished expression of glycolytic genes glucose-6-phosphate
isomerase and phosphoglycerate pinase 1. In particular, valproate
down-regulates E2F1 [56].

Meningioma is one of the most common intracranial tumors. In an in
vitro experiment, meningioma sphere cells and meningioma adherent
cells were found both sensitive to valproate that increased the suscep-
tibility of these cancer cells to irradiation. Furthermore, the expression
of the stem cell marker octamer-binding transcription factor 4 (Oct-4)
was reduced, especially by combined treatment with irradiation [57].

2.3. (linical studies of valproate on brain cancer

Based on promising preclinical data, during the last years clinical
trials have tried to find out if valproate co-administration could enhance
the antineoplastic activity of chemotherapy. Interestingly, randomized
phase II studies have confirmed in hematological [58] and solid [59]
cancer patients the antineoplastic effect of valproate when concomi-
tantly administered with chemotherapeutic drugs. In 2011, Weller
conducted a post hoc analysis [60] on glioblastoma patients treated with
temozolomide plus radiotherapy, demonstrating that the inclusion of
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valproate in the therapeutic schedule caused an improved median
overall survival (OS; 17 months) in comparison with the OS of glio-
blastoma individuals not receiving any antiepileptic drug (AED; 14
months) or the ones treated with an enzyme-inducing AED (EIAED; 14.4
months). Another intriguing clinical finding was related to the period of
co-administration of valproate with temozolomide (TMZ). Indeed, Ker-
khof and colleagues [61], based on a clinical trial enrolling 108 glio-
blastoma patients, suggested that the combination of valproate and TMZ
for at least 3 months caused a significant enhancement of OS (i.e., a
value of 2 months). The antitumor effect of valproate was also demon-
strated in patients suffering from brain metastases due to breast cancer,
where the simultaneous use of the antiepileptic with whole brain
radiotherapy significantly improved the median OS (11 months in pa-
tients with valproate vs. 5 months without valproate) [62]. A prospec-
tive comparative study in a miscellaneous population of 823 patients
both with brain primary or metastatic tumor revealed that patients not
treated with antiepileptic drugs had a statistically shorter median OS (45
months) if compared to patients administered with valproate (262
months) [63]. Other small-size clinical trials showed clinical advan-
tages, such as the increase of OS, in the adding of valproate to
radio-chemotherapy in glioblastoma patients [64-66], but the data from
these trials could only suggest a survival benefit because they were not
powered to validate those effects and a wider study was needed. In 2020,
a Taiwanese nationwide population-based cohort study based on an
administrative database on patients with high-grade gliomas undergo-
ing TMZ showed that the valproate-treated group of patients had a
significantly greater OS time compared with the non-valproate group
(50.3 vs 42 months, respectively) [67]. Recently, it has been also re-
ported the case of a long-term survival (more than 5 years) of an
adolescent patient suffering of glioblastoma prescribed with the prom-
ising schedule of vinblastine and valproic acid [68].

However, the effects of concomitant valproate in glioblastoma pa-
tients are still controversial. Indeed, Happold and co-workers [69] in a
pooled analysis of prospective clinical trials demonstrated that the use of
valproate had no significant impact on OS in patients with glioblastoma
and also that any therapeutic option for epilepsy did not improve sur-
vival. This discouraging data on the use of valproate as an anticancer
drug into the clinic of brain tumors were also confirmed by a recent
phase 2 study in children with pontine glioma or high-grade gliomas.
Children were treated with valproate and radiotherapy and then with a
maintenance therapy with valproic acid and bevacizumab, an anti-VEGF
monoclonal antibody. The authors concluded that the concomitant
treatment of valproate, bevacizumab and radiotherapy, although
well-tolerated, did not improve the OS of these pediatric patients [70]. A
possible explanation for the discrepancies among the preclinical data
and the different clinical results may be related to the valproate plasma
concentrations and its antitumor mechanism of action. Indeed, a recent
article by Berendsen and colleagues suggest that increased valproate
concentrations enhanced the level of acetylated histones in vitro, but the
same findings were not retrieved in cancer samples obtained from
glioblastoma patients using antiepileptic doses of valproate [41].

Antiepileptic drugs may interact with alkylating agents, which are
both usually used in patients with brain tumors [71]. Indeed, the ther-
apeutic indication of antiepileptic drugs is widespread because an
important percentage of central nervous system tumors will generate
seizures [38], impacting on patients’ quality of life. An example of
possible drug-drug interactions that may modify the effects of antineo-
plastic therapies is represented by a retrospective study enrolling glio-
blastoma patients treated with lomustine, where the concomitant P450
enzyme inducing antiepileptic drugs determined a worse median sur-
vival (10.8 months) if compared to those patients treated with valproate
(13.9 months), a non-enzyme inducing antiepileptic [72]. Lomustine
increased efficacy may be determined by the antineoplastic activity of
valproate but also by its cytochrome P450 (CYP) inhibitory properties
that may as well lead to serious adverse events if the metabolism is
already impaired [73]. Indeed, in patients suffering from high-grade
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gliomas, the up-front regimen of fotemustine, cisplatin, and etoposide
followed by whole brain radiotherapy if combined with valproate
caused 3-fold higher incidence of bone-marrow toxicities when
compared to patients administered with other antiepileptic drugs [74].

3. Anticancer activity of lithium
3.1. New potential therapeutic use of lithium in cancer

Lithium is a monovalent cation, belonging to the family of alkali
metals with atomic number 3. In particular, lithium inhibits the coupling
of p-adrenergic and muscarinic receptors to G proteins, a process stim-
ulated by magnesium, blocks the activity of inositol monophosphatase,
which has magnesium as a cofactor, and inhibits bisphosphate 3-prime-
nucleotidase (BPNT1), a magnesium-dependent phosphatase [75,76].
Furthermore, lithium reduces the activity of GSK-3p because it competes
against magnesium for an essential binding site for its phosphorylation
and transcription. This effect is biologically very relevant since GSK-3 is
the kinase with the largest number of known substrates (over 100) [77,
78] (Fig. 2). Furthermore, lithium leads to WNT/B-catenin pathway
activation, Camp-Response-Element-Binding Protein (CREB) induce-
ment, transducer of regulated CREB activity 1 (TORC1) stimulation, and
activated lymphokine killer cell immunomodulation [79,80]. Lithium
has been tested as an anticancer drug in several preclinical studies
mainly using the formulation of lithium chloride (LiCl) (Fig. 1), a drug
not registered for any human use and therefore not present in the clinical
practice. To our knowledge, there are no data in the scientific literature
where lithium carbonate and lithium chloride activities have been
compared in vivo and/or in vitro, therefore the anticancer effects of the
two compounds may be not superimposable. Indeed, it has been shown
that some types of cancer might be linked to hyperactivation of GSK-3p
[81], therefore lithium, as an inhibitor of this molecular target, could be
a possible candidate to a complementary oncological therapy. Duffy and
colleagues tested LiCl in six different neuroblastoma cell lines and re-
ported a time and concentration-dependent decrease of cell viability and
an increase of cell death through apoptosis. These effects were coupled
to the discovery that LiCl caused a reduction of N-myc proto-oncogene
protein (MYCN), a marker associated with poor prognosis and a lack
of specific therapeutic options, due to the GSK-3f inhibition that reduces
the stability of MYCN mRNA [82]. In more recent studies lithium
chloride also exhibited activity in acute promyelocytic leukemia cells (i.

Anticancer
activity

‘ Whnt/B-catenin ’

Inositol monophosphatase
BPNT1

G-protein coupling to

B-adrenergic and
muscarinic receptors

Fig. 2. Molecular mechanisms of action of lithium and their effects on anti-
cancer activity. BPNT1, bisphosphate 3-prime-nucleotidase; CREB, cAMP
response element-binding protein; GSK-3f, glycogen synthase kinase-3p; NCLX,
mitochondrial sodium calcium exchange channel; TORC1, target of rapamycin
complex 1; Wnt, wingless-related integration site.
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e., NB4) with an increased rate of apoptosis and G2/M phase arrest in
cells treated with 20 mM LiCl for 24 h [83]. Interestingly, the study by
Zassadowski and collaborators confirmed the activity of LiCl in two
different cell subtypes of acute promyelocytic leukemia (i.e., NB4 and
UF-1 cells), showing that LiCl, by inhibiting the GSK-3f pathway, ob-
tained a reduction of proliferation, and an increase in apoptosis in both
cell lines. These data were confirmed in vivo: mice treated with LiCl
alone showed a comparable survival to those treated with retinoic acid
alone, while those treated with the combination of lithium chloride and
retinoic acid showed a significantly superior survival compared to those
treated with retinoic acid only [84]. In medullary thyroid cancer (MTC)
excellent results have been reported with LiCl both in vitro and in vivo. A
significant inhibition of MTC cell line growth and a decreased produc-
tion of neuroendocrine markers occurred with LiCl at concentrations
ranging between 10 and 30 mM because of the concomitant inhibition of
GSK-3p signaling [85] (Fig. 2).

The antiproliferative and pro-apoptotic activity of LiCl was found
also in other tumour cell lines such as prostate cancer [86,87], mela-
noma [88], ovarian cancer [89] and in follicular thyroid carcinoma
[90]. The dysregulation of the Wnt/p-catenin pathway is involved in the
tumorigenesis of thyroid carcinomas [91]. Lithium, as reported above,
represents an activator of this pathway (Fig. 2) through the inhibition of
GSK-3p [80]. In an in vitro study performed by Gilbert-Sirieix and col-
laborators, papillary thyroid carcinoma cells (i.e., TPC-1) were treated
with LiCl at different concentrations (1, 5, 10, 20 mM) for 10 min, 24 h
and 48 h. The authors demonstrated that the increase in Wnt/p-catenin
expression was proportional to the LiCl concentration [92].

3.2. Preclinical studies of lithium carbonate on brain and hepatic cancer

Unlike the numerous LiCl preclinical studies, no comparable studies
using lithium carbonate in different cancer models were conducted. A
preclinical investigation performed by Furuta and colleagues studied the
anticancer activity of cimetidine, lithium, olanzapine and valproic acid
alone or in combination (referred to as CLOVA) on three human glio-
blastoma cell lines (i.e., T98, U87, U251). Of note, all the tested drugs
inhibited GSK-3f activity, but CLOVA showed the greatest level of in-
hibition. In addition, lithium and valproate inhibited the invasion of the
extracellular matrix and showed cell proliferation inhibition. In partic-
ular, proliferation of glioblastoma cells was suppressed by lithium
concentrations ranging between 5 mM and 10 mM [93]. Interestingly,
the CLOVA combination was tested also in vivo, in a mouse brain model
of human glioblastoma. The daily oral administration of the CLOVA
cocktail was performed for 2 weeks, and mice showed a significant
reduction of diffusely infiltrating cells if compared to temozolomide,
whereas the tumors resulted well demarcated from the surrounding
tissue [93].

In 2020, Taskaeva and collaborators conducted a study to assess the
antineoplastic activity of lithium carbonate on hepatocellular carcinoma
cells (i.e., HCC-29). The experiments demonstrated that incubation with
lithium 5 mM for 24 h and 48 h increased the accumulation of S-phase
and G2/M-phase cells, respectively. Notably, also apoptotic cells
increased after incubation with lithium carbonate and signs of auto-
phagy, such as the expression of autophagy marker light chain 3f
(LC3p), were found [94]. Interestingly, the same investigators designed
an in vivo study in mice, xenotranplanting HCC-29 cells and adminis-
tering 20 mM lithium carbonate every other day by an intramuscular
injection. Lithium-treated mice caused an increase of the zones of
destruction in the tumor mass if compared to control group of animals
[95].

3.3. Clinical studies of lithium carbonate on cancer
Already in 1998 Cohen and colleagues had highlighted retrospec-

tively a lower risk, although non-significant, of developing cancer in
patients treated with lithium from 300 to 1800 mg with a modal dose of
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900 mg for at least one year than in normal population. Moreover, this
risk decreased significantly with the daily dose of lithium [96]. These
data were corroborated in 2016 by Martinsson and co-workers who
observed a significant reduction in the risk of developing cancer of the
digestive tract, respiratory tract, and endocrine glands in patients with
bipolar disorder treated with lithium [97]. In the same year, in a
retrospective cohort study conducted by Huang et al., the significant
protective role of lithium in a dose-dependent manner against the
development of cancer was confirmed [98]. Moreover, Pottegard and
collaborators examined 36,248 patients diagnosed with colorectal
adenocarcinoma on the Danish cancer registry from 2000 to 2012 who
were treated with at least 2 or more lithium prescriptions lasting 90 days
each. Using a case-control design, the authors concluded that long-term
use of lithium did not increas the risk of colorectal adenocarcinoma
[99].

However, very few clinical trials have been performed with lithium
carbonate on cancer patients and usually enrolling a very small number
of subjects, limiting the conclusions on the results. As an example, seven
adult patients with recurrent glioblastoma were enrolled in a single-
center, single-arm, phase I/II study. Patients were treated with TMZ
(200 mg/m?/day) on the first 5 days of each 4-week cycle and CLOVA
(cimetidine 800 mg, lithium 400 mg, olanzapine 10 mg, and valproate
800 mg) administered all days orally. Of note, patients achieved a me-
dian OS of 11.2 (95% CI, 3.8-18.6) months, significantly greater than
the OS of 4.3 (95% CI, 2.5-6.1) months of the historical control group.
The therapy was safe and well tolerated: grade 1/2 somnolence was the
most common adverse event. A marked reduction in the size of recurrent
tumor was obtained in one patient: this reduction, lasting 9 months, was
evaluated as a partial response. Intriguingly, comparing the biopsy
performed before the treatment and the autopsy sample, both the inhi-
bition of GSK-3p, and the reduction of nestin and 0°%-alkylguanine DNA
alkyltransferase (MGMT) levels were found [93].

Another single-center phase I study enrolled 9 patients suffering of
non-promyelocytic acute myeloid leukemia, unsuitable for standard
intensive induction chemotherapy or with relapsed or refractory dis-
ease. Patients were treated with oral lithium carbonate 300 mg 2-3
times a day to reach the target lithium level of 0.6-1.0 mmol/L. All
patients had disease progression, but four of them had a period of stable
disease (constant circulating blasts) for a period >4 weeks. The median
OS of patients was 106 days (range 60-502). The target lithium plasma
level was reached at least once in each patient, but variability in lithium
levels required dose adjustments. GSK-3p inhibition correlated posi-
tively with plasma lithium concentration and was increased from
baseline by 1093. The therapeutic regimen was well tolerated: in fact,
only one dose-limiting toxicity-DLT (delirium grade 3 according to Na-
tional Cancer Institute Common Toxicity Criteria-CTCAE, version 4) was
observed [100].

To our knowledge, just a single randomized study was performed
with lithium carbonate on cancer patients. Yamazaki and colleagues
enrolled 61 patients with low-grade differentiated thyroid carcinoma
(DTC) treated by total thyroidectomy. Patients were randomized into
two arms: one group received radioiodine therapy, whereas the other
group radioiodine therapy (RAI) and an oral dose of 300 mg lithium
carbonate every 8 h for 7 days. Noticeably, the lithium-supplemented
group had a significantly higher response rate at the whole body scan
(p = 0.017), improving the efficacy of thyroid remnant ablation [101].
Another cohort study was performed at the National Institute of Health
(US) on DTC patients comparing the progression-free and overall sur-
vival between a group treated with radioactive iodine therapy and
another group of subjects receiving 600 mg of lithium carbonate for 7
days before RAL Interestingly, although the lithium-RAI group of pa-
tients revealed an improved overall survival in unadjusted models, no
differences were found if adjustment by clinically relevant factors such
as age and disease burden was made. Moreover, no differences were
retrieved also in terms of progression-free survival in both group of
patients, with no benefit from the adding of lithium carbonate to RAI
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[102]. A lack of response after lithium administration was also found in
a single-arm, open-label phase II clinical trial involving patients with
low-grade neuroendocrine tumors (NETs). Indeed, in 15 patients, the
administration of 300 mg lithium chloride orally 3 times daily for 28
days was ineffective at obtaining any radiographic response [103].

4. Conclusions and perspectives

Based on the preclinical and clinical data, valproate could represent
a potential complementary therapeutic approach to enhance the anti-
cancer activity of brain cancer standard chemotherapy [104]. In fact, the
drug is effective both in preclinical models and in the clinical setting,
although clinical data are still preliminary and further studies are
strongly required. However, from this analysis it clearly emerges that
patients under valproate treatment for other medical conditions, such as
epilepsy, bipolar disorder, or migraine, should not suspend this drug if
cancer is diagnosed. Furthermore, the use of valproate seems favourable
in brain cancer patients with coexisting epilepsy. Adverse drug reactions
associated with valproate are usually limited, if maintained in the safety
range of concentrations [105] and compared with chemotherapeutic
drugs. Indeed, valproate may be a good option for an effective combi-
nation for those all-oral chemotherapeutic schedules with low toxicities
and multiple mechanisms of actions, such as metronomic chemotherapy
[106,107], in different tumour types. Valproate may also represent a
good choice for a sort of maintenance therapy because it is
well-tolerated, it can be administered orally, it is an off-patent com-
pound, and it has a low cost [108]. However, no data are available on
the frequency of monitoring tests in cancer patients, and, above all,
which plasma concentrations ranges are compatible with the anticancer
activity. Finally, valproate may be used to treat and prevent seizures in
brain cancer patients, although other drugs may be preferable for this
issue such as levetiracetam [109].

The same advantageous characteristics are less convincing for
lithium carbonate. Indeed, both preclinical and clinical studies are very
few and the data, although promising in glioblastoma combined with
other drugs (such as valproate), do not allow any conclusion on the
anticancer activity of this formulation. Although LiCl demonstrated a
reproducible activity in various tumor models, the experience with
lithium carbonate is circumscribed only to glioblastoma and hepato-
cellular carcinoma. Furthermore, most of the clinical evidence comes
from phase I clinical studies performed in a small number of refractory
patients, limiting any conclusion on its actual anticancer effects in
humans.
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