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Abstract

Lithium (Li) salts have been widely used in psychiatry as mood stabilizing agents for 66 years. Li is
found in variable amounts in foods, especially grains, vegetables, and in various geographical areas.
Additionally drinking water provides a significant source of the element. Dietary intake in humans
depends on location, type of foods consumed, and fluid intake. Traces of Li have been detected in
human organs and tissues, leading speculation that the element is responsible for specific functions in
the human body. It was not until the 20th century that studies performed in the 1970's and 1990's,
primarily in chickens, cows, goats, and rats, maintained on Li-deficient diets demonstrated higher
mortality, and altered reproductive and behavioral abnormalities. Such deficiencies have not been
detected in humans; however, studies performed on populations living in areas with lower Li levels in
water supplies have been associated with higher rates of suicides, homicides, and the arrest rates for
drug abuse and other crimes. Thus, Li appears to play a significant role in early fetal development
evidenced by high Li levels during the early gestational period and perhaps social behavior.
Biochemically, the mechanism of Li action involves multi-factor and interconnected pathways with
enzymes, hormones, vitamins, transcription, and growth and transforming factors involved. This body
of evidence now appears sufficient to label Li as an essential element with the recommended RDA for a
70 kg adult of 1 mg/day. Of extreme importance for the future is the increasing clinical data indicating
Li can be used effectively for the treatment of acute brain injuries, e.g., ischemia and chronic
neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, Tauopathies, and
Huntington's disease. This conclusion is based upon evidence showing Li as important in neurogenesis,
neuronal repair, as well as protecting neurons from neurotoxicity.
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Introduction and Overview
Lithium (Li) salts have been widely used in psychiatry as mood
stabilizing agents for 66 years. Li is found in variable amounts
in foods, especially grains, vegetables, and in various
geographical areas. Additionally, drinking water provides a
significant source of the element in certain geographical areas
as well. Dietary intake in humans depends on location, type of
foods consumed, and fluid intake. Traces of Li have been
detected in human organs and tissues, leading speculation that
the element is responsible for specific functions in the human
body. It was not until the 20th century that studies performed in
the 1970’s and 1990’s, primarily in chickens, cows, goats, and
rats, maintained on Li deficient diets demonstrated higher
mortality, and altered reproductive and behavioral
abnormalities. Such deficiencies have not been detected in
humans; however, studies performed on populations living in
areas with lower Li levels in water supplies have been
associated with higher rates of suicides, homicides, and the
arrest rates for drug abuse and other crimes. Thus, Li appears to
play a significant role in early fetal development evidenced by
high Li levels during the early gestational period and perhaps
social behavior. Biochemically, the mechanism of Li action
involves multi factor and interconnected pathways with
enzymes, hormones, vitamins, transcription, and growth and
transforming factors involved. This body of evidence now

appears sufficient to label Li as an essential element with the
recommended RDA for a 70 kg adult of 1 mg/day. Of extreme
importance for the future is the increasing clinical data
indicating Li can be used effectively for the treatment of acute
brain injuries e.g., ischemia and chronic neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease,
Tauopathies and Huntington’s disease. This conclusion is based
upon evidence recently reviewed [1] showing Li as important
in neurogenesis, neuronal repair, as well as protecting neurons
from neurotoxicity. Finally, Li influences stem cells, both
neuronal and marrow derived, and from multiple organs and
tissues. Thus, additional therapeutic implications for this
element in clinical medicine to treat disorders associated with
the faulty production of blood and nerve cells or as a tool to
enhance blood stem cell mobilization for transplantation
warrants further research.

Lithium (from Greek lithos 'stone') is a chemical element with
symbol Li and atomic number 3. It is a soft, silver white metal
belonging to the alkali metal group of chemical elements.
Under standard conditions it is the lightest metal and the least
dense solid element. Like all alkali metals, lithium is highly
reactive and flammable. For this reason, it is typically stored in
mineral oil. When exposed, lithium exhibits a metallic luster,
but contact with moist air corrodes the surface quickly to a dull
silvery gray and then black tarnish. Because of its high
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reactivity lithium never occurs freely in nature and instead,
only appears in compounds, which are usually ionic. Lithium
occurs in a number of pegmatite minerals, but due to its
solubility as an ion is present in ocean water and is commonly
obtained from brines and clay. On a commercial scale, lithium
is isolated electrolytically from a mixture of lithium chloride
and potassium chloride.

Lithium and its compounds have several industrial
applications, including use in the manufacture of heat resistant
glass and ceramics, high strength-to-weight alloys used in
aircraft, lithium batteries, and lithium ion batteries. These
commercial uses consume more than half of lithium annual
production.

Trace amounts of lithium are present in all organisms. The
element serves no apparent vital biological function under
normal physiological conditions, unless it is deprived or
eliminated, since animals and plants survive in good health
without it; however, its role in avian and mammalian
reproduction has been documented as previously noted. In the
absence of lithium when tested in a number of vertebrate
species (fowl, cows and goats) all animals tested showed an
increased in spontaneous abortions among animals tested.
Thus, the implied link is that lithium is an essential component
required for normal gestation during pregnancy. Clinically in
humans, the lithium ion [Li+] administered as one of the
several available lithium salts have all proved to be useful as a
mood stabilizing drug in the treatment of bipolar disorder due
to the neurological effects of the ion in the human body.

In nature, lithium is found in trace amounts in numerous plants,
plankton and invertebrates at concentrations of 69 to 5,760
parts per billion (ppb). In vertebrates the concentration is
slightly lower, and nearly all vertebrate tissue and body fluids
have been found to contain lithium ranging from 21 to 763 ppb
[2]. Marine organisms tend to bio accumulate lithium more
than terrestrial ones [3]. It is not known whether lithium has a
physiological role in any of these organisms [3], but nutritional
studies as stated above in birds and mammals have indicated its
importance to health, leading to a suggestion that it be classed
as an essential trace element with an RDA of 1 mg/day [4].
Observational studies in Japan, reported in 2011, suggested
that naturally occurring lithium in drinking water might
develop Ebstein’s cardiac anomaly in infants born to women
who take lithium during the first trimester of pregnancy [5].
The most exciting results for lithium are its reported non-
psychiatric medical effects that are centered on the ion’s ability
to influence the proliferation of stem cells first identified from
hematopoietic tissues [6,7]. This effect has now been
demonstrated to also take place in the regeneration of
neurological tissues and stem cells derived from other organs
and tissues, making the use of lithium to treat spinal cord and
other system and organ injuries through a mechanism that
involves enhancing stem cell regeneration of damaged neurons
very promising for the future of clinical medicine [8].

Lithium and Cell Biology
Lithium is still the gold standard treatment for bipolar disorder-
manic depression, a severe mental illness. Lithium, which has a
well-established safety profile, has been FDA approved and
used to treat bipolar disorders for more than 60 years [9]. It is
an effective treatment for mania and is also used as
prophylactic therapy to prevent the recurrent manic and
depressive episodes that characterize bipolar disorder [10]. A
large body of evidence suggests that inflammation plays a role
in the pathogenesis of bipolar disorder and that mood
stabilizers exhibit anti-inflammatory properties. Pretreatment
with lithium 10 mM (but not 1 mM) significantly reduced LPS-
induced secretion of TNF, IL-1α, prostaglandin-E2 and nitric
oxide in rat primary glia cells [10]. In addition, lithium
significantly reduced the expression of cyclooxygenase-2 and
inducible nitric oxide synthase, findings suggesting that lithium
exhibits a potent anti-inflammatory effect [11]. Further
evidence from our laboratory suggested potent anti-cancerous
and apoptosis modulating activities by lithium on HL-60
promyelocytic leukemia cells and hematopoiesis [12-17]. This
is compelling evidence that supports the notion that treatment
with lithium may elicit strong anti-inflammatory effects in
inflammation and in cancerous cells. Hence, a promising
chemotherapeutic direction has emerged from these
observations based upon lithium’s initial clinical use in
psychiatry and a monovalent cationic element.

Pioneering studies demonstrated lithium directly inhibits
glycogen synthase kinase-3 beta (GSK-3β) activity [18,19].
This enzyme has been further established as a crucial target for
lithium’s cellular effects [20,21]. GSK-3β, consisting of a and
b isoforms, is a serine/threonine kinase that regulates diverse
cellular and neurophysiological processes and has been
implicated as one of the main causative agents responsible for
the development of Alzheimer’s disease. Lithium competes
with magnesium to directly inhibit GSK-3β by binding to the
active site of the enzyme and limiting magnesium’s catalytic
activity [22]. Lithium also indirectly inhibits GSK-3β activity
by enhancing phosphorylation of GSK-3β at Ser21 and
GSK-3β at Ser9 via activation of phosphatidylinositol 3-kinase
[PI3-K]/Akt, protein kinase A and protein kinase C [22,23]. In
addition, lithium has been shown to increase the activities of
two transcription factors, activator protein-1 [AP-1] and cyclic-
AMP response element binding protein [CREB], both in vivo
and in vitro [24,25]. Lithium also activates the mitogen-
activated protein [MAP] kinase pathway [26]. These metabolic
pathway intermediates play a crucial role in regulating
apoptosis, cytokine production and differentiation in HL-60
cells [27].

Lithium is a potent inhibitor of GSK-3β. GSK-3β inhibition
has been demonstrated to have anti-inflammatory effects, as
shown by reduced TNF-α production via attenuated activation
of NF-kβ and JNK signaling cascades [28] and induction of the
anti‐inflammatory cytokine, IL-10 [29]. GSK-3β and NF-kβ
play a central role in cancer progression, and regulation of the
factors by lithium may prove to be important in cancer
treatment. In light of these findings, the effects of lithium on
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expression of apoptosis-related genes and inflammation
associated cytokines have been studied.

Lithium and Cancer
Although lithium was first tested for its use in the treatment of
mania, during recent years attention has been focused on its
anti-cancer potentials as well. With lithium use in psychiatry
for 60+ years, there is no clinical evidence associating lithium
use in psychiatric patients with the formation of any neoplastic
blood cell dyscrasias. It is now well accepted that in laboratory
studies, lithium concentrations of 10 mM and above inhibit cell
growth of HL-60 promyelocytic leukemia cells [11-17,21,22].
Although 10 mM LiCl induces apoptosis in HL-60 cells, a
small fraction of the cell population remains viable, survives
the cytotoxic effects of lithium and exhibits an altered gene
expression pattern when sub-cultured for lengthy periods [4].
The resistance acquired by these HL-60 cells requires further
evaluation as results from these studies will be of importance
not only in psychiatry but in the proposed use of lithium as a
chemotherapeutic agent. Results from our laboratory
demonstrated lithium seems to be selectively cytotoxic to
cancerous cells while sparing non-cancerous cells, a
phenomenon important in noteworthy that although Li is
associated with an increased drug as therapy for bipolar and
manic depressive, this increase in neutrophils is reversible and
has not been associated with the development of any leukemia.

Evidence from our laboratory and others indicated lithium
resistance acquired by HL‐60 cells and its anti-cancerous
effects include a mechanism of action involving the induction
of apoptosis accompanied by modulation of apoptosis related
genes [30,31]. HL‐60 cells express two important apoptosis
related genes: bax, a pro-apoptotic gene, and bcl‐2, an anti-
apoptotic gene. Lithium appears to induce apoptosis in HL-60
cells by increasing the bax/bcl-2 ratio, and when this ratio is
reversed, HL-60 cells acquire resistance to lithium cytotoxicity.
When lithium concentrations were increased in the lithium
resistant HL-60 cells, bcl‐2 expression decreased and cell death
increased.

In cells, the increase in lithium concentration to 15 mM was
accompanied by DNA fragmentation and a decrease in cell
viability. Although treatment of HL-60 cells with 15 mM
lithium resulted in DNA fragmentation, this phenomenon was
not observed in the lithium resistant sub-clones [HL-60LiR
cells]. Expression of other apoptosis related gene products such
as p53 and Rb increased proportionally with increased lithium
dosage. The tumor suppressor protein, Rb, was significantly
elevated especially after treatment of HL-60 cells with 20 mM
lithium. Expression levels of Rb were generally lower in the
HL-60LiR cells, an observation that could possibly be linked to
the lithium resistance phenomenon acquired by these sub-
clones. The p53 protein, like Rb, is a nuclear protein that is
postulated to arrest growth in the G1 phase of the cell cycle in
response to a death signal or aberrant DNA activity [32]. When
HL-60 cells were treated with higher doses of lithium, its
expression levels increased albeit barely detectable in these cell
lines, and as a result, very little could be deduced from these
observations.

Since the successful growth and survival of leukemic cells is
partly due to their ability to respond to local paracrine growth
factors and inhibitors, the levels of several growth regulating or
inflammation related cytokines were carefully investigated.
TNF-α, IL-6, IL-2 and IL-10 are several of the cytokines
produced by HL‐60 and HL-60LiR cells following detection
using ELISA assays after 24 hrs of lithium treatment. Both
IL-6 and TNF-α have been shown to mediate apoptotic as well
as necrotic forms of cell death in leukemic cell lines.
Furthermore, it was previously reported that lithium
considerably potentiates the antitumor activity of TNF-α and
IL-6 both in vivo and in vitro. Lithium chloride has also been
demonstrated to considerably increase the amount of TNF-α
and IL‐6 in murine skin [33]. Treatment of HL-60 and HL-60
LiR cells with lithium resulted in a dose-dependent increase of
TNF-α and IL-6 production. The increase in TNF-α and IL-6
levels in both cells correlated with increase in lithium
dependent growth inhibition and cell death induction.
Production of these cytokines was comparatively higher when
cells were treated with 20 mM lithium, suggesting that
induction of cell death in HL-60 and HL-60LiR cells might be
achieved via modulation of TNF-α and IL-6 production. This
report supports findings from previous studies, which proposed
that lithium and TNF-α work in synergy when inhibiting
growth of HL-60 cells. Hence, the lithium induced cell death
may be a direct consequence or indirect stimulation of TNFα.

Production of IL-2 and IL-10 in HL-60 cells is generally
decreased by lithium in a dose dependent fashion. Both IL-2
and IL-10 are reported as potent growth promoting cytokines
in HL-60 cell lines. Thus, IL-2 and IL-10 represent potent
positive progression signals for the growth and differentiation
of their cellular targets, especially, leukemic subtypes [34].
Survival of cancer cells depends on the balance between
growth promoting cytokines and growth inhibitors; hence,
when growth factors, like IL-2 and IL-10 are low and growth
inhibitors, such as TNF-α and IL-6 are elevated, cells are
destined to die. Surviving HL‐60 LiR cells may, therefore, be
evading the process of cell death by decreasing levels of TNF-
α and IL‐6 while promoting IL-2 and IL-10 production. Thus,
the survival patterns seen in HL-60 LiR cells might be a result
of increased IL-2 and IL‐10 levels with concomitant reduction
in the production of TNF-α and IL-6. Induction of cell death by
lithium in HL-60 cells may involve stimulation of IL-6 and
TNF-α secretion and concomitant inhibition of IL-2 and IL-10
production. Taken together, these results suggest lithium may
be inducing cell death in HL-60 and HL-60LiR cells by
modulating cytokine production and expression of apoptosis
related genes. The use of lithium in cancer management would
improve treatment accessibility and reach a wider patient
community, even those in developing countries, due to its
affordability, stability and extensive distribution.

Lithium has been used clinically to treat granulocytopenia,
chemotherapy induced neutropenia, aplastic anemia, radiation
induced neutropenia, childhood neutropenia, autoimmune
neutropenia, agranulocytosis associated with hyperthyroidism,
hepatitis associated agranulocytosis, and clozapine induced
neutropenia. All are dyscrasias with a known etiology centered
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on faulty or inadequate stem cells. In most of these cases
tested, lithium had beneficial effects, although it paradoxically
increased neutropenia duration during cyclic neutropenia by
amplifying granulocytic oscillations, suggesting that lithium
may have complex effects on cyclic phenomena involving
suppressor activities and interactions between different
populations of white blood cells and potentially stem cells. In
some hematopoietic disorders, lithium can be dramatically
effective. For example, lithium enhances peripheral blood
neutrophil, serum CSA levels, and other symptoms in Felty’s
syndrome, an autoimmune condition with rheumatoid arthritis,
leukopenia, and splenomegaly. In some cases, lithium alone
cannot reverse this condition and must be given alongside high
dose corticosteroids. However, in many cases, a single course
of lithium carbonate restores neutrophil counts to normal.
Lithium does not affect all granulocytes to the same extent. In
the presence of low lithium concentrations its effect on
producing myeloid colonies from normal patients and those
with overt acute myelomonocytic leukemia [AMML] are not
significant. In myeloid colonies from normal patients, lithium
increased the sizes of colonies by 1.5-2.0 times and cell cycle
analysis showed a significant increase in percentage of cells in
S, G2, and M phases. However, lithium had no effect on cell
colonies grown from patients with acute myelomonocytic
leukemia (Figure 1).

Figure 1: Signal transduction mechanism for lithium action.

Lithium and Animal Cells
Lithium has been used in humans as a drug for depression and
other psychiatric problems for several decades. In addition,
lithium has also been used to treat different diseases in
animals. In the hopes of one day using lithium to treat
hemorrhagic fevers in humans such as Ebola, case studies were
reviewed on hematopoietic properties of lithium in animals
with a concentrated focus on blood disorders and cellular level
mechanisms of lithium on stem cells in animals.

Lithium has been used in animals to treat gray collie dogs that
develop cyclic hematopoiesis [35]. Cyclic hematopoiesis
causes cycling of hematopoietic stem cells, which causes not
only thrombocytopenia but also neutropenia. This disease leads

to numerous infections and possible death. The current therapy
options are bone marrow transplantation or lithium carbonate
as a drug. In one study [35] lithium carbonate tablets were
given orally twice daily with endotoxin injections. Results
showed cycles of neutropenia stopped, neutrophil counts
stabilized, as did monocytes and platelet counts, and
hematocrit levels increased. Once lithium was discontinued all
cycling returned to its previous state. The one side effect noted
was an anemia when lithium carbonate is used with endotoxin.
This effect is likely due to the inflammatory nature of
endotoxin in addition to lithium’s ability to induce leukocytosis
rather than erythropoiesis. Overall Li treatment has a positive
effect on the proliferation of hematopoietic stem cells and as
such demonstrates promising results that with more tests could
prove to be very useful tool to improve clinical transplantation
in human medicine.

Overall these clinical and experimental findings peaked
interest to explore how or to what therapeutic effect lithium
could have on other blood disorders that centered on the
development of thrombocytopenia. Many studies have been
performed where thrombocytopenia [a marked reduction of
platelets in the peripheral blood] was induced by another drug.
Lithium was then used to counteract these inhibitory effects on
platelets. One such study, [36] where lithium carbonate was
used to counteract the effects of carboplatin-induced
thrombocytopenia in dogs, eighteen dogs used in the study that
generated the following results. All dogs that received lithium
reached a systemic lithium blood level of 0.5-1.5 mmol/L,
which was the target level and mimics levels used clinically to
treat manic depressive and bipolar patients.
Thrombocytopoiesis was increased in all dogs receiving
lithium. The authors concluded lithium-stimulated
thrombocytopoiesis, but when given with carboplatin and
cephalexin, lithium did not prevent thrombocytopenia, but it
did induced thrombocytopoiesis.

Another study investigated the use of lithium carbonate to treat
myelosuppression in dogs [37]. In this study the levels of
lithium used were higher than recommended for use clinically
in humans, thus the researchers concentrated on the toxic levels
of lithium when used to counteract drug effects. This study
used 4 beagles and over all found that lithium had many toxic
side effects when dosed too high. Lithium carbonate was used
with lomustine as the two counter acting drugs. Lomustine is a
cytotoxic drug that is given to treat neoplasms in cancer
patients, with side effects being neutropenia and when given an
acute-doses and induces thrombocytopenia when given at
chronic doses. The researchers also found lithium carbonate
combined with lomustine at too high concentrations caused
seizures in dogs. The dogs treated with both drugs also had
ptyalism along with lethargy, inappetence, hypodipsia,
vomiting, diarrhea, and weight loss. However, once the
treatment was stopped the dogs returned to normal despite
showing signs of neutropenia. There were four limitations to
the conclusion:

[a] There were only two dogs for each treatment group;
therefore the study groups were small in numbers.
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[b] They did not use consistent doses of lithium within a
therapeutic level, because the optimal concentration for
hematopoietic stimulation is not yet known in dogs.

[c] Lithium was administered daily instead of 24 hours after
every lomustine treatment. It was administered daily to study
the effects of toxicity.

[d] Cephalexin, an antibiotic was given to prevent sepsis, may
have interfered with the lithium medication. Overall this study
showed that while there were positive therapeutic effects
associated with lithium use, as all drugs are toxic at a certain
dose and when clinical trials are used the dosage needs to be
studied closely.

A review of estrogen induced myelotoxicity in dogs showed
promising results when using lithium as therapy [38].
Estrogens or synthetic estrogenic compounds have been used
in female dogs for the treatment of insufficient mating
practices, hormonal urinary incontinence, estrus induction, or
pseudo pregnancy and in male dogs for prostatic hypertrophy,
perianal adenoma or testicular neoplasms. The use of estrogen
can cause myelotoxicity. The side effects occur in three stages:

Stage 1: A brief increase in platelet numbers followed by a
severe thrombocytopenia;

Stage 2: Bone marrow granulocyte hyperplasia with
neutrophilia,

Stage 3: Marrow recovery or marrow aplasia. Treatment with
lithium has been used in dogs with EIM [estrogen induced
myelotoxicity] and in each case, the treated animals made a
complete recovery. Therefore, the effect of lithium to stimulate
the proliferation of pluripotent stem cells demonstrated the
return of erythrocyte, leukocyte, and platelet to normal values.

A study on a female pincer dog that developed cysts on its
ovaries due to over productions of estrogen, led to induction of
neutropenia and bone marrow aplasia. These conditions were
treated effectively with lithium carbonate for 88 days with the
results demonstrating the animal was cured of all side effects
[39]. The dog showed a weekly increase in blood cell numbers,
resolving the leukopenia by the fourth week of treatment. The
anemia had become regenerative and the neutrophil count was
within the reference range. By the seventh week, the white
blood cell count and packed cell volume were normal. While a
discreet anemia could still be observed, the dog was clinically
healthy. This study supports the successful use of and treatment
of lithium carbonate for canine bone marrow aplasia.

After reviewing these articles the focus then was centered on
the cellular effects of lithium. Two articles provide important
information-in one study [40] it was reported lithium has
inhibitory effects on GSK3β activity and in the WNT signaling
process. These observations were found to be similar when
tested using cardiac and skeletal muscle cells in mice. Another
study [41] also demonstrated lithium affects GSK3β and the
WNT signaling pathway when tested in chicken cells. The
WNT signaling pathway is important for neuronal
development and axis formation, in addition to playing an
important role in the formation of cancer. Lithium mimics the

WNT pathway, which in turns inhibits the GSK3β pathway and
leads to increased levels of β-catenin. Knowing that lithium
works mechanistically through these signal transduction
pathways provides important knowledge for future
development exploring lithium as a method to treat neural
diseases and cancer.

Further research should focus to determine the correct and safe
dosage levels of lithium to treat dogs and cats clinically, which
could help prevent the toxicity issues that were identified in the
discussion above. Additional research should be performed to
determine if lithium may be clinically effective in minimizing
and/preventing virally induced blood disorders such as
hemorrhagic fevers, which would reconnect the research back
to the starting point of Ebola. Finally, the actual mechanism of
lithium at the cellular level needs to be further investigated, not
only on its mechanism of action on stem cells, but also on
regular living cells in the body.

Lithium and Hematopoietic Stem Cells
In the treatment of manic depression and bipolar illness in
humans, lithium remains the gold standard. In these cohorts of
patients who receive lithium therapy over time a side effect
was observed patients develop a leukocytosis that was
manifested primarily as neutrophilia that was sustained, dose
dependent, and importantly at the same time, not pathogenic.
The idea that a monovalent cation could be responsible for this
response was intriguing. Studies conducted in our laboratory
were designed to determine if lithium, when administered in a
dose response manner to normal mice would influence the
proliferation of hematopoietic stem cells as a plausible
explanation for the increase in neutrophilia seen clinically. The
results of these studies showed at doses used clinically to treat
bipolar and manic depressive patients; lithium increased the
number of pluripotential hematopoietic stem cells [CFU-S] in a
dose dependent manner when tested in normal mice. These
results demonstrated for the first time that a monovalent cation
is capable of influencing the proliferation of pluripotential stem
cells thus increasing their number [6]. The topic of lithium and
blood effects has been the subject of many reviews and
textbooks. Author refer the reader to the following references
where this topic is discussed more extensively [7,42-51].

Because lithium is an effective agent capable of stimulating the
proliferation and thus the production of hematopoietic stem
cells, whether lithium is combined with bone marrow cells in
an in vitro tissue culture environment such as in cell culture or
in a long-term bone marrow culture system or following
administration in vivo, it was then hypothesized lithium could
play an important role clinically in human hematopoietic stem
cell transplantation. This idea was proven efficacious after pre-
clinical studies performed in mice demonstrated that
pretreating donor animals with lithium at concentrations
previously demonstrated to optimally increase pluripotential
hematopoietic stem cells in vivo [6], when lithium was used to
pre-treat donor animals, lithium stimulated an enhanced
recovery of all hematopoietic elements [red cells, white cells
and platelets] and did so by recovering at a more rapid
response when compared to the rates of hematopoietic
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reconstitution in animals transplanted with marrow cells from
mice receiving only saline as a control [50]. With this effect of
lithium the question was then posed anatomically speaking
where in bone marrow was this lithium effect manifested?
Because it was known that lineages of hematopoietic stem cells
were located in specific areas within the bone marrow cavity, it
was important to know where anatomically this stem cell
proliferation was located. Performing additional studies in
mice demonstrated that the populations of pluripotential stem
cells most influenced by lithium were located in the endosteal
areas of bone marrow rather than the axial area of distribution
within the marrow cavity [51]. These results pinpoint the
specific area within hematopoietic tissue where the
concentration of hematopoietic cells would be present in larger
numbers, a finding important for the harvesting of stem cells
for transplantation.

As stated previously, there is an interaction between lithium
and the inhibitory enzyme GSK3β. Recent studies have
focused on the relationship between GSK3β and hematopoietic
stem cell function and renewal. As stated previously in this
review GSK3β involves action on intracellular functions
through the WNT signaling system. There is evidence to show
the ability of lithium to influence the proliferation of
hematopoietic stem cells is mediated via lithium’s influence on
inhibiting GS3Kβ action in mammalian cells [52]. Thus, the
capacity of lithium to improve and make more effective
clinical hematopoietic stem cell transplantation whether it is to
either expand hematopoietic stem cells in vivo or in vitro is
mediated by its inhibiting action on GSK3β [52].

Lithium and Induced Pluripotential Stem Cells
The science of stem cell biology has been dramatically
advanced with the discovery of stem cells present not just from
a variety of specific tissues, but importantly by the fact that
somatic cells can be reprogrammed into induced pluripotential
stem cells [iPSCs]. Initially the opportunity to produce iPSCs
relied on the utility of either oncogenes or viral factors serving
as vectors to induce cells to revert back to the stem cell stage;
however, the efficiency of these agents to accomplish this task
was poor at best, thus, the need arose to find new agents to
promote iPSCs. Lithium has been shown to greatly enhance
iPSCs production from both embryonic fibroblast and
umbilical vein endothelial cells [53]. Lithium facilitated iPSCs
production through enhancement of one or two of the defined
transcription factors that are critical for the transformation of
somatic cells to revert into iPSCs. These transcription factors
[Oct4, Sox2, Klf4, c-Myc, Nanog and Lin28] have shown to be
key to the reprogramming of somatic cells to iPSCs. Lithium
has also been shown effectively to not just increase the
expression of the transcription factor Nanog [40,41], but at the
same time it also enhanced the expression of Nanog. Thus, this
data opens the possibility of using lithium to engineer somatic
cells to become iPSCs and by doing so may enhance the ability
to improve stem cell based therapies.

Since there has been a relationship clinically in psychiatry with
the use of lithium in the treatment of bipolar disorder manic
depressive illness, the question was raised regarding whether

inducing the formation of iPSCs from bipolar patients would
improve our understanding of the events surrounding the
etiology of this psychiatric condition and importantly would
improve our understanding how lithium acts to function
mechanistically in these patients could be further elucidated. A
recent study reported that iPSCs generated from bipolar manic
depressive patients showed altered transcription factors
expression compared to controls [54]. Importantly the neurons
that were produced from these patient derived iPSCs generated
neurons that also differed from controls. The addition of
lithium to the altered bipolar manic depressive derived iPSCs
was reversed, thus implying lithium can reverse altered
transcription factor expression and thus adds to growing
knowledge of how lithium works mechanistically in humans
expressing these psychiatric conditions. Again, lithium
expresses utility in terms of how it can effectively modulate a
number of different sources of stem cells, each with their own
area of clinical utility in treating human disease.

Lithium and Mesenchymal Stem Cells
Because mesenchymal derived stem cells [MSCs] are
multipotential cells that have been widely used as an
alternative clinical therapeutic approach in cell based
transplantation therapy, the use of MSCs must first focus on
the requirement to procure as many of these stem cells as
possible in order to meet the proper clinical threshold to
produce an optimal clinical response in directed patients. In
order to achieve this goal requires one to increase the
production of these stem cells. To achieve this goal requires
one to increase the cell replication [division] of these cells.
Because this procedure needs to be performed in a tissue
culture laboratory facility in order to optimize the production
of these cells necessary to have a sufficient quantity to use
clinically is referred to as in vitro clonal stem cell expansion.
Therefore, the ability to increase the proliferative rate of MSCs
it is a critical factor necessary to determine whether the use of
MSCs in the clinical setting will achieve and/or surpass the
therapeutic efficacy of standard therapeutic treatment for that
specific clinical condition in which use of MSCs are being
considered. In a recent study [55], it was demonstrated for the
first time that lithium, reversibly promoted the proliferation of
human bone marrow derived MSCs in vitro. MSCs co-cultured
in the presence of 5 mm lithium demonstrated increase
proliferation at an enhanced rate more rapidly than untreated
cells and at the same time there was now information
demonstrating that these induced cells expressed expansion
without demonstrating signs of apoptosis. Lithium increased
the proportion of MSCs in S phase as well as increasing the
intracellular expression of cyclin D1, a known transcription
factor.

Lithium and Alzheimer’s Disease
Alzheimer’s disease [AD] is most prominent when
characterizing neurodegenerative diseases and as such is the
most common form of dementia. It was named the 6th leading
cause of death in America in 2015 [47]. An estimated 5.5
million Americans of all ages have Alzheimer's disease. Of the
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estimated 5.5 million Americans living with Alzheimer's
dementia in 2017, an estimated 5.3 million are age 65 and
older and approximately 200,000 individuals are under age 65
and have younger-onset Alzheimer's. Collectively the
calculated cost in terms of health care dollars is $259 billion.
The projected increases for new cases of Alzheimer’s disease
are expected to reach 16 million by the year 2050. One in three
senior citizens in the country die as the result of Alzheimer's
disease and a new case is diagnosed every 30 seconds in the
United States [48].

AD is characterized by a buildup of amyloid plaques, caused
by an accumulation of the amyloid-beta peptide [47]. In the
brain of Alzheimer’s patients amyloid plaques block the
synapses between neurons. This results in the disruption of
normal cell-to-cell signaling. The amyloid-beta protein
activates GSK-3β, resulting in the hyper phosphorylation of
Tau proteins in neurons [47,48]. GSK-3β is the primary
enzyme that contributes to the hyper phosphorylation of Tau
proteins. The consequence of such abnormal phosphorylation
is tangles of Tau proteins, referred to as “neurofibrillary
tangles.” Tau proteins are typically beneficial to the brain,
aiding in the circulation of nutrients within brain cells, but
neurofibrillary tangles disrupt this circulation and result in
neuronal cell death [47,48]. Due to the important role GSK-3β
plays in the progression of AD, one of the most promising
potential uses of lithium and its inhibitory effect on GSK-3β is
the prevention of AD. Many clinical and experimental trials on
humans and animals alike have proved the effectiveness of
lithium on dementia and AD, especially when treatment begins
before the disease damages neurons beyond their point of

repair [47]. Lithium’s ability to reduce Tau hyper
phosphorylation and the formation of Aβ plaques stands as one
of the primary reasons why the drug serves as a great candidate
for use in possible prevention and treatment of AD. A
reduction in levels of Tau protein was indeed observed in a
2005 study on transgenic mice overexpressing mutant human
Tau, a mutation that causes the development of neurofibrillary
tangles.

As has been stated previously lithium exposure influences the
production and action of GSK3β activity primarily by
inhibiting its overall action. The next question is to understand
whether lithium action via GSK3β activity influences in any
way the mechanism by which lithium induces MSC
proliferation. Mechanistic studies revealed that the ability of
lithium to influence MSCs is dependent upon the activation of
the GSK3β mediated via the WNT pathway. Lithium induced
Ser9 phosphorylation, which results in the inhibition of GSK3β
activity, β-catenin accumulation and WNT pathway activation.
Utilizing a specific GSK-3β inhibitor SB216763 or siRNA-
mediated inhibition of GSK3β produced effects similar to those
induced by lithium. In contrast, either quercetin, an inhibitor of
the β-catenin/TCF pathway, or siRNA mediated knockdown of
β-catenin abolished the proliferative effect of lithium,
suggesting that lithium stimulates MSC proliferation via the
GSK3β dependent β-catenin/WNT pathway. Collectively, these
studies elucidate a novel role of lithium, which may not only
provide a simple and effective way to strengthen MSC
transplantation therapy efficacy, but also shed light on lithium's
clinical application for the treatment of certain disorders
resulting from β-catenin/WNT pathway suppression (Figure 2).

Figure 2: Reports have shown lithium therapy can prevent formation of amyloid beta plaques and neurofibrillary tangles composed of hyper-
phosphorylated tau proteins [56].

In addition to the ability of lithium to influence MSC
proliferation, recently it has been reported to be effective
inducing MSC differentiation to become neural cells [56].
Lithium possesses the ability to promote proliferation of green
fluorescent protein (GFP)-MSCs in a dose dependent manner
as verified by growth curve and bromodeoxyuridine (BrdU)
incorporation assays. When these cells were co-cultured in
neural induction medium, lithium (0.1 mM) promoted neural

differentiation of GFP-MSCs as verified by immunostaining
and quantitative analysis. After transplantation of GFP-MSCs
into the rat spinal cord, lithium treatment enhanced cell
survival and neural differentiation after transplantation as
verified by immunohistochemistry. These results open the door
suggesting lithium could be a potential drug to augment the
therapeutic efficiency of MSCs transplantation therapy in
central nervous system (CNS) disorders. These effects could

Citation: Gallicchio VS. Lithium effects on stem cells - advances in stem cell application in clinical medicine. Adv Cell Sci Tissue Cul
2018;2(1):14-24.

7Adv Cell Sci Tissue Cul 2018 Volume 2 Issue 1



definitely enhance the field of clinical neuronal MSC
transplantation.

Lithium and Neural Stem Cells
The effect of lithium on brain and blood function has been
previously reviewed [57]. Lithium has been demonstrated to
increase neurogenesis in the dentate gyrus of rodent
hippocampus in addition to influencing the proliferation and
differentiation of rat neural progenitor cells in hippocampus
both in vitro and in vivo [58]. Lithium chloride (1-3 mm)
produced a significant increase in the number of
bromodeoxyuridine (BrdU)-positive cells in high density
cultures, but did not increase clonal size in low density
cultures. Lithium chloride at 1 mm, which is within the
therapeutic range used clinically, also increased the number of
cells double labeled with BrdU antibody and TuJ1 (a class III
β-tubulin antibody) in high density cultures and the number of
TuJ1-positive cells in a clone of low density cultures. While
concurrently it decreased the number of glial fibrillary acidic
protein positive cells in both cultures. These results suggest
that lithium selectively increased differentiation of neuronal
progenitors. The action of lithium appeared to enhance a
neuronal subtype, calbindin D28k-positive cells, and to also
involve a phosphorylated extracellular signal-regulated kinase
and phosphorylated cyclic AMP response element binding
protein-dependent pathway both in vitro and in vivo. These
findings suggest lithium when tested at therapeutic
concentrations may elicit its beneficial effects via facilitation
of neural progenitor differentiation toward cells that
demonstrate positive neuronal cell a phenotype.

As was just mentioned lithium influences stem cells. The
importance of stem cells in AD therapy is becoming
increasingly recognized. Lithium therapy promotes
endogenous stem cell development, making lithium a very
useful drug for neurogenesis. The types of stem cells most
commonly emphasized in AD research are embryonic stem
cells (ESCs), mesenchymal stem cells (MSCs), brain-derived
neural stem cells (NSCs), induced pluripotent stem cells
(iPSCs), and now very small embryonic stem cells (VSELs)
[59,60]. A systematic review published in 2015 by Ferensztajn-
Rochowiak and Rybakowski evaluated the effects of lithium on
many different classes of stem cells. In this review, it was
reported that lithium has the ability to maintain the
pluripotency of MSCs, while concentrations less than 5
mmol/L promote MSC proliferation [61]. This is important due
to the many roles of MSCs in the pathology of AD; rodent
models of AD have shown that MSC transplantation can
improve spatial learning and memory deficits, inhibit cell death
from accumulation of Aβ protein and Tau, reduce the
formation of Aβ plaques, reduce levels of inflammatory
cytokines from activated microglia, and promote neurogenesis,
synaptogenesis, and neuronal differentiation [59].

As demonstrated in rodent models, NSCs have also been
shown to have a significantly positive impact on AD through
the promotion of neurogenesis and cognitive function [60].
Lithium has been found to stimulate the self-renewal of neural
progenitor cells, which serve as one of the two main sources of

neurogenesis in the brain [61]. The drug is also reported to
enhance the mitotic activity of Schwann cells and cause an
increase in the presence BrdU labeled cells, used to detect
proliferation of cells in brain tissues [60]. iPSCs have also
shown great potential for use in AD treatment. When iPSC-
derived cholinergic neural precursors were transplanted into
the hippocampus of a transgenic AD mouse model, these cells
differentiated into mature cholinergic neurons and reversed
spatial memory impairment. Additionally, iPSCs have been
found to reduce the production of pro-inflammatory factors,
improving neurological function in rodent models of ischemic
stroke [62].

Ferensztajn-Rochowiak [61] suggest that increased
mobilization of VSELs, increased mRNA expression of
pluripotency and glial cell markers, and elevation of
inflammatory cytokines are all associated with repeated
exposures to stress and the specific chronic inflammation that
occurs during BD pathogenesis. Long-term lithium treatment
was shown to have a significant protective effect on all of these
factors. The neuroinflammation processes involved in BD and
AD are very similar, both strongly associated with microglial
activation. For this reason, lithium can be presumed to have the
same effect on AD pathology. Therefore, lithium’s ability to
decrease levels of VSELs, pluripotency and glial cell markers,
and inflammatory cytokines contributes to lithium’s candidacy
as a treatment method for AD [62].

A study conducted by Ferensztajn-Rochowiak [60] to be
published in 2018, evaluated the effects of long-term lithium
treatment on concentrations of very-small embryonic-like stem
cells (VSELs) and mRNA expression of pluripotency and glial
markers in peripheral blood in patients diagnosed with bipolar
disorder (BD). Participants included 30 BD patients in
remission and 15 healthy control subjects. Of the 30 BD
patients, 15 had been treated continuously with lithium
carbonate, with a mean treatment length of 16 years and serum
concentration of 0.5-0.8 mmol/L. Results showed that BD
patients not taking lithium showed a significantly increased
level of VSELs as compared to controls, while BD patients
taking lithium showed a level of VSELs similar to controls.
The number of VSELs in lithium treated BD patients was
negatively correlated with the duration of lithium treatment and
serum lithium concentration. In addition, among BD patients
not treated with lithium, the mRNA levels of pluripotency
markers, glial markers, and inflammatory cytokines were
significantly higher than those of healthy controls [63]. This is
an exciting development that will not only improve our
understanding of bipolar depression, but also importantly how
lithium can ameliorate the adverse effects associated with this
mental disorder.

Summary
For more than sixty years lithium has been effectively used to
treat patients with bipolar disorder and manic depression. Over
these years many studies have demonstrated lithium has
profound effects on both brain and blood in addition to its
effective use in clinical psychiatry to treat mania and
depression. For many years, the mechanisms of these effects of
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lithium were not known. Lithium is one of the lightest
elements in the periodic table, an alkali metal that is in the
same family as sodium and potassium. Why would lithium
have any effect on manic depression? In the past two decades,
several very interesting clues emerged, clinicians noted
patients on lithium therapy often had increased white blood
cell counts, a granulocytosis and reduced blood lymphocyte
counts, a lymphopenia. Effects mediated by the ability of
lithium to influence stem cells both in number and to influence
their differentiation pathway. Following use of chemotherapy
and radiation treatments in animals reduced white blood cell
counts. Armed with the knowledge of the lithium therapy
effect, veterinarians began treating animals with lithium.
Lithium restored white blood cells and immune function faster.
These side effects of lithium led to a better understanding of its
mechanisms of action.

Scientists began applying lithium to bone marrow stem cells to
see why it stimulated greater white blood cell production.
These studies revealed that lithium affects phosphorylated
inositides, a major cellular messenger system. Further studies
showed that lithium stimulates and inhibits several
phosphokinases and phosphatases, that all seemed to converge
to inhibit a crucial enzyme called glycogen synthetase kinase
3-β (GSK3β). This enzyme ostensibly phosphorylates and
inhibits an enzyme called glycogen synthetase, which converts
glucose to glycogen. But, more importantly, GSK3β
phosphorylates several nuclear factors, including the nuclear
factor of activated T cells (NFAT) and WNT/β-catenin. Under
the influence of lithium it became clear that the modulation of
GSK3β activation/suppression mediated via WNT/β-catenin is
the key controller of many cellular programs that control
growth, protection, and differentiation of stem cells. As the
therapeutic efficacy of lithium continues to be tested clinically
in an expanding spectrum of human diseases, the possibility
that lithium will be demonstrated to be an effective therapeutic
modality for these patients’ only increases, providing patients
with a possible therapeutic option that previously was not
available. The fact that there is growing evidence that lithium
influences a variety of stem cells only amplifies the optimism
knowing this long standing drug may be used in the not too
near distant future to determine its efficacy in a variety of
human clinical disorders.
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