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capabilities, suggesting that it may play a role in miti-
gating neuronal damage associated with various neuro-
logical conditions (Almeida et al. 2022; Gitlin and Bauer 
2024; Singulani et al. 2024). For example, research exam-
ining trace lithium levels in groundwater indicates that 
continuous consumption of lithium-rich water, even 
at minimal concentrations, may diminish the need for 
psychiatric hospitalizations, reduce suicide rates, and 
ultimately offer protective benefits against dementia 
(Oenning et al. 2018). Lithium has, therefore, emerged 
as a promising candidate for neuroprotection, particu-
larly in AD (Lu et al. 2024). Its multifaceted effects on 

Background
The use of lithium as a therapeutic agent has evolved sig-
nificantly over the decades, particularly in the context 
of neuroprotection. Initially recognized for its mood-
stabilizing properties in psychiatric disorders, research 
has increasingly focused on its potential neuroprotective 
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Abstract
Background  Experimental studies consistently demonstrate that lithium modulates multiple intracellular signaling 
pathways involved in crucial neurobiological responses, highlighting its therapeutic potential in degenerative 
diseases. Lithium has demonstrated significant neuroprotective potential in preclinical models of Alzheimer’s disease 
(AD) and other neurodegenerative disorders.

Contents  This review examines the molecular mechanisms and biological effects of lithium at subtherapeutic 
concentrations, focusing on its ability to modulate key intracellular pathways, such as the inhibition of glycogen 
synthase kinase-3 beta (GSK-3β), reduction of Tau hyperphosphorylation, and enhancement of neurotrophic and anti-
inflammatory responses. Evidence from animal and cellular studies underscores lithium’s ability to reduce amyloid 
plaques, maintain neuronal integrity, improve memory, and decrease neuroinflammation, even at doses much lower 
than those used clinically for mood stabilization.

Conclusion  Evidence from animal and cellular models indicates that subtherapeutic lithium doses may provide a 
safer and more practical approach to neuroprotection, particularly in AD. However, further research is necessary to 
optimize dosing strategies, assess long-term safety, and translate these findings into clinical applications.
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biological and molecular pathways, brain structure, and 
various cognitive functions have been extensively stud-
ied, especially in preclinical models, yielding valuable 
insights into its neuroprotective potential, although the 
relationship between these effects and brain lithium 
concentrations remains unclear (Strawbridge and Young 
2024).

A study investigating chronic lithium microdose treat-
ment has shown that lithium effectively prevents mem-
ory loss and neurological changes associated with AD, 
particularly by reducing senile plaques and increasing 
BDNF density in the cerebral cortex (Leyhe et al. 2009). 
This has prompted further investigation into subthera-
peutic dosing and its implications for clinical practice, 
as evidence suggests that lower doses may still retain 
efficacy in providing neuroprotection, albeit with dimin-
ishing strength of evidence as doses decrease (Quiroz et 
al. 2010; Rybakowski et al. 2018). Moreover, prolonged 
lithium administration has been demonstrated to acti-
vate phospholipase A2 (PLA2) in the brain, correlating 
with improved memory retrieval. Extremely low doses 
of lithium, up to 400 times lower than conventional clini-
cal doses, exhibit remarkable potential in alleviating AD 
and enhancing cognitive functions while causing minimal 
adverse effects (Strawbridge and Young 2024).

Mechanism of action
The primary molecular targets of lithium include gly-
cogen synthase kinase-3 beta (GSK-3β), inositol mono-
phosphatase (IMPase), and the mammalian target of 
rapamycin (mTOR). Lithium acts as a potent dual inhibi-
tor of GSK-3β, a proline-directed serine-threonine kinase 
that serves as a crucial hub in intracellular signaling 
(Fenech et al. 2023; Mendes et al. 2009; Monaco et al. 
2018) due to its numerous regulatory loops and down-
stream effects (Peineau et al. 2008). The inhibition of 
GSK-3β prevents the phosphorylation of key substrates, 
including glycogen synthase, microtubule-associated 
proteins such as MAP1B and Tau, presenilin-1, CREB, 
and beta-catenin. This interference affects several physi-
ological processes, including energy metabolism, neural 
cell development, neuronal plasticity, and gene regula-
tion (Klein and Melton 1996; Lau et al. 1999). Overactive 
GSK-3β significantly contributes to the pathogenesis of 
AD by promoting the excessive production of amyloid-β 
peptide and the hyperphosphorylation of Tau, both of 
which are linked to the formation of senile plaques and 
neurofibrillary tangles—key pathological features of AD 
(Hooper et al. 2008). Furthermore, lithium has been 
shown to enhance the synthesis and release of brain-
derived neurotrophic factor (BDNF) (De-Paula et al. 
2016a, b; Leyhe et al. 2009), thereby supporting neuro-
nal communication, survival, and synaptic plasticity, all 
essential for preserving cognitive health. Additionally, 

lithium is known to enhance mitochondrial function 
(Singulani et al. 2021) and assist in telomere maintenance 
(Cardillo et al. 2018; Martinsson et al. 2013), thus reduc-
ing telomere shortening and promoting cellular integrity.

Preclinical research demonstrates significant vari-
ability in lithium dosing across studies using cell culture 
and animal models. Working concentrations vary from 
micromolar to doses 5 to 10 times higher than the ther-
apeutic reference set for humans (Fenech et al. 2023). 
This variability affects the intrinsic characteristics of the 
experimental model and limits the duration of trials, as 
the emergence of toxic effects often prevents the evalua-
tion of long-term outcomes (Gao et al. 2016).

Conventional lithium formulations have a narrow 
therapeutic window and are associated with a severe 
side effect profile, which includes renal toxicity, thy-
roid disorders, tremors, nausea, fatigue, hyperphagia, 
hypercalcemia, and an increased white blood cell count 
(Gitlin 2016). The risk of toxicity is mitigated by using 
subtherapeutic doses, which prevent elevated serum 
concentrations. This strategy may present a more favor-
able safety profile, allowing the investigation of lithium’s 
neuroprotective properties without the hazards typi-
cally associated with elevated therapeutic levels (Wraae 
1978). Consequently, it is essential to examine how these 
lower doses influence specific brain structures, including 
the cerebral cortex, hippocampus, and striatum, to opti-
mize the clinical efficacy of lithium while ensuring its safe 
application in neuroprotection.

Methods
The primary objective of this review was to assess the 
efficacy of subtherapeutic lithium dosages as a potential 
pharmaceutical intervention in both animal and cellular 
models of AD, with a particular focus on their ability to 
slow disease progression and enhance cognitive func-
tion. To achieve this goal, a comprehensive bibliographic 
search was conducted using the PubMed platform to 
identify relevant publications available until May 2024. 
The search parameters were restricted to English-lan-
guage articles with no limitations on publication dates. 
Search terms included (lithium) AND (low OR micro 
OR subtherapeutic) AND (Alzheimer’s disease), filtering 
for “animal studies.” A second search was conducted to 
include (cellular OR cell) AND (models OR studies). The 
authors exclusively selected original studies that investi-
gated the neurobiological effects of lithium at subthera-
peutic concentrations (micro and low doses of lithium).

The selected studies were systematically analyzed uti-
lizing Biblioshiny, a bibliometric analysis tool devel-
oped within the R programming environment, to 
facilitate scientific mapping. It helps researchers analyze 
and summarize large amounts of research information 
in an organized way by studying patterns in publications, 
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such as which topics are covered the most or how arti-
cles connect, which are displayed in easy-to-understand 
graphs and diagrams, as well as word clouds derived from 
the most prevalent terms in abstracts and keywords, thus 
enabling the identification of overarching themes without 
redundancy across studies.

Results
Of the 25 manuscripts identified through the search, thir-
teen met the inclusion criteria for this review. Among 
these, nine studies utilized animal models, while five 
used cellular models. Variations in lithium dosage and 
administration durations were noted across the studies, 
as illustrated in Fig. 1. The lithium concentrations used in 
cellular investigations ranged from 2 µg/ml to 200 µg/ml, 
with the most frequently examined dosages being 2 µg/
ml, 20  µg/ml, and 200  µg/ml. These explorations clarify 
the influence of lithium on neuroprotective cellular path-
ways in a dose-dependent manner. In animal studies, 
lithium was administered to rats or mice through their 
drinking water or food. The dosages incorporated into 
the food included 4  µg/kg, 1  mg/kg, 1.2  mg/kg, 2  mg/
kg, and 10  mg/kg. The lithium concentrations in drink-
ing water were 125  µg/ml and 1.25  mg/ml, respectively. 
This diverse range of methodologies facilitated a compre-
hensive investigation of lithium’s effects across various 
dosage levels and administration routes. Tables  1 and 2 

show data from studies in animal and cellular models of 
AD, including lithium dosages, treatment duration, and 
primary outcomes.

Discussion
Animal models
Animal models are widely used in investigating AD, 
yielding critical insights into the pathology, pharma-
cology, and behavioral changes associated with the 
condition (Quiroz et al. 2010; Methaneethorn 2018). 
Effectively translating findings from these models into 
clinical applications for humans requires a meticulous 
approach that considers the specific characteristics of 
each model. In rodents, lithium is rapidly absorbed from 
the gastrointestinal tract, distributed throughout total 
body water without binding to plasma proteins, and is 
almost exclusively eliminated by the kidneys (Wood et 
al. 1986; Wraae 1978). In rats, lithium serum concentra-
tions peak approximately one hour after the administra-
tion of a 2 mmol/kg dose (Ebadi et al. 1974). In the brain, 
peak concentrations occur within 4 to 6 h (Wraae 1978), 
corresponding to approximately 40% of peak serum lev-
els (Mukherjee et al. 1976). The half-life of lithium in 
serum ranges from 8 to 10 h, while in the brain, it extends 
to 24 to 36 h (Ebadi et al. 1974; Martinsson et al. 2013; 
Mukherjee et al. 1976). These pharmacokinetic differ-
ences highlight the importance of dose adjustments and 

Fig. 1  The word cloud represents the keywords in the 13 articles selected for analysis and discussion. The Venn diagram shows the final number of pa-
pers, and the bars represent the range of doses used in animal and cell culture models. All concentrations were converted into µM and mM
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considering species-specific characteristics to accu-
rately extrapolate preclinical findings to clinical practice 
(Wraae 1978).

Mury et al. (2016) demonstrated that chronic adminis-
tration of lithium at a dose of 2 mmol/kg increased phos-
pholipase A2 (PLA2) activity in the brain, particularly 
in the cortex and hippocampus. The activation of brain 
PLA2, an enzyme critical for lipid signaling and mem-
brane remodeling, constitutes a key mechanism through 
which lithium enhances memory performance in rodent 
models. This finding suggests that subtherapeutic doses 
of lithium promote the production of bioactive lipids 
that directly facilitate synaptic plasticity and cognitive 
function.

Glycogen synthase kinase-3 beta (GSK3β), a central 
enzyme involved in tau phosphorylation and amyloid 
precursor protein (APP) processing, is another pivotal 
target modulated by lithium. Subtherapeutic doses of 
lithium (0.2 mmol/kg/day) decrease GSK3β activity in 
key brain regions, including the hippocampus and pre-
frontal cortex (Fenech et al. 2023). This reduction in 
GSK3β activity directly correlates with diminished tau 
hyperphosphorylation and plays a crucial role in attenu-
ating amyloidogenic APP processing—both processes 
being critical hallmarks of AD pathology. Furthermore, 
long-term administration of lithium (2 mmol/kg/day for 
4 months) has been shown to preserve the CA1 pyra-
midal cell layer in 3xTg-AD mice by decreasing neu-
ronal loss (Schaeffer et al. 2017). The neuroprotective 
pathway is similarly effective in maintaining the integ-
rity of the CA1 pyramidal cell layer, thereby reducing 
cell loss. Structural preservation of the hippocampus, a 
region essential for memory and learning, has also been 
documented with subtherapeutic lithium treatment. 
In an obesity model, lithium supplementation has been 
observed to decrease GSK3 activity and enhance insulin 
sensitivity, indicating potential broader metabolic impli-
cations (Fenech et al. 2023).

Lithium administration has been shown to reduce 
markers associated with oxidative stress, thereby contrib-
uting to its neuroprotective effects. Additionally, vary-
ing doses of lithium treatment have decreased oxidative 
stress markers, further supporting these neuroprotective 
outcomes (Schaeffer et al. 2017). Lithium increases the 
levels of calcium/calmodulin-dependent protein kinase II 
(CaMKII) and BDNF, both of which are critical for mem-
ory formation, neuronal survival, and synaptic resilience. 
Beyond its biological benefits, the impact of lithium on 
behavioral and cognitive outcomes is substantial. Nota-
bly, Nunes et al. (2015) found that long-term adminis-
tration of subtherapeutic doses of lithium (0.25 mmol/
kg/day over 8 weeks) resulted in the reduction of neu-
rofibrillary tangles and amyloid plaques in a transgenic 
mouse model of AD.Ta
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In the context of amyloid pathology, Wilson et al. 
(2017) demonstrated that the administration of a sub-
therapeutic dose of lithium (NP03) at 0.2 mmol/kg/
day for 8 weeks in McGill-R-Thy1-APP transgenic rats 
resulted in a significant reduction in the activity of 
the APP-cleaving enzyme 1 (BACE1). This decrease in 
BACE1 activity correlated with lower levels of early-stage 
amyloid pathology and improved memory function in 
transgenic mice. This suggests that lithium effectively tar-
gets upstream mechanisms involved in AD progression. 
Furthermore, the therapeutic benefits of lithium extend 
beyond amyloid plaques and tau-related pathology. Sub-
sequently, Wilson et al. (2020) investigated the effects of 
similar doses of NP03 in the same mouse model during a 
12-week trial that covered the transition phase from Aβ 
plaque-free to plaque-formation, reporting a reduced loss 
of cholinergic boutons in the hippocampus, lower levels 
of soluble and insoluble cortical Aβ42, decreased hippo-
campal Aβ plaque deposition, and diminished evidence 
of neuroinflammation and cellular oxidative stress, all 
coupled with improvements in memory function.

Pereira et al. (2024) conducted a study using SAMP-8 
mice, a model representative of accelerated aging, in 
which a similar subtherapeutic dosage of 0.2 mmol/kg/
day was administered over 8 weeks. The findings revealed 
that lithium treatment reduced neuroinflammatory 
markers, such as interleukin-6 (IL-6) and tumor necrosis 
factor-alpha (TNF-α), while simultaneously elevating lev-
els of synaptic proteins, including synaptophysin, which 
indicates enhanced synaptic functionality. These results 
underscore lithium’s potential to ameliorate neuroinflam-
mation and promote synaptic health.

Lithium also enhances and regulates neuronal-glial 
interactions, which are essential for sustaining neuronal 
viability and synaptic health. Rocha et al. (2020) found 
that subtherapeutic lithium improves astrocytic and 
microglial functions, as well as neuronal communica-
tion. Furthermore, the effect of subtherapeutic lithium 
on senescence and cellular aging has been demonstrated 
by its capacity to preserve telomere length. Cardillo et 
al. (2018) reported that chronic lithium treatment (2 
mmol/kg/day for 6 months) resulted in increased telo-
mere length in the parietal cortex and hippocampus of 
3xTg-AD mice, which was associated with reduced mark-
ers of cellular senescence and improved genomic stabil-
ity. These studies underscore lithium’s significant role as 
a neuroprotective agent capable of modulating critical 
molecular pathways, maintaining brain structure, and 
enhancing cognitive function. Its influence on enzymes 
such as GSK3β and BACE1, along with its potential 
to augment neurotrophic signaling and mitigate neu-
roinflammation, highlights its therapeutic promise in 
AD. Nevertheless, further research is essential to refine 

Ta
bl

e 
2 

St
ud

ie
s i

n 
ce

llu
la

r m
od

el
s f

or
 A

D
Ce

ll 
m

od
el

D
os

e 
an

d 
du

ra
tio

n 
of

 tr
ea

tm
en

t
Re

su
lts

Re
fe

re
nc

e
O

rg
an

ot
yp

ic
 h

ip
po

ca
m

pa
l c

ul
tu

re
s (

SA
M

P-
8 

m
ic

e)
2 

µM
, 2

0 
µM

 a
nd

20
0 

µM
 fo

r 1
0 

da
ys

.
Re

du
ce

d 
ne

ur
on

al
 lo

ss
 a

nd
 n

eu
ro

in
fla

m
m

at
io

n 
in

 o
ld

er
 in

di
vi

du
al

s; 
sig

ni
fic

an
t r

ed
uc

tio
n 

in
 th

e 
CA

2 
ar

ea
 o

f t
he

 h
ip

po
ca

m
pu

s; 
re

du
ct

io
n 

in
 th

e 
ac

tiv
at

io
n 

of
 N

Fk
B 

an
d 

in
fla

m
m

a-
to

ry
 c

yt
ok

in
es

 d
en

sit
ie

s, 
ev

en
 in

 v
er

y 
lo

w
 d

os
es

.

To
ric

el
li 

et
 a

l. 
20

21

Pr
im

ar
y 

cu
ltu

re
s o

f c
or

tic
al

 a
nd

 h
ip

po
ca

m
pa

l 
ne

ur
on

s.
0.

02
 m

M
, 0

.2
 m

M
, a

nd
 2

 m
M

 fo
r 7

 d
ay

s.
In

cr
ea

se
d 

m
em

br
an

e 
ph

os
ph

ol
ip

id
 m

et
ab

ol
ism

 in
 c

or
tic

al
 a

nd
 h

ip
po

ca
m

pa
l n

eu
ro

ns
 b

y 
ac

tiv
at

in
g 

to
ta

l, 
c-

 a
nd

 iP
LA

2.
D

e-
Pa

ul
a 

et
 a

l., 
20

15
Co

-c
ul

tu
re

s o
f c

or
tic

al
 a

nd
 h

ip
po

ca
m

pa
l n

eu
ro

ns
 

w
ith

 g
lia

l c
el

ls
0.

02
 m

M
, 0

.2
 m

M
, a

nd
 2

 m
M

 fo
r 7

 d
ay

s.
Se

cr
et

io
n 

of
 p

ro
- a

nd
 a

nt
i-i

nfl
am

m
at

or
y 

in
te

rle
uk

in
s i

n 
co

-c
ul

tu
re

s o
f c

or
tic

al
 a

nd
 h

ip
-

po
ca

m
pa

l n
eu

ro
ns

 w
ith

 g
lia

l c
el

ls.
D

e-
Pa

ul
a 

et
 a

l. 
20

16
a,

 b
Pr

im
ar

y 
cu

ltu
re

s o
f c

or
tic

al
 a

nd
 h

ip
po

ca
m

pa
l 

ne
ur

on
s

0.
02

 m
M

, 0
.2

 m
M

, a
nd

 2
 m

M
 fo

r 7
 d

ay
s.

Co
ns

ist
en

t d
ec

re
m

en
ts

 in
 A

kt
 a

nd
 P

KA
 in

 c
or

tic
al

 n
eu

ro
ns

; i
nc

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n 
of

 
Ak

t a
nd

 d
ec

re
as

ed
 P

KA
 in

 h
ip

po
ca

m
pa

l n
eu

ro
ns

.
D

e-
Pa

ul
a 

an
d 

Fo
rle

nz
a.

, 2
02

2
Pr

im
ar

y 
cu

ltu
re

s o
f c

or
tic

al
 n

eu
ro

ns
0.

02
 m

M
, 0

.2
 m

M
, a

nd
 2

 m
M

 fo
r 7

 d
ay

s.
Pr

om
ot

io
n 

of
 g

re
at

er
 c

el
l v

ia
bi

lit
y 

an
d 

pr
es

er
va

tio
n 

of
 n

eu
ro

na
l t

el
om

er
e 

sh
or

te
ni

ng
.

Th
em

ot
eo

 e
t 

al
. 2

02
2



Page 6 of 8De-Paula et al. International Journal of Bipolar Disorders           (2025) 13:16 

dosing strategies, evaluate long-term safety, and effec-
tively translate these findings into clinical applications.

Cellular models
Cellular models are crucial instruments in studying the 
CNS. They afford comprehensive insights into the inter-
cellular communication and functionality of neuronal 
cells. These models are especially significant in investi-
gating neuroprotective mechanisms and neurodegen-
erative pathways, enhancing our understanding of the 
underlying biological processes.

In organotypic cultures of the hippocampus derived 
from SAMP-8 mice, very low doses of lithium demon-
strated a crucial role in neuroprotection, with reduced 
neuronal loss and neuroinflammation in older individu-
als. These low doses also promoted a significant reduc-
tion in the CA2 area of the hippocampus and reduced 
the activation of NFkB and the density of inflammatory 
cytokines (Toricelli et al. 2021). In primary cultures of 
cortical and hippocampal neurons, prolonged exposure 
to lithium (0.02 mM, 0.2 mM, and 2 mM over 7 days) 
resulted in increased metabolism of membrane phospho-
lipids, with activation of total phospholipase A2, c- and 
iPLA2 (De-Paula et al., 2015). Co-cultures of cortical and 
hippocampal neurons with glial cells showed that chronic 
treatment with lithium at subtherapeutic concentrations 
modified the secretion of pro- and anti-inflammatory 
interleukins (De-Paula et al. 2016a, b). Chronic treatment 
with lithium at subtherapeutic doses also increased cell 
viability in primary cultures of cortical and hippocampal 
neurons. It mitigated the shortening of neuronal telo-
meres despite the presence of induced amyloid toxicity 
(Themoteo et al. 2022). Finally, De-Paula and Forlenza 
(2020) also investigated the effects of chronic treatment 
with lithium at different concentrations (including sub-
therapeutic doses) in primary cultures of cortical and 
hippocampal neurons, showing that lithium modulates 
the expression of several tau kinases, such as GSK3β, 
Akt, PKA, and CaMKII, with distinct responses between 
cortical and hippocampal neurons. Hippocampal neu-
rons showed greater sensitivity to lithium at lower doses, 
while significant changes in cortical neurons occurred 
only at therapeutic doses, highlighting the regional speci-
ficity of lithium’s effects. These findings underscore that 
lithium, even at low concentrations, can confer substan-
tial benefits regarding neuroprotection and the preven-
tion of neurodegeneration. That emphasizes the necessity 
for further investigations to elucidate its therapeutic 
potential and long-term safety.

Conclusion
Accumulated evidence reinforces the significant role 
of subtherapeutic doses of lithium in neuroprotection 
and the treatment of neurodegenerative conditions. 

Understanding lithium’s distribution within various 
brain structures and its influence on neurochemical and 
neurobiological mechanisms unveils new avenues for its 
therapeutic and preventive applications. Lithium phar-
macokinetics demonstrate that the administered dosages 
and treatment duration influence both its distribution 
and concentration in specific brain regions and cellular 
models. This is critical for optimizing therapeutic efficacy 
while minimizing toxicity risks. In cell studies, concen-
trations ranged from 2 µM to 200 µM, while in animal 
models, doses ranged from 4 µg/kg to 10 mg/kg, admin-
istered for prolonged periods. Lithium accumulation 
occurs in various brain regions, including the cerebral 
cortex, hippocampus, and striatum, with varying con-
centrations according to dosage and treatment duration. 
At subtherapeutic doses, lithium inhibits GSK-3β, reduc-
ing tau hyperphosphorylation, amyloid plaque forma-
tion, and neuroinflammation, promoting neurogenesis, 
neuronal preservation, and improving memory in mice. 
In addition, these subtherapeutic doses activate neuro-
trophic pathways, such as Wnt/beta-catenin signaling, 
promote mitochondrial biogenesis, induce autophagy, 
and modulate the release of pro- and anti-inflammatory 
interleukins. At lower concentrations, lithium preserves 
telomeres, reduces oxidative stress, and improves cell 
viability. Thus, different doses effectively engage specific 
molecular targets, offering neuroprotective benefits with 
a lower risk of adverse effects. Cellular studies lend cre-
dence to these observations, indicating that lithium can 
effectively reduce neuronal loss and neuroinflammation 
in organotypic and primary neuron cultures. We empha-
size the necessity for additional studies involving human 
subjects, underscoring that subtherapeutic doses of lith-
ium offer a promising trajectory for future research.
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