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Highlights
  1.  Lithium isotopic enable psychiatric differentiation and reveal dysregulated Mg metabolism in pathological states.
 2.  Lithium broadens therapeutic horizons by mitigating Alzheimer’s pathogenesis, reversing pulmonary fibrosis, and augmenting   
       antitumor immunity.
3.  Excessive lithium exposure triggers reproductive toxicity by inducing accumulation-dependent cuproptosis in placental 
       trophoblasts.
4.  As a multi-level regulator, lithium orchestrates neuro-immune-microbial systems by stabilizing essential trace element homeostasis     
       (Mg, Fe, Cu).
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INTRODUCTION
Lithium has gained increasing attention 
due to its extensive applications in emerg-
ing energy industries and the resulting en-
vironmental impacts[1]. Besides, lithium 
also played a remarkable role in life sci-
ence. Since its discovery as an effective 
mood stabilizer for bipolar disorder (BD), 
lithium has fascinated scientists across 
disciplines due to its paradoxical nature - a 
simple alkali metal capable of modulating 
complex neurobiological systems. In-
creasing evidence now indicates that lithi-
um’s biological significance extends well 
beyond psychiatry. In this perspective, we 
highlight recent advances in elucidating 
lithium’s role in mental health, neurode-
generation, and immune regulation. While 
paving the way for a new frontier in lithi-
um-based elemental biomedicine, we also 
emphasize the need for careful consider-
ation of lithium’s potential toxicity, partic-
ularly in later clinical trials.

PSYCHIATRIC CLINICAL BENCHMARKS 
AND ISOTOPE DIAGNOSTIC ADVANCES
For more than half a century, lithium has 
served as the gold-standard treatment for 
BD, demonstrating unmatched efficacy in 
mood stabilization[2]. Beyond its clinical 
applications, epidemiological studies 
have also revealed a potential inverse cor-
relation between environmental lithium 
levels and the prevalence of psychiatric 
disorders, highlighting its broader biolog-
ical relevance[3]. These studies stimulated 
extensive research into the molecular 
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mechanisms underlying the biological ef-
fects of lithium.

At the cellular level, lithium exerts pleio-
tropic effects by modulating multiple in-
tracellular signaling pathways. It inhibits 
glycogen synthase kinase-3β (GSK-3β), 
stabilizes β-catenin in the wingless-related 
integration site (Wnt) signaling pathway, 
enhances the expression of brain-derived 
neurotrophic factor (BDNF), regulates ino-
sitol phosphate metabolism, improves mi-
tochondrial function, and reduces reactive 
oxygen species (ROS). Collectively, these 
actions promote neuronal survival, synap-
tic plasticity, and resilience to stress, there-
by conferring both neuroprotective and 
mood-stabilizing effects. Notably, studies 
on the molecular pathology of psychiatric 
disorders and pharmacodynamics have re-
vealed that lithium primarily acts through 
reversible competition with Mg2+ at specif-
ic catalytic protein domains, thereby mod-
ulating the activity of key enzymes across 
these signaling pathways[4].

Recent advances in isotopic research have 
opened a new dimension in understanding 
the role of lithium. The substantial mass 
difference between the two stable iso-
topes of lithium results in notable isotopic 
fractionation during biological transport 
and metabolism, leading to measurable 
variations in isotopic composition (δ7Li) 
across different physiological states. Re-
markably, clinical isotopic analyses have 
revealed that the serum lithium isotopic 

compositions (δ7Liserum) of patients with 
BD and schizophrenia (SZ) after lithium 
dosing exhibit striking and reproducible 
distinctions[5]. These isotopic signatures 
can reliably differentiate between the two 
psychiatric conditions, suggesting that 
δ7Liserum may serve as an intrinsic molecu-
lar fingerprint of distinct neurochemical 
states. Complementary cellular studies 
suggest that the differential isotopic be-
haviors reflect variations in Li+-Mg2+ com-
petitive interactions, implying that subtle 
differences in Mg-dependent enzymatic 
systems may contribute to the distinct 
pathophysiology. This finding further 
strengthens the mechanistic link between 
lithium pharmacodynamics and Mg dys-
regulation. Notably, the human proteome 
harbors over 3,000 Mg2+-dependent pro-
teins across a broad spectrum of physio-
logical pathways, indicating that lithium’s 
pharmacological effects extend far be-
yond its conventional use in psychiatry.

NEURODEGENERATIVE PATHOGENESIS 
AND PREVENTIVE STRATEGIES
The claim that lithium can alleviate symp-
toms of Alzheimer’s disease (AD) has a 
long history. Recent experimental studies 
yielded groundbreaking mechanistic in-
sights - amyloid-beta (Aβ) plaques can se-
quester lithium, reduce its non-plaque 
bioavailability, and exacerbate tau pathol-
ogy. This phenomenon was further vali-
dated in a mouse model subjected to a 
lithium-deficient diet[6], which reduced 
cortical lithium levels by approximately 
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50%. This model successfully recapitulat-
ed human AD-like transcriptomic alter-
ations - the overlapping differentially 
expressed genes (DEGs) are enriched in 
key signaling pathways, providing compel-
ling evidence that disrupted “lithium ho-
meostasis” is an early causal driver of AD. 
Building on this concept, the development 
of amyloid-evasive lithium orotate (LiO) 
has emerged as a promising AD therapy, 
offering a safer and more targeted ap-
proach for restoring lithium balance in the 
brain[6]. Accumulating evidence demon-
strates that lithium exerts a protective ef-
fect against neuronal damage through 
several signaling pathways, including gly-
cogen synthase kinase-3 (GSK-3), Wnt, mi-
togen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK), 
BDNF, mammalian target of rapamycin 
(mTOR), and glutamate receptors. Collec-
tively, these findings highlight the poten-
tial of lithium as both a therapeutic and 
preventive agent for neurodegenerative 
disorders, including AD and Parkinson’s 
disease.

ROLES IN REGULATING METAL HOMEO-
STASIS (Mg, Fe, Cu)
The therapeutic effects of lithium likely 
arise largely from its competition with Mg. 
Emerging evidence further indicates that 
lithium also plays a broader role in regu-
lating the homeostasis of Fe and Cu. Ferro-
ptosis, a regulated form of Fe-dependent 
cell death, has been implicated in both 
neurodegeneration and psychiatric disor-
ders. In AD, disrupted iron homeostasis 
contributes to neuronal injury by promot-
ing lipid peroxidation, reducing glutathi-
one peroxidase 4 (GPX4) activity, and 
impairing iron transport and storage, col-
lectively exacerbating Aβ aggregation, tau 
pathology, and neuroinflammation[7]. Lith-
ium may counteract these processes by 
stabilizing Fe-dependent enzymatic sys-
tems, lowering ROS, and supporting prop-
er ferritin-mediated Fe storage. Similarly, 
BD is associated with ferroptosis-related 
pathology. Elevated brain and serum Fe in-
teracts with dopamine and glutamate dys-
regulation to exacerbate oxidative stress 
and neuronal dysfunction[8]. Fe-dependent 
dopamine metabolism generates ROS and 
increases intracellular Fe, amplifying oxi-
dative damage, while glutamate promotes 
Fe uptake via Divalent Metal Transporter 1 
(DMT1) upregulation, creating a positive 
feedback loop. Lithium exerts neuropro-
tective effects in BD by modulating oxida-
tive stress, inflammatory signaling [e.g., 
nuclear factor kappa B (NF-κB)], and im-
mune responses, normalizing soluble in-
terleukin (IL)-2 and IL-6 receptor levels, 
thereby mitigating ferroptosis-driven 

neuronal injury.

Beyond Fe, lithium also influences copper 
homeostasis. Cuproptosis, a newly report-
ed form of Cu-dependent programmed cell 
death[9], has been linked to lithium-induced 
pregnancy miscarriage[10]. Mechanistically, 
lithium upregulates the transcription fac-
tor Forkhead Box O1 (FOXO1), which pro-
motes expression of the downstream gene 
Six-Yransmembrane Epithelial Antigen of 
The Prostate 4 (STEAP4). The STEAP4 pro-
tein functions as a metal reductase that re-
duces extracellular Cu2+ to Cu+, the latter 
being transported into cells via SLC31A1 
(Solute Carrier Family 31, Member 1), lead-
ing to intracellular Cu+ accumulation and 
subsequent cuproptosis. This process im-
pairs the function of the trophoblast cell 
line Swan 71 and contributes to miscar-
riage. These findings have been corroborat-
ed in lithium-exposed mouse models - in-
tervention with cuproptosis inhibitors, 
FOXO1 inhibitors, or STEAP4 inhibitors ef-
fectively alleviated lithium-induced cupro-
ptosis and miscarriage phenotypes[11].

IMMUNOTHERAPEUTIC ROLES IN GUT, 
FIBROSIS AND TUMOR
Lithium also exerts profound immuno-
modulatory effects across a wide spec-
trum of immune-related diseases. Over 
the past decades, studies have consistently 
demonstrated that lithium salts regulate 
the activity of lymphocytes and polymor-
phonuclear leukocytes (PMNs) in both in 
vitro and in vivo biological models. Lithi-
um also influences T lymphocyte differen-
tiation, modulating T helper 17 (Th17)/reg-
ulatory T cell (Treg) ratios, which helps 
constrain excessive pro-inflammatory re-
sponses. Beyond these cellular effects, lith-
ium profoundly modulates the gut–im-
mune–brain axis. It reshapes gut microbial 
composition and metabolite profiles, in-
creasing short-chain fatty acids (SCFAs) 
and neurotransmitter precursors, promot-
ing Treg cell activation, and suppressing 
neurotoxic indole derivatives. Moreover, 
lithium attenuates hyperactivation of the 
hypothalamic-pituitary-adrenal (HPA) axis, 
thereby lowering glucocorticoid release[12]. 
By mitigating HPA overactivity, lithium in-
directly supports a balanced gut microbi-
ome, closing the feedback loop between 
stress, immunity, and neuroimmune regu-
lation. Notably, Huang et al.  identified a 
key role of lithium in anti-fibrotic immuni-
ty: lithium carbonate (Li2CO3) reverses pul-
monary fibrosis by inducing myofibroblast 
necroptosis[12]. Li2CO3 promotes alveolar 
macrophages to secrete TNF-α and directly 
binds pro-caspase-8 to block its activity - 
redirecting cell death to the RIP1/RIP3/
MLKL-dependent (RIP1 = receptor-inter-

acting serine/threonine-protein kinase 1; 
RIP3 = receptor-interacting serine/thre-
onine-protein kinase 3; MLKL = mixed lin-
eage kinase domain-like protein) necro-
ptotic pathway. This finding extends the 
immunomodulatory role of lithium to fi-
brotic diseases[13]. Recent evidence has ex-
panded the immunological relevance of 
lithium to cancer immunometabolism. 
Lactic acid is known to inhibit CD8+ T cell 
activation in peripheral blood following 
anti-CD3/CD28 stimulation. Remarkably, 
lithium carbonate can counteract this sup-
pression by modulating the “lysosome-lac-
tate-mitochondria metabolic axis,” in-
creasing cytoplasmic Ca 2+ levels, and 
thereby significantly enhancing antitumor 
immunity[14]. Additionally, lithium can sen-
sitize cancer cells to ferroptosis by down-
regulating ferritin heavy chain (Fth1) and 
disrupting iron homeostasis. This pro-fer-
roptotic effect synergizes with lithium’s 
capacity to augment CD8+ T cell infiltra-
tion,  collec tively bolstering the im-
mune-mediated suppression of tumor 
grow th [1 5].  This mechanism has been 
demonstrated in lung and colon cancer 
models, where lithium exerts its effects, in 
part, through the TGF-β-Smad3 (TGF-β = 
transforming growth factor-beta) signal-
ing pathway. Epidemiological evidence 
further substantiates these mechanistic 
insights. Observational studies have re-
ported an inverse association between 
lithium levels in drinking water and the in-
cidence of cancer[16]. Individuals receiving 
Li2CO3 treatment exhibited a more favor-
able gut microbiome, characterized by in-
creased Akkermansia muciniphila [12]. Col-
lectively, these findings underscore the 
role of lithium as a multifaceted immuno-
modulatory agent, exhibiting a promising 
candidate for the prevention and treat-
ment of immune-related and neuroinflam-
matory disorders.

TOXIC EFFECTS AND MOLECULAR 
MECHANISMS ON FEMALE REPRODUC-
TION
The toxicity of lithium has long been rec-
ognized, necessitating strict dosage con-
t ro l  i n  c l i n i c a l  a p p l i c a t i o n s .  Fo r  B D 
patients, serum lithium concentrations 
must be meticulously maintained within a 
narrow therapeutic window, typically 
ranging from 0.4 to 1.0 mmol L−1, to bal-
ance therapeutic efficacy with systemic 
safety. Even within this range, lithium may 
cause various side effects, and excessive 
intake can damage organs such as kidneys. 
Recent mouse models demonstrated that 
exposure to lithium at 5.6-fold the envi-
ronmental dose is linked to structural and 
functional abnormalities in the ovaries 
and placenta. When exposure reaches 28 
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times the environmental level, it signifi-
cantly increases the rate of miscarriage 
and leads to fetal developmental restric-
tion. A systematic investigation by Zhang 
et al. characterized the dynamic distribu-
tion of lithium, revealing its preferential 
enrichment in reproductive organs, espe-
cially in the ovaries and uterus. This accu-
mulation interferes with key hormone 
levels and affects the expression of genes 
related to placental development [such as 
Pg r  ( p ro ge s te ro n e  re c e p t o r) ,  P tc h 2 
(patched homolog 2), and Nr2f2 (Nuclear 
Receptor Subfamily 2, Group F, Member 
2)][9].

Collectively, these experimental studies 
demonstrate that while lithium research 
continues to pave the way for new frontiers 
in lithium biomedicine, particular atten-
tion must be paid to its potential toxicity. 
Crucially, recent advances suggest several 
potential strategies to mitigate lithium-in-
duced toxicity. For example, alternative 

salts such as LiO can promote neuro-tar-
geted uptake, minimizing systemic expo-
sure. Clinically, while lithium avoidance 
during pregnancy remains ideal, inter-
cepting the STEAP4-mediated cuproptosis 
pathway via inhibitors offer a promising 
means to counteract lithium toxicity when 
treatment is unavoidable. Furthermore, 
precision biomarkers, such as lithium iso-
topes, facilitate high-fidelity monitoring 
and proactive dose optimization, effec-
tively preempting the progression from 
subclinical alterations to overt adverse 
outcomes.

KEY TRANSDISCIPLINARY QUESTIONS 
SHAPING GLOBAL LITHIUM RESEARCH
The relationship between lithium and hu-
man health has long been characterized 
by fascination, misconception, and re-
peated rediscovery. The 19th-century 
“lithium craze”, driven by the uric acid hy-
pothesis, gradually waned under scientific 
scrutiny, followed by nearly half a century 

of relative obscurity. It was not until John 
Cade’s pioneering studies led to the U.S. 
Food and Drug Administration (FDA) ap-
proval of lithium for BD that this simple el-
ement regained scientific and clinical 
credibility. Subsequent advancements in 
molecular biology have systematically un-
veiled lithium’s extensive biological signif-
icance reaching far beyond its traditional 
psychiatric applications. 

As lithium’s value spans human health, 
chemistry, materials science, environ-
ment, and pharmacology, addressing the 
following critical questions will define the 
future trajectory of global lithium re-
search:

(1) Does lithium deficiency-driven patho-
genesis (e.g., Alzheimer’s) validate its sta-
tus as an essential human trace element? 

(2) Can δ7Li serve as a universal diagnostic 
for cross-category diseases?
 
(3) What are the interaction effects and in-
trinsic mechanisms of lithium with other
metal ions?

(4) What molecular drivers underpin lithi-
um’s synergism with biological carriers
(e.g., orotate)?

(5) How can a precise balance between
lithium’s therapeutic efficacy and toxicity
be achieved, and can advanced pharma-
ceutical materials optimize delivery to
broaden its narrow therapeutic window?

(6) How do gut microbiota mediate lithi-
um’s systemic regulatory functions in
vivo?

(7) How can analytical frameworks linking
lithium’s dynamics to phenotypes be de-
veloped and standardized?

(8) What are the cumulative effects of lithi-
um on the female reproductive system
and its impacts on gestational toxicity?

In summary, lithium has evolved from a
classic psychiatric drug to a multifaceted
agent with key biological functions. By
competitively modulating the metabolism
of essential metal ions such as Mg2+, Fe2+

and Cu2+, it influences critical processes
including neuronal survival, ferroptosis,
cuproptosis, the immune microenviron-
ment, reproductive toxicity, and the gut
microbiome [Figure 1]. Its therapeutic po-
tential now extends to early intervention
in major chronic diseases such as AD.
These diverse functions suggest that lithi-
um is not merely a therapeutic agent but

Figure 1. Schematic illustration of the central regulatory role of lithium in biological systems, 
highlighting its involvement in brain function, mood regulation, nerve activity, energy metabolism, 
anti-fibrotic therapy, microbial regulation, and coordinated control of essential metal ions (Mg, Fe, 
and Cu). (Generated by OpenAI DALL-E 3 and post-edited by the authors for technical accuracy and 
labeling).
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may, in fact, constitute a potentially essen-
tial trace element for maintaining physio-
l o g i c a l  b a l a n c e  -  a  h y p o t h e s i s  t h a t
warrants further clinical investigations to
conclusively validate its biological neces-
sity.

Progress toward fully elucidating lithium’s
mechanisms - and translating this knowl-
edge into precision medicine - depends
critically on two converging fronts: deeper
interdisciplinar y integration and ad-
vanced analytical innovation. Only by
combining insights from analytical chem-
istry, molecular biology, clinical medicine,
and computational science can we system-
atically decode lithium’s dynamic behav-
ior across cellular, tissue, and organismal
scales. Crucially, a deeper understanding
of its physiological significance has be-
come achievable through cutting-edge
metallomics technologies. The integrated
application of stable isotope tracing,
high-resolution elemental mapping, and
single-cell analysis is revitalizing lithium
research, enabling scientists to directly
correlate its spatial distribution and chem-
ical speciation with pharmacological ac-
tivity and pathological states. Together,
interdisciplinary collaboration, coupled
with these sophisticated tools, will unlock
lithium’s full biological value.
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has co-authored four books. His contributions have been recognized with prestigious 
honors, including a Newton Advanced Fellowship and a National Top Prize in Chemistry 
Innovation Design.
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