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Abstract
Parkinson’s disease (PD) is a chronic progressive neurodegenerative disorder. The underlying molecular mechanism
lead to α-synuclein aggregation, progressive and selective loss of dopaminergic neurons, and intracellular inclusions
(known as Lewy bodies (LBs)). Several genetic and environmental factors may lead to PD. Ecological factors can
in�uence the onset of most sporadic PD cases via genetically mediated pathways. Rotenone (a mitochondrial
complex one inhibitor, a naturally occurring toxin, a pesticide) reproduces PD’s neurochemical, neuropathological, and
behavioral features. Rotenone increased aggregation and phosphorylation of α-synuclein and attenuated the
phosphorylation of AKT and GSK3beta. GSK-3β /AKT is involved in multiple signaling pathways. The results suggest
that the AKT /GSK3beta signaling pathway mediated the rotenone-induced a-synuclein accumulation. The inhibition
of GSK-3β by lithium results in the increase of β-catenin levels to enhance dopaminergic cell viability and then the
reduction of accumulation and phosphorylation of α-synuclein by promoting autophagy Lithium inhibit neuronal
apoptosis via increasing the BCl2 protein level, Preservation of mitochondrial function with LiCl treatment con�rmed
that the damaged mitochondria were cleared through autophagy (mitophagy). Via increased level of LC3. Finally, we
can conclude that GSK-3beta inhibitors can provide new insights into biology and a possible therapeutic avenue for
further investigating Parkinson’s disease.

Introduction
Parkinson’s disease is the second most common neurodegenerative disorder characterized by losing dopaminergic
neurons (DA) in the substancia nigra and forming cytoplasmic inclusion bodies containing alpha-synuclein Lewy
Bodies. These neurons typically produce dopamine which functions in the direct and indirect pathways of the
nigrostriatal pathway.[1] The direct pathway stimulates voluntary movements, while the indirect pathway inhibits
these movements.[2] When about 70% of neurons are lost, the communication between brain and muscle cells
weakens, resulting in classic motor symptoms. When dopamine is unable to be created or released by degenerating
neurons due to Lewy bodies, the receiving end of the pathways, the striatum, has more inhibitory motor action. This
explains the slow movements and other motor symptoms seen in PD patients.[3] The etiology of this disease remains
to be clari�ed but is considered the result of a combination of genetics and environmental factors, and where aging
also has a crucial role. PD cases are divided into sporadic and familiar. Familiar issues carry a heritable disease
mutation in genes referred to as PARK genes and account for 5–10% of all the PD cases.) Lewy Body, containing
aggregated -synuclein, ubiquitin, and other misfolded proteins, is the hallmark pathological feature of PD. The
ubiquitin-proteasome system and the autophagy-lysosomal pathway are the two most important cellular
mechanisms for protein degradation. [4-6] Autophagy is responsible for the bulk degradation of cytosolic proteins
and organelles non-speci�c. Mitophagy is a crucial pathway for maintaining mitochondrial health and, ultimately,
maintaining neuronal health. An impaired mitophagy accumulates damaged mitochondria, leading to neuronal death
and consequent neurodegeneration.[6] Mitochondria are multifaceted. They are involved in cellular physiological
processes, including cell fate, differentiation, proliferation, and apoptosis [7,8]. The administration of rotenone, a well-
known complex one inhibitor, induces PD-like symptoms in-vitro and in-vivo.[9] rotenone increases ROS production,
which mediates cytochrome C release and caspase-dependent cell death. [10,11] Rotenone has been demonstrated to
induce activation of GSK-3 (glycogen synthase kinase 3[11] GSK-3 signaling pathway play key roles in the regulation
of different aspects of neural development, such as neurogenesis, proliferation, and neural differentiation. GSK-3 is
also involved in the regulation of receptors tra�cking and synaptic plasticity [12,13] GSK-3β can regulate cell survival
and apoptosis by controlling mitochondrial complex I activity and ROS production it regulates oxidative
phosphorylation by inhibiting NADH (complex I), which is the leading site of ROS formation, [14] PI3K/Akt, negatively
regulates GSK-3b, the activation of PI3K/Akt pathways might be associated with neuroprotection. dysregulation of
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the PI3K/Akt signaling pathway is involved in PD pathology. [15,16] α-synuclein is a substrate for GSK-3β
phosphorylation. GSK-3β inhibition decreases α-synuclein protein expression Overexpression of α-synuclein inhibits
TH activity and decreases dopamine biosynthesis. Its overexpression and accumulation impaired mitochondrial
function by increasing oxidative stress by increasing autophagy. These aggregated proteins can be removed easily.
This can be done via autophagy enhancers or GSK inhibitors. LiCl is a potent inhibitor and upstream activator of GSK
and AKT. It can induce autophagy via the mTOR independent pathway.[17] This study summarized the pathways that
may link GSK-3β to PD. Then we reviewed the evidence that explains GSK-3β inhibitors can rescue dopaminergic
neurons and improve their pathogenesis through a prosurvival mechanism with a feasible therapeutic approach for
PD. 

Materials And Methods

Cell lines, culture, and reagents- 
SH-SY5Y cell line was obtained from NCCS, Pune. All the cells were cultured in DMEM-F12 (CELL clone) with 10%
FBS (Gibco) and 1% Antibiotic cocktail (CELL clone). They were incubated at 37°C in a humidi�ed atmosphere
containing 5% CO2. The cells were maintained at the log phase. As the cells became con�uent, they were split after
treatment with Trypsin-EDTA. 2′,7′-Dichloro�uorescin diacetate (DCFDA) (#D6883) and LiCl (#L4408) from Sigma-
Aldrich, Mito-tracker, (Invitrogen™ M7512), were purchased for immuno�uorescence studies, LC3B Antibody (Cell
Signaling, #2775), GSK-3β Antibody (Cell Signaling, #9315), a-Synuclein (cell signaling, #2642), Bcl-2Antibody (Cell
Signaling, # 4223) AKT Antibody (Cell Signaling, # 4685) b-catenin Antibody (Cell Signaling, #8480) GAPDH Antibody
(Cell Signaling, #5174) were used. For Western blots, Rotenone was given 24 hrs. Before assessing the cell damage.
For MTT assay, Reactive oxygen species, & Mitochondrial membrane potential (MMP) detection, apoptosis analysis.
LiCl was initially dissolved in dH2O before adding to DMEM. The total duration of LiCl treatment is 48hrs in which
cells were pre-treated with LiCl for 24 hours and then with rotenone for another 24hr.

MTT assay and cellular morphology observation - 
we �rst studied the cytotoxic effect of the drugs. Ten thousand cells per well (10*103 cells/well) were seeded in 96
well plates after incubation of 24 hrs. Cells were treated dose-dependently with 1mM to 100mM LiCl for 48hrs and
with rotenone 25nM to 1micro M for 24 hrs. Cytotoxicity was measured as per the manufacturer’s protocol. After the
treatment, MTT was added 20m lit (5mg/ml) to the wells, then incubated in a humidi�ed incubator at 37 °C for two
hrs. To allow the formation of purple formazan crystal. These crystals dissolved in 100 microliters of DMSO, and
absorption was taken at 570 nm.

MMP, ROS, assessments- 
SH-SY5Y Cells were harvested and re-suspended in PBS, then immediately stained with Mito-tracker (stock 1mM
solution in DMSO to working 500mM) for Mitochondrial membrane potential ROS DCFH-DA (10 M, Invitrogen), and
incubated at 37 °C for 30 min in darkness. After washing twice with ice-cold PBS, the samples were subject to a FAC
Scan Flow Cytometer (BD). Data were analyzed by FSC express version 3.0 (De Novo Software, Los Angeles, CA,
USA)
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Apoptosis -
The rate of cell death was analyzed by �ow cytometry following annexin5-FITC/propidium iodide (Invitrogen
molecular prob, USA). According to this method, cells were seeded in 6 well plates at semi con�uent stage cells were
treated with LiCl (10mM,30mM) for 48 hrs followed by rotenone 100nM for 24 hrs. Cells were harvested by 0.25%
trypsin and washed with PBS; then, cells were treated with FITC conjugated Annexin and incubated at 37oc for 15
min in darkness, add 2ml 1x binding buffer centrifuge at 6000 rpm for 5 min at room temp. resuspend the cell in
200ul in buffer add 5 ul PI 5-15 min on ice data were analyzed by BD-FACS Caliber instrument ( BD- biosciences, USA
)

Immuno�uorescence – 
1000 cells were seeded on sterilized coverslips in 6 well plates (NEST, Thermo Fisher Scienti�c). After the drug
treatment at standard conditions, the coverslip wells were washed with PBS for Mito-tracker. Dilute 1mM Mito-
Tracker® stock solution to the �nal working concentration of 100nM, then remove the media from the dish and add
prewarmed (37°C) staining solution containing Mito-Tracker® probe and incubate for 15 min under growth
conditions. After staining, wash the cells in a fresh, pre-warmed buffer or growth medium. Carefully remove the
medium/buffer covering the cells, and replace freshly prepared, pre-warmed buffer or growth medium containing 2–
4% formaldehyde in complete growth medium at 37°C for 15 minutes at four °C. Cells were counterstained with DAPI
after rinsing with one × PBS. The coverslips were mounted with DABCO (Sigma) over pre-cleaned slides, observed
using �uorescence Microscopy �uorescence measured using ImageJ software, and statistical analysis was done
using GraphPad Prism 9 software.

Western Blot –
cells treated with rotenone alone and combine with LiCl (10mM, 30mM) were collected after 48 hrs by washes with
PBS. Cell lysis was done with ice-cold RIPA buffer (Sigma Aldrich, USA). The cell lysate was kept for 20 min followed
by gentle vortexing in between, then centrifugation was done on 12000rpm for 10 min at 4oC; the supernatant was
collected in a fresh Eppendorf tube and sorted at -80oC for further use equal quantity 50mg was used for western blot
analysis protein was resolved electrophoretically on 10% SDS-PAGE gel then transferred on to PVDF membrane
(Millipore, USA). PVDF membrane was blocked with 5% non-fat milk dissolved in TBST containing 0.5% tween 20.
after blocking, the membrane was incubated with primary antibody GSK-3beta, AKT, Bcl-2, and LC-3B, beta-catenin,
and GAPDH antibodies overnight at 4oC; the membrane was further incubated with their respective secondary
antibody conjugated to ALP for 3 hrs after that membrane was exposed to BCIP-NBT solution (America USA). The
relative intensity of bands was determined densitometrically by using the Quantity One software (Quantity One,
Hercules, CA, USA). All data from independent experiments were expressed as the ratio to optical density values of
the corresponding controls for statistical analyses.

Statistical analysis- 
Numerical data was represented graphically as mean ± standard deviation (SD). The student’s t-test (paired for cell
lines) was applied to compare the control-treatment groups using GraphPad Prism 9 software (La Jolla, USA).
P≤0.05 was considered statistically signi�cant and was two-sided.
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Results

Autophagy Enhancers ameliorate SH-SY5Y survival against
rotenone-induced toxicity.
We �rst want to examine whether LiCl, which is known to be a potent autophagy inducer, has any signi�cant role in
cell survival under standard culture conditions. Analyses indicate that LiCl below 50mM shows no toxic effect with a
half-maximal inhibitory concentration (IC50) ranging between (45 to 60mM). Rotenone treatment resulted in cell
death with an IC50 200nM, so we have taken 100nM drug concentration for further experiments. We have found that
rotenone treatment for 24 hrs has more intercellular distance, less synaptic connection, and a shortening of neurites
shrinking the cell body than control. We then measured whether LiCl could prevent rotenone induce toxicity. And we
found that LiCl prohibits rotenone-induced cell death and causes a prosurvival effect in a dose-dependent manner,
increases synaptic connection, and reduces intercellular space extended neuritis growth and normal cellular
morphology. MTT assay indicated that rotenone drastically lowers the viability of the cells by 60 % while pre-
treatment with LiCl [�g 1]. 

LiCl attenuates Rotenone-induced oxidative stress and
mitochondrial dysfunction:
MMP reduction was seen when treated with rotenone for 24 hr. It decreases the �uorescent intensity of the Mito-
tracker. Mito tracker red is a red-�uorescent dye that stains mitochondria in live cells. Its accumulation depends upon
potential membrane Reduction of MMP means a lower ability to produce ATP. When treated with LiCl for 48 hrs, it
signi�cantly inhibits the mitochondrial injury induced by rotenone. Mitochondrial damage triggers oxidative stress by
ROS formation. LiCl treatment for 48 hrs (24hrs before rotenone) signi�cantly reversed ROS production. We
measured the DCFDA �orescence’s intensity taking H2O2 as a positive control. [�g2]

Cellular damage or Damaged Mitochondria removed via
autophagy Enhancement: 
The association between Autophagy and removal of damaged mitochondria or any DNA damage can be seen via
immunostaining with Mito-tracker and acridine orange. Acridine Orange is a cell-permeant nucleic acid binding dye
that emits green �uorescence when bound to dsDNA, also been used as a lysosomal dye. The results show that when
we treat cells with LiCl, the �uorescence that appears in the cytoplasm is punctuated or very much intact around the
nucleus in the case of acridine orange, and the �uorescence Mito-Tracker is high. But when the cells are treated with
rotenone alone, it is defused in the cytoplasm. Co-localization of Mito-Tracker Red and acridine orange indicated that
the turnover of mitochondria might be within auto phagolysosomes. [�g3] 

Autophagy enhancement is associated with a decrease in
apoptosis rate. Neuroprotection and removal of aggregated
protein:    
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 A relationship between a-synuclein-induced neurotoxicity and a decrease in the cytoplasmatic levels of beta-catenin
has been proposed. Also, the inhibition of glycogen synthase kinase (GSK-3beta through LiCl), a central modulator of
the pathway, protects neurons from a-synuclein damage. Interestingly, during the progression of PD, it has been
described that active GSK-3beta is found in neuronal cell bodies and neurites, co-localizing with pre-neuro�brillary
tangles observed in disease brains. The ratio of LC3/2 with rotenone treatment was decreased as Compared with
control; it was higher in the group with the co-treatment of LiCl and rotenone. Lithium has been shown to induce a
concentration-dependent increase in the Bcl2 protein level. It plays a prominent anti-apoptotic role. In the case of LiCl,
autophagy shows a prosurvival effect because it gradually removes the damaged mitochondria via mitophagy and
the aggregated protein. Multiple pathways regulate autophagy, but the critical pathway is AKT/GSK, and LiCl being a
potent inhibitor of GSK 3beta, is common in most of them. GSK is the target of AKT, and rotenone attenuates
phosphorylation of both; GSK activation through Rotenone depresses autophagy and increases the alpha-
aggregation [�g4], which LiCl reduces.

Discussion
Neurodegenerative disease may be summarized as a dynamic and triangulated process that comprise irregulated
interrelated prospect that in�uences each other like protein aggregation, neuronal dysfunction, and neuronal death.
Parkinson’s disease is a neurodegenerative disease where the loss of dopaminergic neurons occurs. The neuronal
structural framework is a dynamic system contributing to neuronal plasticity. The relative requirement for plasticity in
outgrowing neurites versus stabilized axons is re�ected in their cytoskeletal composition.[18] When the number of
dopamine-producing cells in the substantia nigra falls to less than 20–40%, then the symptoms of PD such as
bradykinesia (slowness and minimal movement), rigidity, resting tremor, and postural instability appear. Furthermore,
it is also revealed that some environmental (such as exposure to pesticides or a toxin in the food supply) and genetic
factors might be involved in the pathogenesis of certain forms of PD. [19] As a mitochondrial complex I inhibitor,
rotenone has been extensively used for modeling PD in recent years. In this study, rotenone-induced mitochondrial
dysfunction is evidenced by the increased production of ROS and the decreased MMP, which may lead to the
activation of the mitochondrial apoptotic pathway and protein aggregation [20-22]. Autophagy has been proposed as
an endogenous, antioxidant, protective pathway that can clear accumulated ROS. Protein aggregation is regulated by
its conformation and phosphorylation, and dephosphorylation changes the conformation of these proteins. That
leads to altered biological function.[23] Protein accumulation and oxidative stress are pathologically pronounced in
neurodegenerative diseases. Enhancing autophagy could scavenge aggregated proteins and increase ROS [24]. In the
previous studies, inhibited autophagy was accompanied by accumulated mitochondrial mass and protein
aggregation [25,26].  Thus, we think LiCl might reduce mitochondrial load and protein aggregation. Lithium is also
neurotrophic, and most of the studies show that it signi�cantly enhances neurites extensions neurite branching that
leads to the establishment of a neuronal network, i.e., increases synaptogenesis. [27]

However, multiple direct and indirect pathways have been known. Still, the most common is that LiCl is a potent
inhibitor of GSK 3b. It is well explained that GSK-3b dysregulation involves various cellular processes that eventually
promote neurodegenerative pathology diseases PD. In addition to GSK-3b , lithium also affects the activity of other
protein kinases/phosphatases, such as AKT, Bcl-2, tau, synuclein, β-catenin, etc. [28-32] α-synuclein abundantly found
in the nervous system its role is the production of dopamine through the interaction with tyrosine hydroxylase [TH], its
rate-limiting enzyme responsible for overexpression α-synuclein inhibit TH activity and decrease dopamine
biosynthesis. of the conversion of tyrosine to L-3,4-dihydroxyphenylalanine in the dopamine synthesis pathway. [33-
35] GSK-3β is co-localized with a-Synuclein in the halo of Lewy bodies (LBs); the authors suggested that GSK-3b
 localization in the LBs may let it interact with substrates in LBs and play a pathological role [36]. It has been shown
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that overexpressing a- Synuclein in transgenic mice is associated with elevation of active GSK-3b  , suggesting that
accumulation of a-Synuclein might be the causative for GSK-3b  increment seen in PD brain [37]. Lithium reduces
GSK-3β activity by increasing the inhibitory phosphorylation of GSK3β. Through direct activation of the Akt pathway.
The activation of Akt modulates Bcl-2 associated death protein (Bad) (a pro-apoptotic protein of the Bcl-2 family)
[38,39]. These results suggest that GSK3 activity is related to α-synuclein aggregation through impaired autophagy.
Therapeutic concentrations of the GSK-3β inhibitor led to the increase in β-catenin levels that promotes β-catenin
transcriptional activity, which enhances dopaminergic cell viability, and then the reduction of α-synuclein. β-catenin
training is necessary for the early development of the nervous system, especially in the formation of neural crest and
neural tube inhibition of GSK promotes axon formation and its branching. [40-42] The autophagy-lysosomal pathway
in�uenced the degradation of intracellular proteins, including α-synuclein and p-tau. Akt/GSK pathway can regulate
autophagy. [43] so the GSK/AKT pathway may involve in the pathogenesis or playing a vital role in which LiCl may
have therapeutic potential, but the possibility requires elaborated investigation of Reactive Oxygen Species [Fig5]

Conclusion
The pathogenesis of PD is a complex process, and multiple events, including oxidative stress, mitochondrial
dysfunction, protein aggregation, and neuroin�ammation, mediate the loss of dopaminergic neurons. Understanding
the signaling processes that regulate the pathogenesis of PD is critical for developing novel therapeutics for PD
treatment. Because of the prominent co-relation of GSK-3b and a-synuclein, this kinase was mainly associated with
many neurodegenerative diseases. However, evidence implying the involvement of GSK-3b in shared cellular damage
pathways such as Autophagy, ER-stress, mitochondrial dysfunction, and apoptosis has changed this view and
cleared that aberrant GSK-3b. The cellular and molecular mechanisms of the protective effects of GSK-3β inhibition
on dopaminergic neurons in pathogenic conditions require further elucidation. They may provide a potential e�cient
target for treating PD by blocking the pathogenic pathway. Taken together, these �ndings indicated that lithium was
able to attenuate cell apoptosis, inhibit ROS production, and MMP decrease induced by rotenone in SH-SY5Y.
Therapeutic dose, induced cytoskeleton protein changes to promote neuritogenesis lithium regulate GSK3b directly
and through more complex network effects affecting more than one molecular target at a time. We conclude that
rotenone-induced a-synuclein aggregation is mediated by the AKT/GSK3b signaling pathway. Pharmacologically
induction of autophagy by lithium may raise a new hope for novel disease-modifying strategies in PD

Declarations

Con�icts of Interest: 
The authors declare that there are no con�icts of interest regarding the publication of this paper. 

Acknowledgment: 
This research is being funded by the Ministry of health and family welfare- department of health and Research Under
the young Scientist program.

References
1. Young CB, Reddy V, Sonne J. Neuroanatomy, Basal Ganglia. [Updated 2021 Jul 31]. In: StatPearls [Internet].

Treasure Island (FL): StatPearls Publishing; 2022 Jan-.



Page 8/16

2. Obeso JA, Rodríguez-Oroz MC, Benitez-Temino B, Blesa FJ, Guridi J, Marin C, Rodriguez M. Functional
organization of the basal ganglia: therapeutic implications for Parkinson's disease. Mov Disord. 2008;23 Suppl
3:S548-59

3. Xu Q, Park Y, Huang X, Hollenbeck A, Blair A, et al. (2011) Diabetes and Risk of Parkinson’s Disease. Diabetes
Care 34: 910-915.

4. Shen YF, Tang Y, Zhang XJ, Huang KX, Le WD. Adaptive changes in autophagy after UPS impairment in
Parkinson’s disease. Acta Pharmacol Sin. 2013;34(5):667–73. 

5. Xiong N, Xiong J, Jia M, Liu L, Zhang X, Chen Z, Huang J, Zhang Z, Hou L, Luo Z, et al. The role of autophagy in
Parkinson’s disease: rotenone-based modeling. Behav Brain Funct BBF. 2013; 9:13. 

�. KonstantinosPalikarasaIoannaDaskalakiabMariaMarkakiaNektariosTavernarakisa Mitophagy and age-related
pathologies: Development of new therapeutics by targeting mitochondrial turnover Pharmacology &
TherapeuticsVolume 178, October 2017, Pages 157-174

7. Vakifahmetoglu-Norberg H, Ouchida AT, Norberg E (2017) The role of mitochondria in metabolism and cell death.
Biochem Biophys Res Commun 482(3):426–431 12

�. Khacho M, Harris R, Slack RS (2019) Mitochondria as central regulators of neural stem cell fate and cognitive
function. Nat Rev Neurosci 20(1):34–48

9. Cannon JR, Tapias V, Na HM, Honick AS, Drolet RE, and Greenamyre JT: A highly reproducible rotenone model of
Parkinson's disease. Neurobiol Dis 34: 279-290, 2009. 

10. J. Lee, M.S. Huang, I.C. Yang, T.C. Lai, J.L. Wang, V.F. Pang, M. Hsiao, M.Y. Kuo, Essential roles of caspases and
their upstream regulators in rotenone-induced apoptosis, Biochem. Biophys. Res. Commun. 371 (2008) 33–38. 

11. Rodrigo Francoa, Sumin Lia, Humberto Rodriguez-Rocha, Michaela Burnsa, Mihalis I. Panayiotidisb,c Molecular
mechanisms of pesticide-induced neurotoxicity: Relevance to Parkinson’s disease, Chemico-Biological
Interactions 188 (2010) 289–300 

12. W.Y. Kim, X. Wang, Y. Wu, B.W. Doble, S. Patel, J.R. Woodgett, W.D. Snider, 716 GSK-3 is a master regulator of
neural progenitor homeostasis, Nat. Neurosci. 717 12 (2009) 1390–1397. 718 

13.  J. Ahn, J. Jang, J. Choi, J. Lee, S.H. Oh, J. Lee, K. Yoon, S. Kim, GSK3beta, but not 719 GSK3alpha, inhibits the
neuronal differentiation of neural progenitor cells as a 720 downstream target of mammalian target rapamycin
complex1, Stem Cells 721 Dev. 23 (2014) 1121–1133. 

14. Unregulated mitochondrial GSK3beta activity results in NADH: ubiquinone oxidoreductase de�ciency. Neurotox
Res 14: 367‐382, 2008. 

15. H. Zhang, S.H. Mak, W. Cui, W.M. Li, R.W. Han, S.Q. Hu, M.Z. Ye, R.B. Pi, Y.F. Han, Tacrine(2)-ferulic acid, a novel
multifunctional dimer, attenuates 6-hydroxydopamine-induced apoptosis in PC12 cells by activating Akt
pathway, Neurochem. Int. 59 (2011) 981–988. 

1�. S. Timmons, M.F. Coakley, A.M. Moloney, C. O’Neill, Akt signal transduction dysfunction in Parkinson’s disease,
Neurosci. Lett. 467 (2009) 30–35.

17. Sarkar S, Floto RA, Berger Z, Imarisio S, Cordenier A, Pasco M, et al. Lithium induces autophagy by inhibiting
inositol monophosphatase. J Cell Biol. 2005;170:1101–11. 

1�. ope RS (1999) Anti-bipolar therapy: mechanism of action of lithium. Mol Psych 4:117–128

19. Burckhalter L, Gallicchio VS (2019) Parkinson’s disease, Lithium and Stem Cells. J Clin Lab Med 4(1):
dx.doi.org/10.16966/2572- 9578.126 

https://www.sciencedirect.com/science/article/abs/pii/S0163725817301080?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0163725817301080?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0163725817301080?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0163725817301080?via%3Dihub#!
https://www.sciencedirect.com/journal/pharmacology-and-therapeutics
https://www.sciencedirect.com/journal/pharmacology-and-therapeutics/vol/178/suppl/C


Page 9/16

20. Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabolism of reactive oxygen species. Biochem
Biokhimiia. 2005;70(2):200–14. 

21. Lemasters JJ. Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative stress,
mitochondrial dysfunction, and aging. Rejuvenation Res. 2005;8(1):3–5. 

22. Perier C, Bove J, Vila M, Przedborski S. The rotenone model of Parkinson’s disease. Trends Neurosci.
2003;26(7):345–6. 

23. Nemani, V.M., Lu, W., Berge, V., Nakamura, K., Onoa, B., Lee, M.K., Chaudhry, F.A., Nicoll, R.A., Edwards, R.H., 2010.
Increased alpha-synuclein expression reduces neurotransmitter release by inhibiting synaptic vesicle reclustering
after endocytosis. Neuron 65, 66–79.

24. Congcong Fang,1 Lijuan Gu2 Daniel Smerin,3 Shaping Mao and Xiaoxing Xiong The Interrelation between
Reactive Oxygen Species and Autophagy in Neurological Disorders Volume 2017 |Article ID 8495160
| https://doi.org/10.1155/2017/8495160

25. Ganguli A, Choudhury D, Datta S, Bhattacharya S, Chakrabarti G. Inhibition of autophagy by chloroquine
potentiates synergistically anti-cancer property of artemisinin by promoting ROS-dependent apoptosis.
Biochimie. 2014;107 Pt B:338–49. 

2�. Giordano S, Darley-Usmar V, Zhang J. Autophagy as an essential cellular antioxidant pathway in
neurodegenerative disease. Redox Biol. 2014;2:82–90. 

27. Riadh Nciri • Mohamed Ali Boujbiha • Samira Jbahi • Mohamed Salah Allagui • Abdelfattah Elfeki • Christian
Vincent • Franc oise Croute Cytoskeleton involvement in lithium-induced SH-SY5Y neuritogenesis and the role of
glycogen synthase kinase 3b Aging Clin Exp Res (2015) 27:255–263 

2�. Liang MH, Wendland JR, Chuang DM (2008) Lithium inhibits Smad3/4 transactivation via increased CREB
activity induced by enhanced PKA and AKT signaling. Mol Cell Neurosci 37:440–453 

29. Bielecka AM, Obuchowicz E (2008) Antiapoptotic action of lithium and valproate. Pharmacol Rep 60:771–782 

30. Marmol F (2008) Lithium: bipolar disorder and neurodegenerative diseases, possible cellular mechanisms of the
therapeutic effects of lithium. Prog Neuropsychopharmacol Biol Psychiatry 32:1761–1771 

31.  Machado-Vieira R, Manji HK, Zarate CA (2009) The role of lithium in the treatment of bipolar disorder:
convergent evidence for neurotrophic effects as a unifying hypothesis. Bipolar Disord 11:92–109 

32. Wada A (2009) Lithium and neuropsychiatric therapeutics: neuroplasticity via glycogen synthase kinase-3beta,
beta-catenin, and neurotrophin cascades. J Pharmacol Sci 110:14–28 

33. Erez RG, Waymire JC, Lin E, Liu JJ, Guo F, and Zigmond MJ: A role for alpha-synuclein in the regulation of
dopamine biosynthesis. J Neurosci 22: 3090‐3099, 2002. 

34. Yu S, Zuo X, Li Y, et al.: Inhibition of tyrosine hydroxylase expression in alpha-synuclein-transfected
dopaminergic neuronal cells. Neurosci Lett 367: 34-39, 2004. 

35. Periquet M, Fulga T, Myllykangas L, Schlossmacher MG, and Feany MB: Aggregated alpha-synuclein mediates
dopaminergic neurotoxicity in vivo. J Neurosci 27: 3338‐3346, 2007. 

3�. M. Nagaoand, H. Hayashi, Glycogen synthase kinase-3beta is associated with 954 Parkinson’s disease, Neurosci.
Lett. 449 (2009) 103–107. 

37. M. Golpich, et al., Glycogen synthase kinase-3 beta (GSK-3 ) signaling: Implications for Parkinson’s disease,
Pharmacol Res(2015), 

3�. Alural,B.;Ozerdem,A.;Allmer,J.;Genc,K.;Genc,S.LithiumProtectsagainstParaquatNeurotoxicitybyNRF2Activationand
MiR-34a Inhibition in SH-SY5Y Cells. Front.Cell.Neurosci. 2015, 9, 209.

https://doi.org/10.1155/2017/8495160


Page 10/16

39. Beaulieu, J.M.; Gainetdinov, R.R.; Caron, M.G.TheAktGSK3 Signaling Cascade in the Actions of Dopamine.
TrendsPharmacol.Sci. 2007, 28, 166–172. 

40. Zhang, L.; Cen, L.; Qu, S.; Wei, L.; Mo, M.; Feng, J.; Sun, C.; Xiao, Y.; Luo, Q.; Li, S.; et al.EnhancingBeta-
CateninActivityvia GSK3beta Inhibition Protects PC12 Cells against Rotenone Toxicity through Nurr1 Induction.
PLoS ONE 2016, 11, e0152931. 

41. Ciani L, Salinas PC (2005) WNTs in the vertebrate nervous system: from patterning to neuronal connectivity. Nat
Rev Neurosci 6: 351- 361. 

42.  Dill J, Wang H, Zhou F, Li S (2008) Inactivation of glycogen synthase kinase 3 promotes axonal growth and
recovery in the CNS. J Neurosci 28: 8914-8928. 

43. Xilouri,M.;Brekk,O.R.;Stefanis,L.AutophagyandAlphaSynuclein: RelevancetoParkinson’sDisease and Related
Synucleopathies. MOV. Disord. Off. J. Mol. Disord. Soc. 2016, 31, 178–192

44. Abhishek Kumar Singh1 & Mahendra Pratap Kashyap2 & Vinay Kumar Tripathi 3 & Sandeep Singh1 & Geetika
Garg1 & Syed Ibrahim Riz Neuroprotection Through Rapamycin-Induced Activation of Autophagy and
PI3K/Akt1/mTOR/CREB Signaling Against Amyloid-β-Induced Oxidative Stress, Synaptic/Neurotransmission
Dysfunction, and Neurodegeneration in Adult Rats Mol Neurobiol: 7 June 2016 /Accepted: 12 September
2016,DOI 10.1007/s12035-016-0129-3

45. Vallée,A.;Vallée,J.-N.; Lecarpentier, Y. Parkinson’s Disease: Potential Actions of Lithium by Targeting the WNT/β-
Catenin Pathway, Oxidative Stress, In�ammation and Glutamatergic Pathway. Cells 2021, 10, 230. https://
doi.org/10.3390/cells10020230

Figures



Page 11/16

Figure 1

Cell viability was measured by MTT assay after SH- SY5Y cells treated with lithium for 48 hr. at indicated
concentrations with or without rotenone exposure.  (A) Lithium exposure (0–80 mM) had done to measure cell
survival of SH-SY5Y cells under standard culture conditions for 48 hrs. IC50 is 50 mM(B) Rotenone exposure (25-
1000nM) had done to measure cell survival of SH-SY5Y cells under normal culture conditions for 24hrs. IC50 is 200
nm. below the IC50 value(100nM) was taken for the rest of the experiments (c) Lithium dose-dependently protected
SH-SY5Y cells from rotenone-induced cytotoxicity. *P < 0.05 as compared with control, two concertations in which
maximum cells were surviving were �nally taken (10mM & 20mM) or the rest of the experiments, and the
morphological difference can be seen. between control and treated cells 
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Figure 2

MitoTracker red CMXRos at a �nal concentration of 500 mM was used to visualize the mitochondrial transmembrane
potential. The �uorescence intensity of DCFH was measured by �ow cytometry in all groups. the geo means
�uorescence intensity was expressed. (A) *P < 0.05 as compared with Rot with LiCl + Rot group; these are overly
histogram of SH-SY5Y from center to the left shows the decrease in MMT and right shift shows an increase in MMT
so we can see rotenone can cause a decrease in MMT but when treated with LiCl MMT recovers (b) **P < 0.05 as
compared with Rot with LiCl + Rot group, These are histogram of SH-SY5Y caused a right shift of peak in SH-SY5Y.
This indicates an increase in ROS generation in treated groups. LiCl can effectively decrease ROS level H2O2 treated
sample groups are taken as a positive control. 
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Figure 3

Autophagy enhancers can remove damaged mitochondria by increasing autophagy; cells are subjected to
immuno�uorescence detection. Signi�cant increase in mean �uorescence intensity of (A)Mito-tracker and (B)acridine
orange following the treatment of LiCl and rotenone. An increase in mean �uorescence intensity can be seen at 40X
magni�cations under a �uorescence microscope. Fluorescence intensity was measured via image J Data are
presented as mean ± SD, and p-value ≤0.05 is considered signi�cant.
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Figure 4

(A) AKT is at the crossroads of cell death and survival, playing a pivotal role in multiple interconnected cell signaling;
LiCl increases the activity of AKT. protein level. **p < 0.05 compared with the rotenone treated cells. (B) Wnt/β-catenin
signaling pathway can be activated by GSK3β antagonists LiCl it prevented cell death induced by rotenone by
increasing. b-catenin. LiCl treated cells protein level. **p < 0.05 compared with the rotenone treated cells. Rotenone
increased (C)a-synuclein protein levels and increased the (D)GSK activity, but on treatment with LiCl, it reduces and
inhibits the aggregation, which prevents Lwi body formation. LiCl also reduces rotenone-induced cell death by
increasing proapoptotic proteins like(E) Bcl-2, which further increases Autophagy and removes the aggregated protein
and dysfunctional mitochondria that can be measured by (F)LC3 protein level. The relative intensity of the protein
band was normalized to GAPDH by Image J software (**P < 0.05; ***P < 0.01). All data presented as means ± SD
from three independent experiments. 
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Figure 5

Schematic representation illustrating the plausible mechanism(s) for restoring Synuclein-induced oxidative stress
and neurodegeneration through the activation of autophagy and GSK-3b/AKT signaling pathway. Different cell
surface receptors activate PI3K, which activates PIP2 and PIP3. That causes the co-recruitment of the 3-
phosphoinositide dependent protein kinase-1 (PDK1) [44] and Akt to the cell membrane and the activation of Akt by
PDK1. Activated AKT phosphorylates GSK at ser9 to inactivate it inactivated GSK-3β. AKT also promote Autophagy
which removes damaged mitochondria and decrease oxidative stress to the cell and aggregated protein Cytosolic
GSK-3β phosphorylates the α-synuclein, leading to their aggregation, which contributes to cell injury by oxidative
stress & Lewy body formation by inhibiting synaptic neurotransmission, which causes neuronal death β -catenin
which inhibits the SNCA gene to produce mRNA of α-synuclein to promote cell survival.[45] Activated GSK -3β enable
α -Synuclein protein to form aggregates �bril that will form Lewy body Akt also promote BCL-2 activation, which
inhibits cell apoptosis. 
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Figure 6

Flowchart of results: [Fig6]. Schematic diagram showing the role of Rotenone and LiCl. Rotenone acts as a
mitochondrial complex 1 inhibitor and increases the activity of GSK-3b and dephosphorylate AKT, which leads to an
increase in reactive oxygen species and causes mitochondrial dysfunction, which causes oxidative stress to the cell
and increases in synuclein expression, which causes Lewy body formation and ultimately cell death. Were as LiCl
inhibits GSK-3 and increases the phosphorylation of AKT, which increases the Antiapoptotic protein BCL-2 activity
and inhibits apoptosis, and promotes Autophagy which can eliminate dysfunctional mitochondria and aggregated
protein. On the other hand, Inhibition of GSK-3b increases b-catenin activity which enables cell survival by inhibiting
excessive m-RNA formation of Synuclein; GSK also inhibits the accumulation of a-synuclein protein to form Lewy
body and promote cell survival. 


