


Review Article
Decoding Parkinson’s disease Through Animal Models: Mechanistic Insights and Therapeutic Roadmaps

ABSTRACT
Parkinson’s disease (PD) is a complex neurodegenerative disorder characterized by progressive dopaminergic neuronal loss, α-synuclein aggregation, and a range of motor and non-motor symptoms. Animal models have been indispensable in elucidating PD mechanisms and testing therapeutic strategies; however, no single model fully recapitulates the multifaceted human pathology. This review presents a comprehensive and comparative analysis of neurotoxic (e.g., 6-OHDA, MPTP, rotenone), genetic (e.g., α-synuclein, LRRK2, PINK1, Parkin, DJ-1), and pharmacological (e.g., reserpine, haloperidol) models of PD. We highlight each model’s mechanistic relevance, behavioural features, and limitations, particularly regarding non-motor symptoms, disease progression, and translational applicability. Special focus is given to the emerging use of humanized models, iPSC-based systems, and multi-hit protocols that combine genetic and environmental factors. Novel dimensions such as sex differences, the gut-brain axis, peripheral pathology, and immune system involvement are critically examined. Furthermore, the integration of biomarkers (e.g., phosphorylated α-synuclein, DJ-1, cytokines) and advanced imaging tools (PET, MRI) is discussed as a refinement in model validation and disease monitoring. We also explore how AI-driven approaches can enhance data analysis and predictive modelling. By synthesizing traditional and emerging insights, this review provides a multidimensional perspective on PD modelling. It underscores the need for strategic, integrative model selection to bridge preclinical research with clinical translation and to facilitate the development of effective, personalized therapies.
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1. Introduction
Parkinson’s disease (PD) is the second most common age related neurodegenerative disease after Alzheimer’s and impacts millions around the globe (Farid et al., 2024; Fischer et al., 2021). Its incidence increases with age and it is more frequent in men (Techaniyom et al., 2024). The major pathology features of PD include, progressive death of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and formation of Lewy bodies consisting of aggregated alpha-synuclein. Mitochondrial dysfunction, oxidative stress, and chronic neuroinflammation are underlying pathological features of these (Khodir et al., 2025). PD is a clinically characterized disease that manifests with symptoms including bradykinesia, rigidity, and tremor (Ay et al., 2017). The onset or even prehistory of PD is often accompanied or preceded by symptoms such as anxiety, depression, sleeping disorders, and gastrointestinal trouble (Peralta et al., 2020). The disease is multifactorial with causality compromised of genetic mutations (such as SNCA, LRRK2, PINK1) as well as other causative factors including toxins (such rotenone, paraquat) and cellular vulnerabilities related to aging (Grimmig, et al., 2017; Junqueira, et al., 2019). Although motor function is improved temporarily by current pharmacotherapies such as levodopa and dopamine agonists, there is no effective treatment that halts disease progression and side effects are common in the long term (Farid et al., 2024). However, the alternative methods, such as deep brain stimulation and midbrain dopaminergic cell transplantation, also provide some benefit, but not much and are not curative (Deuschl et al., 2022, Hiller et al., 2022).

The need for good animal models in understanding PD pathophysiology and for evaluating potential therapies is recognized. This is particularly important because rodents are very neurobiologically relevant and experimentally flexible (Shin et al., 2019). This review will discuss modern advances in transgenic rodent and pharmacological animal models of PD that focus on non-motor symptoms as well as gut–brain interactions, sex variances and usage of biomarker driven translational research.

2. Disease models of Parkinson’s disease 
2.1   Neurotoxins induced Parkinson’s disease (PD)
2.1.1   Rotenone (Environmental and Mitochondrial Toxins)
PD is induced by the rotenone, a plant pesticide, derived from complex I inhibition of the mitochondria followed by oxidative stress, neuronal injury, and electrofying cell death (Khodir et al., 2025). The lipophilic nature of it, allows brain penetration and causes aggregation of α-synuclein, inhibition of autophagy, and activation of GSK-3β, which leads to the formation of the Lewy body (Yuan et al., 2015; Zhao et al., 2021). Activation of microglia and cytokine release contribute to triggering of neuroinflammation (Kandil et al., 2016). Furthermore, rotenone causes early nonmotor symptoms such as gastrointestinal dysfunction and olfactory deficit, occurring before motor impairments, and also alters dopamine metabolism and VMAT activity. They are linked with inflammation of the colonic mucosa, TH loss in the olfactory bulb, and serotonergic imbalance (Morais et al., 2018). This additionally further disrupts gut barrier integrity, which results in the leaking of endotoxins to trigger systemic and neuroinflammation and to reinforce the gut–brain link in PD (Dodiya et al., 2020). Further stages of retinal degeneration and accumulation of α-synuclein can be observed using imaging tools such as DARC and OCT (Normando et al., 2016). Due to its capacity to mimic central and peripheral pathology, the rotenone model is a strong model to study the underlying changes of motor, non-motor, and biomarker linked features of progressive PD (Schaffernicht et al., 2021).
2.1.2   Paraquat
Paraquat (PQ) model is an experimental model used to study Parkinson’s disease (PD) because PQ induces oxidative stress and dopaminergic neurodegeneration, two properties of the disease (Chen et al., 2021). It has been commonly shown that the utilization of a widely used herbicide, paraquat, induces reactive oxygen species (ROS) formation via redox cycling, especially by NADPH oxidase activity in microglia and causes oxidative neuronal damage (Fathy et al., 2021). By selectively toxifying dopaminergic neurons in the substantia nigra pars compacta (SNpc), reducing striatal dopamine levels, and consequentially, causing motor deficits, MPTP models correlate to pathology related to PD (Tong et al, 2022). Furthermore, alpha-synuclein aggregation, elevation of midbrain cytokines, disruption of the blood–brain barrier, and neurotoxicity are further promoted by PQ exposure (Dwyer et al., 2021). Paraquat is often combined with maneb, a fungicide, which inhibits mitochondrial complex III and depletes glutathione, to better affect the environmental PD risk, through further increasing oxidative stress and dopaminergic neuron loss (da Silva et al., 2024). Although intranasal delivery of paraquat can reduce systemic toxicity, increase neurodegeneration and α-synuclein accumulation, the model is limited by variability in Lewy body pathology, dose sensitivity, nonreproducibility of non-motor symptoms (Chen et al., 2020; Cristóvão et al., 2020). Although these drawbacks exist, the paraquat model is a good model for studying environmental risk factors, as well as evaluating antioxidant based interventions.
2.1.3   6-OHDA (Catecholaminergic Neurotoxins (Selective for Dopaminergic Neurons)
A classic model for PD was introduced in the 1960’s known as 6-hydroxydopamine (6-OHDA) that selectively destroyed dopaminergic neurons in the SNpc via dopamine transporter mediated uptake (Tiwari et al., 2021). Because it cannot reach the brain-blood barrier, it is directly injected into brain regions such as the medial forebrain bundle (MFB) or striatum. Injections of 6-OHDA into the brain affect oxidative stress, inducing ROS generation and mitochondrial complex I/IV inhibition that eventually results in lipid peroxidation, DNA damage and reduction of ATP production (Huang et al., 2024; Jia et al., 2023), and injections of 6-OHDA into one part of the brain result in gradual damage, mimicking early PD (Boix et al., 2015). Finally, it induces apoptosis through caspase activation and decrease of BDNF, as well as neuroinflammation by activation of microglial and the pro-inflammatory cytokines (Kim et al., 2024; Yan et al., 2021), despite the fact that it does not herald Lewy body formation but elevates phosphorylated α-synuclein and GFAP in the colon, suggesting involvement of gut–brain axis (Cui et al., 2023). LRRK2 activation induced by iron further promotes neurodegeneration (Kesh et al., 2020). In addition, it reproduces non motor symptoms of sleep disturbances and cognitive deficits making it relevant for use as a model to reproduce both early and late PD clinical features (Requejo et al., 2020). Also, growing evidence suggests that Parkinson’s disease is not a single, uniform disorder but rather a spectrum of related diseases that share overlapping clinical symptoms, pathological features, and potentially biochemical markers. Recent case study indicated that a patient with a history of chronic alcoholism and smoking presented with tremors in the hands and legs, accompanied by general weakness and sleep disturbances (Geetha et al., 2024).
2.1.4   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a well-known model for Parkinson’s disease (PD) research and, among its many effects, it replicates core motor and pathological features (Friedemann et al., 2016). MPTP was discovered in the 1980s when illicit drug users developed ‘parkinsonism’ that could only be mimicked by selecting dopaminergic neurons from substantia nigra pars compacta (SNpc), similar to PD pathology (Masilamoni et al., 2018). Since MPTP is systemically administered, it crosses the blood–brain barrier and is enzymatically converted by MAO-B into MPP+, which enters dopaminergic neurons by means of dopamine transporters (Zhou et al., 2019). This impairs mitochondrial complex I and decreases ATP production and leads to an increase in reactive oxygen species (ROS) of neuronal death (You et al., 2015). Microglial activation and cytokine release additionally further contributes to the degeneration through neuroinflammation (Rehman et al., 2022). Neurodegeneration of the serotonergic and noradrenergic systems as well as broader neurodegeneration in these NHPs after chronic MPTP treatment resembles PD non motor features. On the other hand α synuclein phosphorylation and Lewy body like pathology have also been reported in aged primates (Huang et al., 2018). MPTP is extensively utilized in mice for its reproducibility and genetic flexibility yet is not a mouse model MPTP is utilized in rats however its versatility is limited by low DAT expression (Vaidya et al., 2022). However, the model has limitations. Typically, it does not produce Lewy bodies all the time, it does not specifically produce nonmotor symptoms, and motor impairments can be transient (Park et al., 2019). Nevertheless, the MPTP model is still a useful model for dopaminergic neurodegeneration and for testing symptomatic therapies.
2.1.5 Iron overload model
The development of Parkinson’s disease (PD) strongly depends on iron accumulation since this excess iron produces reactive oxygen species (ROS) through the Fenton reaction and results in mitochondrial breakdown and oxidative stress and death of dopaminergic neurons in the SNpc which constitutes the core PD pathology (Zhang et al., 2020). Scientific evidence supports that elevated iron amounts trigger ferroptosis which reportedly results in greater neuronal destruction (Prasuhn et al., 2022). The iron regulating proteins DMT1 and ferritin show promise to act as PD biomarkers while the advanced technique QSM enables non-invasive SNpc iron deposition scans at disease onset along with disease treatment evaluation (Lancione et al., 2022). The extensively validated model now demonstrates clinical relevance because of the excessive iron detected in PD patient substantia nigra while also suggesting that iron chelation therapies might become an effective PD therapeutic strategy (Alikhani et al., 2022). The clinical application is limited because iron metabolism varies between individuals while animal model data remains inconsistent along with the multiple factors that cause PD beyond excessive iron (Ci et al., 2020).

2.1.6 Lipopolysaccharide (LPS) Model

Healthcare researchers utilize the bacterial endotoxin lipopolysaccharide (LPS) as a standard method to model neuroinflammation in PD. The activation of microglia by toll-like receptor 4 (TLR4) causes cellular pro-inflammatory cytokine release which includes TNF-α, IL-1β and IL-6 resulting in dopaminergic neuron destruction within the substantia nigra pars compacta (Choi et al., 2024, Deng et al., 2021). The immune response intensifies neuronal damage by creating oxidative stress and damaging mitochondria as ROS and nitric oxide become elevated (Esteves et al., 2023). The persistent exposure of LPS has established correlations with depression and cognitive loss and synaptic structure impairment (Kamdi et al., 2021). In addition to its aggregation effects on alpha-synuclein the process creates a connection between inflammatory reactions and Lewy pathology development according to Esteves et al. (2023). Transgenic mouse laboratory experiments show LPS boosts neurodegeneration through elevated microglial response and innate immune system activation (Liao et al., 2021). The elevated LPS-binding proteins in PD patients demonstrate both peripheral inflammation along with gut–brain axis deficits (Chen et al., 2021). The inability of LPS models to fully replicate PD symptoms becomes a limitation since these models fail to develop progressive neurodegeneration and do not present consistent Lewy body formation while also showing insufficient representation of PD multisystem pathology.
2.2 Genetic models
2.2.1 α-Synuclein Overexpression Models
The expression of excessive α-synuclein levels remains the primary method to create PD models because it produces Lewy body and Lewy neurite pathological features (Elabi et al., 2021; Singh et al., 2023). These condensates interrupt cellular equilibrium thus causing dopaminergic cell destruction while impairing calcium pathways and disabling autophagic and proteasomal cellular processes (Cao et al., 2022, Dagra et al., 2021). Higher expression of α-synuclein protein generates non-motor PD symptoms that cause gastrointestinal problems and shifts the gut microbial balance which contributes to gut–brain pathway dysfunctions leading to disease progression (O'Donovan et al., 2020). Chronic neuroinflammation occurs when α-synuclein causes blood–brain barrier leakage combined with vascular abnormalities (Elabi et al., 2021). Experts have used these research models to discover biomarkers which include peripheral phosphorylated α-synuclein and alterations in gut microbial profiles (Han et al., 2021, Palmas et al., 2022). Experimental models show great potential to test the effectiveness of gene-directed treatments that use receptor modulators together with antisense oligonucleotides meant to decrease α-synuclein production (Dagra et al., 2021). The pathologic effects achieved through high-expressing transgenes cannot adequately replicate the gradual and complex PD disease progression in humans (Carta et al., 2020). The study of systemic disease aspects through autonomic dysfunction and peripheral α-synuclein accumulation benefits from α-synuclein overexpression models which serve as valuable tools for early diagnosis and therapeutic development (Li et al., 2024).
2.2.2 LRRK2 model
Individuals carrying G2019S and R1441C mutations in their LRRK2 gene experience frequent genetic involvement in familial and sporadic Parkinson’s disease (PD) thus requiring LRRK2 models to analyze disease pathologies (Xenias et al., 2022). The mutations boost both the kinase and GTPase activities which disorganize mitochondrial movement while raising oxidative stress levels and blocking vital processes known as mitophagy that lead to dopaminergic neuron death (Williamson et al., 2023). The elevated activity of LRRK2 produces Rab GTPase phosphorylation that causes defects in endolysosomal function ventricular trafficking and synaptic balance (Mamais et al., 2021). Two major factors caused by impaired autophagy are α-synuclein accumulation with concurrent cellular dysfunction and ROS production and elevated ER stress along with disrupted mitochondrial fission-fusion dynamics (Kozina et al., 2022; Yao et al., 2023). The mutated form of the LRRK2 gene facilitates an accumulation of iron as well as ferroptosis which enlarged the degree of neural tissue damage. Neuroinflammation persists chronically in these conditions because microglia activate while IL-6 and TNF-α levels and other cytokines climb (Liu et al., 2022). Studies of LRRK2 disease models reveal systemic PD characteristics through their manifestation of sleep disturbances cognitive problems and gastrointestinal dysfunction (Tsafaras & Baekelandt, 2022). Mutation-regulated changes of peripheral immune function combine with gut–brain axis defects to advance the advancement of Parkinson's disease. The treatment approach utilizes LRRK2 kinase inhibitors including MLi-2 together with antisense oligonucleotides to decrease ER stress along with inflammation and mitochondrial dysfunction (Azeggagh & Berwick, 2022). The research has two major limitations due to required artificial overexpression of proteins and incomplete replication of genuine PD cases. The importance of LRRK2 models persists in PD pathogenesis research even though they fall short of replicating the complete idiopathic form of the disease.
2.2.3 Parkin model
Change in the Parkin (PARK2) gene which is linked with autosomal recessive early-onset Parkinson’s disease (PD) prevents its function as an E3 ubiquitin ligase that controls mitochondrial quality. The process of mitophagy occurs in healthy cells through PINK1-Parkin cooperation where defects in mitochondrial proteins are tagged for autophagic clearance by ubiquitination. Parkin mutations block the normal cellular function which causes mitochondrial problems alongside oxidative stress that results in degeneration of dopaminergic neurons (Stevens et al., 2023; Zhou et al., 2020). Research demonstrates that NLRP3 inflammasome becomes active when Parkin is lost because its degradation fails to occur leading to caspase-1 activation and inflammatory cell death. The mitoROS production and inflammasome activity become stronger when PARIS accumulates because it functions as another Parkin substrate (Panicker et al., 2022). Parkin deficiency damages synaptic vesicle recycling and causes disturbances in neurotransmitter release while its misregulation of iron contributes to α-synuclein aggregation (Bi et al., 2020). Parkin mutation models result in patients with both motor impairments and non-motor conditions which include problems with mental functions along with digestive system dysfunction. The identified biomarkers from research include phosphorylated ubiquitin along with α-synuclein and various mitochondrial markers specifically VDACs (Lamberty et al., 2023). Parkin knockout mice demonstrate limited degradation of nigral tissue and lack typical Lewy pathology found in patients with idiopathic PD (Scott et al., 2022) yet they provide meaningful knowledge for detecting PD onset as well as exploring treatment methods of mitophagy enhancement and NLRP3 blockade and Parkin stimulator development (Zhou et al., 2020).
2.2.4 PINK1 model
The mitochondrial protein kinase PINK1 serves as a key factor for mitophagy while mutations associated with Parkinson’s disease onset in early childhood occur due to PINK1 functional deficits (Creed et al., 2020). The outer mitochondrial membrane accumulation of PINK1 activates its pathway to phosphorylate ubiquitin and activate Parkin for damaged mitochondria clearance (Maynard et al., 2020). The PINK1-XBP1s loop controls the integration of proteostasis with mitochondrial stress responses during this process (Manaa et al., 2021). Mutations in PINK1 generate disorders that both assist in the formation of α-synuclein aggregates and decrease cell protection against oxidative damage. Mutations of PINK1 produce animal models that display gastrointestinal and cognitive impairment but also result in non-motor clinical symptoms (Pinizzotto et al., 2022). Studies by Su et al. (2020) have shown that metabolic stress impedes PINK1/Parkin axis activity explaining the diabetes-PD connection. Research based on PINK1 mutations plays an essential role in discovering mitochondrial mechanisms and testing potential therapeutic approaches even though PINK1 mutations occur infrequently and models commonly do not display Lewy pathology.
2.2.5 DJ-1 model
The malfunctions of DJ-1 (PARK7) result in autosomal recessive early-onset Parkinson’s disease. DJ-1 serves as a redox-sensitive antioxidant regulator that employs Cys106 as its main regulatory site for maintaining healthy mitochondria and regulating transcription and protein folding activities. The Nrf2 pathway becomes activated by DJ-1 during oxidative stress thus leading to highest levels of antioxidant gene expression while reducing reactive oxygen species (ROS) (Ji et al., 2020). As a result of complete DJ-1 deficiency the body experiences increased oxidative damage combined with impaired mitochondrial function and degenerated dopaminergic neurons. The functionality of mitophagy depends on DJ-1 which both controls Parkin S-nitrosylation and regulates PKC/JNK/AP-1 signaling to influence Monoamine Oxidase B (MAO-B) levels (Liu et al., 2023). The absence of DJ-1 expression in animal specimens associated with motor decline along with cognitive impairment as well as dopamine cell reduction within the substantia nigra alongside changes to striatal chemical signalling. The Nrf2/Trx1/NLRP3 axis dysregulation leads to worse neuroinflammatory responses and thus augments neuronal injury. These research models provide valuable insights into oxidative stress mechanisms and neuroinflammatory pathways as well as antioxidant-based treatment approaches even though they do not produce α-synuclein aggregation (Sanz et al., 2023).
Scientists made new advancements in the development of humanized systematic models based on basic genetic approaches. Research has focused on two main humanized approaches including rodent models with human α-synuclein mutation introduction and iPSC-derived systems that can study diseases specifically through personalized cell investigation. The use of PD patient-derived dopaminergic neurons from iPSCs provides an opportunity to study cellular stresses and synuclein pathologies while running therapeutic tests under human biomimetic frameworks. Similarly, transgenic rodents expressing human α-synuclein show progressive synucleinopathy and neurodegenerative features. The complexity and preliminary standardization of these methods make them suitable for improving translational preclinical data applicability and facilitating drug development that targets specific mechanisms (Campolo et al., 2016; Mallet et al., 2022).
2.3 Dopaminergic Dysfunction Models
2.3.1 Reserpine Model
Though widely used for PD modeling through its action to deplete dopamine from the nigrostriatal pathway and causing bradykinesia, rigidity and catalepsy (Ahmed-Farid et al., 2021), reserpine acts as an irreversible VMAT2 inhibitor. The dopaminergic deficit in this condition produces oxidative stress together with lipid peroxidation and mitochondrial dysfunction which ultimately causes neuronal damage (Soares et al., 2021). Neuroinflammatory mechanisms that increase TNF-α and IL-1β levels enhance neurotoxicity in the brain. A reduction in tyrosine hydroxylase expression together with microglial activation appears as the connection between PD-like pathology and administration of reserpine. The translational value of reserpine increases because it produces PD-like symptoms of depression and cognitive impairment by removing serotonin and norepinephrine from the brain. The model has limited usefulness as an individual research tool because it fails to produce advancing neurodegeneration while alpha-synuclein aggregation remains absent. Reserpine functions as a valuable pharmaceutical agent which aids researchers to study dopamine damage processes while validating diagnostic indicators and evaluating therapeutic protection methods (Leão et al., 2021).
2.3.2 Haloperidol Model
The typical antipsychotic drug Haloperidol creates DIP symptoms by binding to dopamine D2 receptors which leads to PD-like motor effects of tremors and rigidity and slowed movements according to Rafiq et al. (2022). The persistent exposure to this drug causes damage to dopamine metabolism while elevating antioxidant vulnerability by depleting SOD, CAT, GPx, GSH levels and raising MDA and nitrite levels in patients (Murtala et al., 2024). PD-related pathology emerges due to neuropeptides TNF-α and IL-1β and results in specific changes of reduced dopamine concentrations and inflammation within the striatum. Conclusions about motor impairment resulting from catalepsy assessments use haloperidol-based models to evaluate parkinsonian treatments such as L-DOPA due to its reversible dopamine-blocking effects. Despite its capabilities the model fails to create neurodegenerative disease progression along with alpha-synuclein pathology defects and non-motor PD symptoms remain unrepresented. The directional effect of haloperidol provides essential information about dopamine deficits even though researchers should adopt neurotoxic and inherited PD models with this method for complete PD studies (Alotaibi et al., 2025).
Table 1. Comparative Summary of Parkinson’s Disease Animal Models: Experimental Protocols, Behavioural Outcomes, Biomarker Relevance, and Histopathological Features
	MODEL, DOSE, ROUTE, 
NO. OF DAYS
	BEHAVIORAL
CHANGES 
	BIOMARKERS 
RELEVANCE
	HISTOLOGYCAL CHANGES
	REFERENCES

	Rotenone, 1.5 mg/kg for 21 days, subcutaneously
	Decreased locomotion, motor coordination and muscle strength
	↓ cAMP, PI3K, AKT, p-CREB, BDNF, TrKB, SIRT1, IGF1, mTOR, Nrf2 

↑ PTP1B, Keap1, Gsk-3β, NF-kB, FoxO1, caspase-3
	Severe focal encephalomalacia and dark pyknotic nuclei with diffused gliosis in striatum
	(Farid et al., 2024)

	Rotenone, 1.5 mg/kg for 30 days, 
intraperitoneally
	Decreased locomotion,
Motor impairment, postural instability
	↓ dopamine, DOPAC, HVA, Bcl-2, PI3K, Akt, PRAS40, p70S6K, mTOR, TH,  miRNA-7,  miRNA-221

↑ caspase-9, 
α-synuclein,  GSK-3β,  FoxO3a,
	Degenerated neurons with glial cells infiltration in striatum and SNpc
	(Salama et al., 2020)

	Paraquat, 10 mg/kg for 21
days
,intraperitoneal
	↓spontaneous
motor activity
motor
incoordination
impaired
working memory
	↑ MDA ,↓
GSH and
superoxide
dismutase
(SOD),↑
(TNF-α)
	oxidative stress and
neuroinflammation were measured in the midbrain.
	(Ishola et al., 2018)

	6-OHDA, 6 µg,Right Striatum via stereotaxic injection,15 days
	Decreased locomotor activity 
	OX-42 (Microglia Marker, CD11b), Increased GFAP (Astrocyte Activation Marker), TNF-α (Pro-inflammatory Cytokine)
	Significant neuronal degeneration in the striatum,  hippocampus & cortex.
	(Ximenes et al., 2015)

	MPTP, 30 mg/kg), Intraperitoneal (i.p.) injection, 5 days
	motor dysfunction 
	 Increased Tyrosine Hydroxylase (TH), Glial Fibrillary Acidic Protein (GFAP) & Iba-1, Inflammatory Cytokines: TNF-α, IL-6, IL-1β
	dopaminergic neuronal loss, Reduced activation of the ERK-p65 inflammatory pathway in glial cells
	(Hong et al., 2022)

	Iron overload, 2.5 mg for 16 weeks
	decreased movement and speed, reduced fall latency, reduced holding time, 
	Increased 4-HNE, MDA, PC, DNA oxidative damage (8-OHdG), glutathione (GSH) levels, SOD1, CAT, GPX, TNF-α and IL-6, IL-4
	Iron Accumulation in the Brain, Neuronal Damage
	(Huang et al., 2019)

	LPS, 5 µg/µL for 7 days,
intra-nigral
	Increased rotational behaviour, decreased motor coordination and balance, locomotion functions
	↓ Dopamine, TH, p-eIF2a/eIF2a phosphorylation 
↑ caspase-3, caspase-9, IL-1b, IL-6, TNF-α, NF-kB, iNOS, COX-2, DUSP2 and PP1 protein expression
	
	(Cankara et al., 2022)

	α-Synuclein
Transegenic 
	Novelty-seeking, avoidance behaviour, smell deficit, Locomotor decline with age, Improved fine and gross motor function , gut motility defects.

	Increased IL-2, IL-6, IL-7, IL-8, IL-10, CXCL10, CCL3, IL-1RA, CCL2, G-CSF, IFN-α2, IFN-γ, TNF-α, increased MCP1
	Lewy body-like inclusions,
Inflammatory changes in gut,
Decreased α-Syn expression in enteric neurons,
 Reduced
 inflammatory gene expression.
	(Singh et al., 2023)

	LRRK2
Transegenic
	Decreased locomotion 
Reduced coordination and balance
Increased rigidity 
	α-Synuclein (SNCA) Accumulation, Higher LAMP2A accumulation 
	Lysosomal abnormalities,  Autophagy & Lysosomal Dysfunction, Mitochondrial Dysfunction 
	(Ho et al., 2020)

	PINK1
Transegenic
	Ultrasonic Vocalization Deficits, Oromotor Dysfunction, Motor Deficits
	 Increased Tyrosine Hydroxylase (TH) Immunoreactivity, Alpha-Synuclein Aggregation
	Moderate Loss of TH-Immunoreactive Neurons in LC
	(Grant et al., 2015)

	DJ-1 KO Transegenic rats with MPTP 25mg/kg for first 3 days and 30 mg/kg dor last 4 days,
intraperitoneally 
	Decreased motor activity

	↓ TH neurons, dopamine 
↑ MAO-B, EGR1, JNK/AP-1 signaling pathway, protein kinase C, PARP-1, caspase-3, ROS,
	
	(Ji et al., 2020)

	Reserpine, 1mg/kg for 5 days,IP



	 motor  impairment




	high levels  of   TNF-α and IL-1β, lower levels of  PON1 and  BDNF


	signifcant reduction (p<0.05) in hippocampal and striatal norepinephrine, dopamine, serotonin and acetylcholine, elevation of AChE levels
	(Farid et al., 2021)





	Haloperidol, 5 mg/kg for 28 days,
intraperitoneally
	Decreased motor activity, spatial working memory
Depressive like behaviour and olfactory dysfunction
	↓ Calcium, GDNF, dopamine, GSH, GPx, SOD,
↑ Glucose, CPK, MDA, nitrite, TNF-α, IL-1β
	Severe neurodegeneration with inflammation and Lewis bodies seen in SNpc
	(Sheref et al., 2022)


3. Emerging tools for model validation
Modern research demonstrates how molecular biomarkers together with imaging methods enhance Parkinson’s disease (PD) model validation. The changes associated with disease progression include Ser129 alpha-synuclein phosphorylation together with pro-inflammatory IL-1β and TNF-α and oxidative stress markers MDA and GSH according to Mallet et al. (2022) and Campolo et al. (2016). Neurodegeneration along with therapeutic responses can be measured in real time by PET and MRI and fluorescence imaging methods (Ayaz et al., 2023; Shu et al., 2020). The approaches offer extended monitoring for translational purposes but require standardized technical protocols and standardized testing between PD research projects.
4. Artificial Intelligence as a Tool for Enhancing PD Research and Therapeutics
Researchers use artificial intelligence (AI) to enhance Parkinson’s disease (PD) research through patient classification and therapeutic development and disease manifestation modelling. The AI-based clustering method used data combinations of PD subtypes through their motor and non-motor traits which led to pathway discovery and better trial protocols (Birkenbihl et al., 2023). AI-driven drug repurposing methods conducted anti-α-synuclein aggregation compound screening and confirmed clinical results which validated two candidate drugs including dexamethasone and pentoxifylline (Maclagan et al., 2020). The combination of network pharmacology with AI enhancement together with 3D-QSAR modelling enables researchers to identify multiple target agents which interact with proteins related to PD (Chen et al., 2020). These programs extend the value of animal models by advancing the discovery of biomarkers as well as therapeutic drug screening and clinical applications for PD investigations.
5. Comparative summary of Parkinson’s disease animal models
Having discussed the individual neurotoxin, genetic and pharmacological models of Parkinson’s disease, a comparative summary is essential to highlight their respective strengths, limitations and relevance. The following table provides a consolidating overview of the key features of these models.
Table 2. Overview of the key features of Parkinson’s disease animal models
	Model 
(References)
	Type
	Key features
	Pros 
	Cons 

	Rotenone 
Yuan et al., 2015
	Neurotoxin-based
	Mitochondrial complex I inhibition, α-synuclein aggregation, systemic delivery
	Models sporadic PD, oxidative stress, proteinopathy
	Variability in response, systemic toxicity

	6-OHDA
Tiwari et al., 2021
	Neurotoxin-based
	Selective dopaminergic neuron degeneration
	Highly reproducible, good for motor deficit studies
	No α-synuclein pathology, invasive (require direct injection into brain region)

	MPTP
Friedemann et al., 2016
	Neurotoxin-based
	Crosses BBB, causes bilateral dopaminergic neuronal loss
	Mimics motor features, systemic administration is possible
	Less effective in rodents, lacks non-motor features

	α-syn 
Transgenic
Elabi et al., 2021
	Genetic 
	Overexpression of mutant or wild-type- α-synuclein
	Models protein aggregation, familial PD features
	Variable phenotype, mild motor symptoms

	PINK1/Parkin KO
Creed et al., 2020 
Stevens et al., 2023
	Genetic 
	Mitochondrial dysfunction, oxidative stress
	Useful for early-onset PD, mechanistic studies 
	Limited degeneration, weak behavioural phenotype

	LRRK2 
Ho et al., 2020
	Genetic 
	Kinase mutations leading to altered vesicle dynamics and autophagy
	Mimics some late-onset familial PD mutations
	Slow pathology, often mild behavioural effects

	Humanized model (eg. iPSC)
Mallet et al., 2022
	Genetic 
	Expression of human PD genes; some models develop progressive synucleinopathy
	Better mimicry of human genetic pathology; useful for studying gene-environment interactions
	Phenotypes are often mild or slow to develop; expensive and time-consuming

	Reserpine 
Ahmed-Farid et al., 2021
	Pharmacological 
	VMAT2 inhibition, monoamine depletion (dopamine, norepinephrine, serotonin)
	Reversible model, shows both motor and non-motor features
	Non-progressive, acute or sub-acute

	Haloperidol 
Murtala et al., 2024
	Pharmacological 
	D2 receptors blockade leads to motor side effects (catalepsy)
	Simple model for studying extrapyramidal side effects
	Not neurodenerative, lacks PD pathology



6. Conclusion
6.1 Optimizing Model Use for PD Complexity
The purpose of this review highlights the requirement to match animal models precisely with Parkinson’s disease (PD) pathogenic elements. The neurotoxic agents 6-OHDA, MPTP and rotenone successfully mimic dopaminergic damage and rotenone specifically demonstrates both mitochondrial impairment and α-synuclein aggregation. Studies of genes associated with α-synuclein and LRRK2, PINK1, Parkin, and DJ-1 produce familial PD models which present moderate symptom development following delayed onset. The drug models reserpine and haloperidol effectively support research on depression symptoms among Parkinson's disease patients. Latest humanized models together with iPSC-based models improve translational value however they need both standardized procedures and complete validation before widespread adoption.
6.2 Translational Relevance and Therapeutic Gaps
PD models continue serving as essential tools for pharmaceutical research because they allowed researchers to test levodopa in toxin models and rotenone in mitochondrial therapies. Pharmaceutical tests of medications through experimentally altered genes and chemical substances help support genetic and pharmacological interventions. Translator blocks the development of sporadic Parkinson's disease into clinical medicine so models should improve their representation of real-world sporadic PD disease progression while addressing its heterogeneity.
6.3 Emerging Enhancements: Biomarkers, Imaging, and Systems-Level Refinement
The validation process of PD models progresses due to the combined utilization of α-synuclein phosphorylation as well as DJ-1 signalling and inflammatory cytokines alongside PET/MRI and in vivo tracking methods. However, their use remains inconsistent. Collaborative research between sex differences analysis and gut-brain axis with immune interaction understanding has become essential for creating PD disease model prototypes which detect systemic and initial PD symptoms.
6.4 Future Directions and Research Outlook
PD’s complex causational factors exceed the capabilities of lone research models to explain. Multiple research models integrated through neurotoxic, genetic, pharmacological and humanized methods provide a complete research system. Research initiatives should use extended persistence models combined with both male and female subjects while employing AI technology to optimize preclinical analysis results during future investigations. The complex nature of research on Parkinson’s disease demands multiple modelling approaches as a basis for advanced precision medicine and translational research progress.
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