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Abstract

Parkinson’s disease is the second most prevalent neurodegenerative disorder after
Alzheimer’s disease, with its incidence predicted to rise dramatically as global
populations age. Despite major advances in neuroscience and immunology, effective
disease-modifying therapies remain elusive. However, recent breakthroughs in
genetics, immunology, biomarker development, and Al-driven analytics are
transforming our understanding and approach to Parkinson’s disease. This paper
synthesizes current knowledge on Parkinson’s disease epidemiology, pathogenesis, the
role of genetic and environmental risk factors, the expanding landscape of biomarkers
and early detection technologies, and the latest advances in clinical therapeutics, with
focus on professional practice and translational perspectives..

Keywords: Parkinson’s disease, biomarkers, neurodegeneration, genetic risk factors,
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Parkinson’s  disease (PD) affects millions
worldwide, imposing immense burdens on individuals
and healthcare systems. The increasing prevalence
(projected up to 17 million by 2040) underscores an
urgent need for improved understanding and
management of this multifaceted disorder. The clinical
presentation  encompasses characteristic ~ motor
symptoms —tremor, rigidity, bradykinesia—as well as

myriad non-motor manifestations [1-4]. Historically

2. Epidemiology and Disease Burden

PD prevalence is highest among the elderly, with
incidence steeply increasing with age. The global
burden is rising faster than many other neurological
conditions, primarily due to increased life expectancy

considered mainly a dopaminergic neurodegeneration,
PD is now understood as a multisystem disorder with
molecular,

complex interplay between genetic,

immune, metabolicc and environmental factors.
Innovations in molecular profiling, omics, imaging, and
Al have enabled earlier detection and risk prediction,
driving a paradigm shift toward precision medicine

and prevention [5-7].

in both high- and low-income countries. Age remains
the single most significant risk factor [8-11].
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3. Pathogenesis

a-Synuclein Pathobiology

The aggregation and misfolding of a-synuclein
protein form the central pathogenic event in PD.
Mutations in the SNCA gene, which encodes a-
synuclein, are implicated in familial and sporadic cases.
Excess or abnormal a-synuclein triggers synaptic
dysfunction, metabolic stress, and propagates via a
prion-like mechanism between cells, leading to
progressive neuronal loss—most notably in the
substantia nigra pars compacta [12-15].

Immune Activation and Neuroinflammation

A body of research overturns the historical
“immune-privilege” dogma of the brain. The brain
houses its own specialized immune compartments,
including microglia (the lifelong sentinels of the central
nervous system) and communicates with the peripheral
immune system through glymphatic and meningeal
lymphatic pathways. In PD, chronic microglial
activation and attendant release of pro-inflammatory
cytokines accelerate neuronal death and disrupt the
blood-brain Single-cell ~and  spatial
transcriptomic analyses have further implicated
subtypes of microglia and oligodendrocytes in disease

barrier.

progression .

Both innate and adaptive immunity are involved:
CD4+, CD8+ T-cells and monocytes accumulate in PD
brains, mediating both tissue-damaging and
(potentially) neuroprotective effects [17- 20].

Table 1 — Risk and Protective Factors

Mitochondrial Dysfunction and Protein Clearance

Impaired mitochondrial function and defects in
waste systems  (autophagy-lysosome
pathway, ubiquitin-proteasome system) are hallmarks
of PD pathophysiology, both

clearance

upstream and
downstream of a-synucleinopathy. The resulting
oxidative stress and energy failure precipitate
dopaminergic neuronal death [21-24].

The Gut-Brain Axis

Classically regarded as a Central Nervous System
(CNS)
gastrointestinal tract. Symptoms like constipation,
delayed gastric emptying, and dysphagia may precede
motor symptoms by decades. Braak’s Hypothesis

disorder, PD prominently involves the

postulates a-synuclein pathology originates in the
enteric nervous system and spreads via the vagus nerve
to the brain. Recent findings that individuals with
inflammatory bowel disease develop a-synuclein
inclusions substantiate this gut-brain axis model [25-
29].

Genetic Susceptibility

PD’s heritability is complex. More than 36% of the
risk can be explained by nearly 90 genome variants.
Monogenic causes include mutations in SNCA, LRRK2
(autosomal and PRKN, PIKN1, DJ1
(autosomal recessive). Polygenic risk scores enhance
risk stratification and prediction, while other genes
(such as APOE4) increase the likelihood of developing
dementia in PD (Table 1) [30-34].

dominant),

Risk Factors Protective Factors
Aging, genetic predisposition (e.g., SNCA, LRRK2) Physical activity
Environmental toxins (pesticides, air pollution) Caffeine

Microplastics, neurotoxin exposures

Diet rich in vegetables, fruits, grains

Lower socioeconomic status, ultra-processed foods

(Cigarette smoking is associated with
lower risk but not recommended)

High-fat diets; APOE4 allele (dementia risk)

4. Biomarkers and Early Detection
Cerebrospinal Fluid and Tissue Biomarkers
The search for PD biomarkers has lagged behind
Alzheimer’s disease but is rapidly accelerating. Recent
validation of synuclein seed amplification assays (SAA)
in cerebrospinal fluid enables sensitive and specific
diagnosis,

distinguishing symptomatic and

asymptomatic gene carriers. Phosphorylated a-

synuclein detection in skin biopsies provides a
promising less invasive alternative [35-38].

Blood and Multi-Omic Biomarkers

Assays such as glycoprotein non-metastatic
melanoma protein B (GPNMB), mitochondrial damage
(DOPA)

decarboxylase tests are in development, but no single

evaluations, and dihydroxyphenylalanine

blood-based marker is yet in widespread clinical use.
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Imaging and Digital Biomarkers

Innovative  digital techniques supplement
traditional imaging modalities:

e  Artificial intelligence (Al) analysis of retinal
images can identify PD risk nearly a decade before
symptom onset.

*  Accelerometer data (gait analysis), nocturnal
breathing metrics, and multimodal integration of
imaging, genetics, and clinical data drive personalized,

preclinical diagnosis and prognosis [42-44].

5. Current Treatments

Symptomatic management remains the mainstay
of PD
dopaminergic medications alleviate motor symptoms

treatment: dopaminergic and non-

and neuropsychiatric sequelae. Surgical interventions,

6. Emerging Disease-Modifying Therapies
a-Synuclein Targeted Immunotherapies
Symptomatic management remains the mainstay
of PD treatment: dopaminergic and non-dopaminergic
medications  alleviate motor symptoms and
neuropsychiatric sequelae. Surgical interventions, such
as deep brain stimulation (DBS) and ablative
procedures, are applied in advanced or drug-
refractory cases [48,49].

GLP-1 Receptor Agonists

Originally developed as antidiabetic agents, GLP-
1 receptor agonists (notably lixisenatide and exenatide)
have demonstrated neuroprotective effects and, in
randomized trials, sustained motor symptom

improvement even after drug cessation. Their anti-

7. Preventive and Forecasting Strategies
With earlier and more accurate risk assessment
via biomarkers and Al-based prediction, there is a
rising focus on primary prevention:
¢ Identification of high- and ultra-high-risk
individuals based on genetic, biomarker, and lifestyle
profiling.

8. Future Directions and Clinical Implications

The field of PD is at a historic inflection point,
moving from a model of late-stage symptomatic
management to one of early detection, risk
stratification, and targeted intervention. The
integration of genomics, multiplexed biomarker

panels, and digital health tools empowers clinicians to

The Changing Role of the Gut Microbiome

Mounting evidence supports the role of dysbiosis
(altered gastrointestinal microbiota) in driving both
intestinal and CNS inflammation. Microbiome-
mediated immune modulation and propagation of
pathologic a-synuclein protein from the gut to the
brain have been substantiated in both animal models
and patients. Fecal Microbiota Transplant (FMT), still
investigational, has shown early promise in slowing
motor symptom progression [45-47].

such as deep brain stimulation (DBS) and ablative
procedures, are applied in advanced or drug-
refractory cases [48,49].

inflammatory and neurorestorative mechanisms
highlight significant translational potential [53-55].

Microbiome-Directed and Small Molecule Approaches

FMT and the application of rationally tailored
probiotics/prebiotics represent a novel domain of
potential intervention. Meanwhile, Al-based drug
discovery has accelerated identification of orally
available a-synuclein blockers, now moving swiftly
through early-phase trials [56-58].

Cell and Gene Therapies

Stem cell-based restoration of dopaminergic
neuronal populations and in vivo gene editing for
known mutations are in early stages of clinical
development, reflecting a next frontier in personalized
neuroregeneration [59-62].

* Targeted interventions—ranging from
lifestyle modification and environmental risk
mitigation  to

prophylactic  drug trials—are

increasingly plausible and under investigation [63-65].

identify at-risk individuals before the onset of
disabling symptoms.

Ongoing and future research should focus on:

* Large-scale validation of early biomarkers
and digital diagnostic tools.

https://doi.org/ 10.53498/pn96qn05
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* Rigorous testing of disease-modifying and e  Expanding access to and equity in advanced
curative therapies, especially in prodromal and pre- diagnostics and therapeutics across diverse
clinical stages. populations [66].

9. Conclusions

PD is no longer viewed as a mere consequence of This synthesis is based on the latest advances
neuronal attrition but as a complex, multisystem highlighted in “Neurodegeneration,” incorporating
disorder tied intimately to inflammation, immunity, professional insights and recent peer-reviewed
genetics, metabolism, and environment. By embracing literature, tailored for a neuroscience and medical
this holistic understanding —and by leveraging rapidly audience.
evolving  biomarker, digital, and therapeutic Conflicts of Interest. Author declares no conflicts
technologies—the neurological community stands of interest.
poised to transform the prevention, diagnosis, and Funding. None.

treatment of PD in the coming decades.
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INapkurcoH aypysl: IlaTorenesi, 0momapkepaepi )XaHe )KaHa eMaey agicTepi

Hlapman A.T.

PhD, TTIpodmaakTnkaabk MejuiuHa akagemusacel, Aamarsr, Kasakcran

Tyiingeme

ITapxuHCOH aypysl AapnreriMep aypybIHaH KelliHTi eKiHIIIi eH KOl TapaAFaH HelpojereHepaTUBTi OY3bLABIC
6oapIm TaOBLAaABL. ©1€eM XaAKBIHBIH KapTalOblHa OallAaHBICTEI aTaAMBIII ayPyABIH 4a Ke34eCy JKMiAiri KypT apTagsl
Jdent OoaxxaHblayda. Hespoaormss MeH MMMyHOAOTMAAAFLI alfTapABIKTall >KeTiCTiKTepre KapaMacTaH, aypy4bl
MoAnpUKaIMAAANTHH THIMA] eMaey o4icTepi 941 KyHTe geliiH Oearicis. JereHMeH, reHeTrKa >KoHe MMMYHO1O0TILS,
COHJal-aK, OmoMapkepaepai o93ipaey MeH >KacaHABI MHTeAJeKTKe HeTi3jeAreH Taaday cCaAachlHAAFBI COHFBI
keTictikrep IlapKkMHCOH aypybIHa AereH TYCiHIiriMis OeH Ke3KapackIMBI3ABI ©3repTyae. bya makaaasa I[Tapkuacon
aypybIHBIH  SINMAEMUOAOTUACH, IIaTOTeHe3i, TeHeTMKaAblK >KoHe KoplllafaH oOpTaJarbl Kayim-karep
¢axTOopaapIHEIH pei, O1loMapKepaep MeH epTe AMaTHOCTUKAABIK TeEXHOAOT Vs AapABbIH KeHeIOl >KoHe KAMHMKAABIK
TepanmsAarbl COHFBI JKeTICTIKTep Typaabl Kasipri 0iaiM, KeciOm ToXipnOe MeH TpaHCAAILMAABIK KO3KapacTapra
Oaca Hasap ayJapa OTBIPBII KOPBITHIHABLAAHABL.

Tyitin cesaep: IlapkuHCOH aypybl, Omomapkepaep, HelfpoAereHeparus, IeHETMKAABIK Kayill-KaTtep
JaxTOopaapsl, SIMAEMIOAOTN.

boaesnp Ilapkuncona: IlaTtorenes, OioMapKepbl ¥ HOBbIe METOAbI A€9eHMsI

[MMapman A.T.

PhD, Axagemus nmpoduaakTideckor Meaunuasl, Aamatel, Kazaxcran

Pe3omMme

Bboaesun HapKI/IHCOHa — BTOpOe I10 paCHpOCTpaHeHHOCTI/I HeﬂpOAQFeHepaTI/IBHOG 3a6OAeBaHI/Ie I1ocae
0oae3Hn Aasurerimepa. IlporHosupyercs, 9To ee 3ab01eBaeMOCTh OyJeT pe3Ko BO3pacTaTh IO Mepe CTapeHIs
HaceaeHIsI MI/Ipa. HECMOTpﬂ Ha 3HauurTeAdbHble AOCTVI2KEHUS B O6AaCTI/I HeﬁIpOHayKI/I n I/IMMYHOAOI"I/II/I,
Bq)q)eKTI/IBHbIe MeTOAbl A€UeHVs, M3MEeHAIOIIlNe TedeHle 60/1€3HI/I, OCTaIOTCsI TPYAHOAOCTMXMMBIMM. OAHaKO
HeJaBHIIe HpOprBbI B 06/1aCTI/I TeHeTUK!H, I/IMMYHOAOFVII/I, pa3pa6OTKI/I 6I/IOMapKepOB I aHAAUTUKIM Ha OCHOBE
I/ICKyCCTBEHHOFO VHTeAA€eKTa MEHAIOT Hallle ITIOHMMaHMe U I104X0J4 K 60A€3HI/I HapKI/IHCOHa. B AaHHOﬁI CcTaThbe
O606LT_I€HLI COBpeMeHHLIG 3HaHUsL 06 DIINMAEMINOA0TUN 6OA83HI/I HapKI/IHCOHa, IIaToreHese, pO/lI/I TeHeTN4YeCKIX 1
cpesoBbIX (aKTOPOB PUCKA, PaCIIMPSIOLIEMCS CIIEKTpe OMOMapKepOB M TEXHOAOTUI paHHE! AMarHOCTUKM, a
TaK>Ke ITOCAeAHUX AOCTVI>KEHUAX B O6/laCTI/I KAMHNYECKO Tepam/m C aKIIEeHTOM Ha HpO(beCCI/IOHaAI)HyIO HpaKTI/IKy
nu TpaHCA}II_II/IOHHLIe HepCHeKTI/IBLI.

Karouesble caoBa: 6oae3nn I[lapkmHcoHa, Gmomapkepsl, HelipoAereHepamnus, TeHeTUdeckue (PaKTOPHI
pI/ICKa, DIINUAEMUOAOTUSL.
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