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Mechanism
Autophagy

Genes

SN DA neurons

Factor

mROS
AMPK

mTOR
OFDI

MPP+

Ciliogenesis (INTU,
CCEP83, OCRL), axoneme
(TUBAIA, TUBB),
transition zone (AHI1),
and intraflagllar transport
(IFT: IFT74, IFT52, IFT20,
DYNC2H1)

PINK1

NMIL MYH10

LRRK2

G-protein-coupled
receptors, DIRs, IFT-B

Alteration of PC

Autophagy driven by both mitochondrial
reactive oxygen species (mtROS) and AMP-

activated protein kinase (AMPK) are
important pathways that underlie iliogenesis
triggered by mitochondrial stress
Gain-of-function mutations in somatic
‘mechanistic target of rapamycin (mTOR)
hinder ciliogenesis in the developing brain

by comprom;
of OFDI.

g the autophagic clearance

PC were observed remarkable elongation
inan MPTP-induced PD model and toxic
PD models.

Not available

Asa resultof the alterations in
intraflagellar transport the PINKI1-
deficient hNPC populations exhibited
significantly shorter PC.

MYH10 knockout cells show shortened
ciliary length along with defective
Hedgehog signaling and abnormalities in

PC ciliogenesis.

‘The failure of LRRK2-generated
phosphoRab10-RILPLI and phosphoRab10-
MyoVa complexes to recruit TTBK2 to the
‘mother centriole and to interact with
CEP164 10 inhibit PC formation.
Pathogenic LRRK2 also enhances PCloss
bya yet-to-be-determined, Rab10 and
RILPL1-independent pathway.

PC in the striatum is elongated ina
‘number of pharmacological and genetic
‘models of PD due to DA input deficis.

Therapeutic attempt

Notavailable

Notavailable

un Bae et al. discovered that the use of L-carnitine

and acetyl-L-carn

e decreased the risk of

‘mitochondrial fragmentation, ROS production and

MPP + -induced neurotoxicity in MPP+-treated cells
Tt promoted ciliogenesis of PC in the SH-SYSY cells
which helps to protect neurons from oxidative stress

and cell death brought on by MPP+.

Not available

Not available

Rho-kinase (ROCK) has been considered to activate
NMIL, while ROCK inhibitors, which encourage
neurite outgrowth to reestablish neural connections,
are effective in treating PD. Conditions resulting from
abnormal NMIT activity are currently treated using
vasodilators, which target myosin to modulate blood
pressure. A vasodilator called Fasudil has been
successfully used to improve neuron survival and
‘motor function in PD rodent models.

Loss of protein phosphatase 1H (PPMIH)
phenocopies hyperactivation of LRRK2 in cell culture
and mouse brain, and Rab-specific phosphatase
PPMIH has the ability to reverse LRRK2-mediated
Rab phosphorylation.

Notavailable
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Variables

p-value

Male

Age (years)

Height (cm)
Weight (kg)
BMI

Controls Parkinson's
disease
patients

19.10) 27(10)
712438 671417
166.9+17 1622416

670 620
22 234
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Compounds Control PD Pathway

Trp 808055 7168.52+

KYN 82091 390.88%++%

3-HK 1585 1267

KA 197 1493+

3HAA 698 596

XA 103.90 95.14

QA 170.47 16895

PA 142 1291 Tryptophan

NA 408 351 pathway

NAM 7227 2085%++

5HTP 857 832

5HT 7639 9204

SHIAA 7875 137.06

NAS 054 048

MLT 026 0.16

MeOTA 145 L17%

Glu 14504.58 7330.04%%

GABA 3273 2827

Gly 1296144 igszs | O
neurotransmitter

Asp 281571 1769.34%%%%

Ado 350 265

ps: All data are expressed as medians, and statistically different substances are shaded in gray.
Substances were tested using non-parametric tests to determine significant differences
betwveen PD patients and controls. *p<0.05, **p<0.01, ***p <0.001, and **+*p<0.0001 vs.
the control group.
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Identify bursts in sigma and alpha power used to recognize sleep spindles

a. Compute the absolute power in the alpha (8-12 Hz), sigma (12-16 Hz), beta (18-28 Hz)
and EMG (>40 Hz) bands and total power across the four bands @ 4 samples/sec

b, Identify peaks in the sigma power

c. Dominant sigma power: absolute sigma power >=3.0, relative sigma power > 0.20,
difference between sigma and alpha power < 2.0, the relative beta power divided by
relative sigma and alpha power < 0.25 ,and the relative EMG power <7.5.

d. Mixed sigma and alpha: absolute sigma power >=2.25, absolute sigma plus alpha >3.5,
difference between sigma and alpha power < 2.0, relative sigma plus relative alpha
>0.35, relative beta power divided by relative sigma and alpha power < 0.25 ,and the
relative EMG power <7.5.

€. Mixed sigma and alpha: absolute sigma power >=2.25, absolute sigma plus alpha >4.0,
difference between sigma and alpha power < 2.0, relative sigma plus relative alpha
0.30, relative beta power divided by relative sigma and alpha power < 0.25 ,and the
relative EMG power <7.5.

Mark spindies — determine start and end of each spindle by applying the thresholds to the left

and right of the spindle peak, requiring a spindle duration > 0.5 and < 3.0 secs

| a. The absolute sigma power divided by the median absolute sigma power < 1.3, or

| a. The beta power exceed the threshold (i.e., > 0.25), or

‘ c. EMG relative power < 10%
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Exposure Outcome SNP  Heterogeneity test ~ MR-Egger pleiotropy MR-PRESSO results

(n) test
Q p-value Intercept ~ p-value  RSSobs  p-value  Outlier

Liver iron PD (FinnGen) 37 31553 0.680 0,005 0705 32702 0708 NA
Liver iron PD (GWAS by 0 39257 0458 0009 0383 10618 0495 NA

Sakaue etal.

(2021))
Liver iron PD (GWASby E) 31.601 0.487 ~0020 0373 33.908 0509 NA

Alfradique-

Dunham etal.

(2021))
Spleen iron PD (FinnGen) 2 16,057 0.886 ~0021 0.308 18.646 0846 NA
Pancreas iron PD (FinnGen) 2 20130 0,634 ~0.036 0.076 21648 0675 NA
PD (FinnGen)  Liver iron u 12524 0.252 ~0010 0330 15.463 0233 NA
PD (FinnGen) ~ Spleen iron u 7.929 0,636 0019 0.063 9.797 0.607 NA
PD (FinnGen) ~ Pancreas iron n 3158 0977 0.001 0.886 3692 0982 NA

The statistically significant difference with a P-value less than 0.05 (P<0.05).
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Weight  Weight Odds Ratio Odds Ratio

Study logOR  SE (common) (random) IV, Fixed + Random, 95% CI IV, Fixed + Random, 95% Cl

1 0.2361 0.0966 31.0% 351% 1.27[1.05; 1.53) —;—.—

2 0.2634 0.1698 10.0%  15.4% 1.30[0.93; 1.82] S e

3 0.0605 0.0700 50.0%  49.5% 1.06(0.93; 1.22) —T

Total (common effect, 95% Cl) 100.0% -— 1.14[1.03; 1.27] -

Total (random effect, 95% CI) 147 [1.01; 1.35] e
—

Heterogeneity: Tau? = 0.0059; Chi? = 2.80, df = 2 (P = 0.25); I
075 1 15
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Consortium/Dataset Phenotype Sample size SNP(n) Populat

UK Biobank Liver iron 32858 9,275,407 European
UK Biobank Spleen iron 35324 9,275,407 European
UK Biobank Pancreas iron 25617 9,275,407 European
FinnGen PD 218473 16,380,461 European
GWAS by Sakaue ctal. (2021) D 480,018 24,194,622 European
GWAS by Alfradique-Dunham et al. (2021) D 2829 12,858,066 European

SNP, single nucleotide polymorphism.
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Exposi

Liver iron

Spleen iron

Pancreas iron

PD

PD

PD

OR, odds ratio; Cl, confidence interval; MR, Mendelian randomization; NA, not available. The statistically significant difference with a p-value less than 0.05 (p<0.05).

itcome

PD

PD

PD

Liver iron

Spleen iron

Pancreas iron

Method

Inverse variance weighted
MR Egger

Weighted median

Inverse variance weighted
MR Egger

Weighted median

Inverse variance weighted
MR Egger

Weighted median

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

Inverse variance weighted

SNP (n)

37

37

37

2

2

2

E

E

e

B
0236
0.190
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0.003
0322

-0045
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0250
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0.141
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0.015

0224

0121
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0.349

0.826

0573

0.258

0.776

0.861

0.397

0.849

0111

003

0233

0.828

0.832

0.827

OR (95CI%)
1.27 (1.05-1.53)
121 (0.89-1.64)
1.25(0.94-1.66)
1,00 (0.76-1.32)
138 (0.71-2.67)
0.96 (0.64-1.43)
0.93(0.72-1.20)
1.28 (0.84-1.96)
1.06(0.71-1.57)
1.00 (0.97-1.03)
1.04(0.96-1.13)
1.00 (0.96-1.05)
0.98 (0.95-1.01)
0.91(0.84-0.98)
0.98 (0.94-1.02)
1.00 (0.97-1.03)
0,99 (0.91-1.08)

1.00 (0.96-1.04)
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Exposi Method SNP (n) se p-value OR (95CI1%)
Liver iron PD Inverse variance weighted 85 0205 0.091 0025 1.23(1.03-1.47)
Spleen iron PD Inverse variance weighted 85 —0056  0.126 0656 095 (0.74-1.21)
Pancreas iron PD Inverse variance weighted 85 —0110 0115 0337 090 (0.72-1.21)

MVMR, multivariable Mendelian randomization; OR, odds ratio; CL, confidence interval; SNPs,single nucleotide polymorphisms; NA, not available. The statisticall significan difference with

a P-value less than 0.05 (P<0.05).
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Treatment Mechanism Type of AutD Possible adverse References
reactions
Traditional
Droxidopa Norepinephrine prodrug Cardiovascular dysfunction Hypertension, headache Hauser et al., 2014a; Hauser et al.,
2014b
Fludrocortisone Mineralocorticoid Cardiovascular dysfunction Hypertension, hypokalemia Schoffer et al., 2007; Schreglmann
etal, 2017
Midodrine Alpha-1 agonist Cardiovascular dysfunction Hypertension Joseph et al., 1993; Smith et al., 2016
Domperidone D2 antagonist Cardiovascular dysfunction QT prolongation, ventricular Schoffer et al., 2007
tachyarrhythmia
Polyethylene glycol Osmotic laxative Gastrointestinal dysfunction Nausea, diarrhea Zangaglia et al., 2007
Lubiprostone Intestinal activator of Gastrointestinal dysfunction Nausea, diarrhea Ondo et al., 2012
chloride channel type 2
Probiotic strains Intestinal microbiota Gastrointestinal dysfunction Barichella et al., 2016; Leta et al., 2021b
modulation
Prebiotic fibers Alters stools consistency Gastrointestinal dysfunction Barichella et al., 2016
Solifenacin Muscarinic (M3) inhibitor Urinary dysfunction Xerostomia, constipation, Zesiewicz et al., 2015
dyspepsia, blurred vision
Sildenafil Inhibitor of the Sexual dysfunction Headache, hypotension, Bernard et al., 2016
phosphodiesterase type 5 dyspepsia
New
Fipamezole Alpha-2 agonist Cardiovascular dysfunction Hypertension Leta et al., 2019; Rukavina et al., 2022
Atomoxetine Norepinephrine transporter Cardiovascular dysfunction Liver damage Shibao et al., 2007; Ramirez et al., 2014;
blocker Palma and Kaufmann, 2018
Pyridostigmine Acetylcholinesterase Cardiovascular dysfunction Nausea, diarrhea Byun et al,, 2017
inhibitor
Linaclotide Guanylate cyclase C agonist Gastrointestinal dysfunction Abdominal pain, diarrhea Freitas et al., 2018
Prucalopride 5-HT4 agonist Gastrointestinal dysfunction Nausea, diarrhea, headache Freitas et al., 2018
Elobixibat Tleal bile acid transporter Gastrointestinal dysfunction Abdominal pain, diarrhea Nakajima et al., 2018
inhibitor
Mirabregon B-3 adrenoreceptor agonist Urinary dysfunction Urinary tract infection, Peyronnet et al., 2018; Cho et al., 2021
tachycardia
Botulin toxin A Inhibition of acetylcholine Urinary dysfunction Urinary tract infection, postvoid Kulaksizoglu and Parman, 2010;

release

residual

Giannantoni et al., 2011
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Pupillary motor function dysfunction

Gastrointestinal dysfunction:

Sialorrhea, etc Gastrointestinal dysfunction:Dysphagia, etc

Cardiovascular dysfunction:
Orthostatic hypotension,
Supine hypertension, etc

Gastrointestinal dysfunction:
, Gastroparesis,constipation,
7 fecal incontinence, etc

Urogenital dysfunction:
Nocturia,frequent urination,
urinary retention, etc

A
%

Sexual dysfunction:
Erectile dysfunction,
loss of lubrication, etc

Thermoregulatory dysfunction:
Hyperhidrosis,nocturnal sweating, etc
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Age Symptoms

Median age:60

motor symptoms
monmotor symptoms

Evironment Pathophysiologic
pesticide exposure, .
water pullutants, noise,
heavymetal exposure,

a-synuclein protein
lysosome
mitochondrial

rural living * neuroinflammation
Lifestyle Genetics

exercise, smoking, + SNCA

alcohol, consumption « GBAL

of dairy products and « LRRK2

coffes o APT
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henotype GAWSID Sample size (cases/ SNPs Popula
controls)
Parkinsonis disease  finngen_R10_G6_PARKINSON 4,681/407,500 19,345,634 European

Hypothyroidism finngen_R10_E4_CONGEIOD 935/349,717 19,344,524 European
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PD

Outcome
PD
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Variant and amino  Inheritance Age of onset  Pathology Major manifestations References

acid sequence pattern

cGI88A AD/family Range: 50-65years | Lewy bodies Parkinsonian motor symptoms responsive to levodopa with early  Zarranz et al. (2004) and Somme et al.
PE46K onset, early cognitive impairment, sleep disorders and autonomic  (2011)
dysfunction and dystonia.

€G209A AD/family Average: 40.8years | Mutant alpha-synuclein results in impaired vesicular Classic PD with good response to levodopa, rapidly progressive  Polymeropoulos et al. (1997),
PASIT dopamine storage, triggering free radical overproduction | course, and cognitive impairment. Lotharius et al. (2002), and Xiong

and mitochondrial dysfunction, leading to cell death. etal. (2016)
G85C AD/family Average: 60years | Lewy bodies Bradykinesia and cognitive impairment, responsive to levodopa.  Kriiger et al. (1998) and Seidel et al.
p.A30P (2010)
cCI524 AD/family Range: 19-71years | A-synuclein inclusions and small numbers of GCI-like | Variable levodopa response, dementia, persistent visual Kiely etal. (2015) and Lau et al. (2023)
pGSID inclusions. hallucinations and autonomic dysfunction.

For each variant,the nucleotide and amino acid change i provided along with Inheritance patterns, known kindreds, clinical and pathological features, and relevant references.
GCI, glial cytoplasmic inclusion; AD, autosomal dominant; PD, Parkinson's disease; Classic PD refers to symptoms that resemble sporadic PD.
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Variant and amino acid
sequence

Inheritance pattern

Age of onset

Pathology

Major manifestations

References

€6055G> A
p.G20195

c7153G>A
p. G2385R
4883G>C
PRIG28P
CA939T>A
pS1647T
c4321C>T/GIA
PRI44ICIG/H/S
€6059T>C
p12020T
C4309A>C
PNI47H
€5096A>G
PpY1699C

C1464A>T
P.A419V(r534594498)
€4937T>C
PMIGAGT

AD/both familial and sporadic

Sporadic

AD/both familial and sporadic

Familial

AD

AD

AD/both familial and sporadic

AD

Increased sporadic PD risk

NA

Both carly and late onset

NA

NA

NA

NA

NA

Early onset

NA

Early onset

NA

Increase kinase activity

Increases kinase activity

COR, increases kinase activity

COR

Decrease GTPase activity

Increase inase activity

ROC, decrease GTPase activity

Strengthens the intra-molecular ROC:
COR interaction, decrease GTPase
activity

NA

Increase kinase activity

Earlier age at onset motor symptoms,

depression and hallucinations

Motor scores worsened more rapidly

Motor scores worsened more rapidly

Motor scores worsened more rapidly

NA

NA

Early development of marked motor

fluctuations and dyskinesias.

NA

Cognitive impairment

NA

For each variant, the nucleotide and amino acid change is provided along with Inheritance paterns, known kindreds, clincal and pathological features, and relevant references.
AD, autosomal dominant; COR, C-terminal of Ras; ROC, Ras of complex proteins; NA, not applicable.

Aasly et al. (2005), Nichols et al. (2005),
Goldwurm etal. (2006), Healy et al.
(2008), Lesage and Brice (2009), Belarbi
etal. (2010), Alcalay et al. (2010),
Shanker et al. (2011), Thaler et al. (2012),
and Cookson (2015)

Rudenko et al. (2012) and Marras et al.
(2016)

Marras etal. (2016) and Zhang et al.
(2017)

Marras etal. (2016)

Paisin-Ruiz et al. (2004)

Ray etal. (2014)

Puschmann etal. (2012) and Cookson
015)

Danils etal. (2011) and Cookson (2015)

Lietal. (2015)

Sosero etal. (2021)
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acid sequence pattern

C1448T>C Sporadic Average: 47years | Lewy bodies Dementia Clark etal. (2007)
pLadap
€1226A>G Sporadic Early onset Lewy bodies Dementia Clark etal. (2007)
PN370S
€1223C>T Sporadic NA Lewy bodies Dementia Clark etal. (2007)
PT369M
1604G> A Sporadic NA Lewy bodies Dementia Clark etal. (2007)
pRA9GH

For each variant, the nucleotide and amino acid change is provided along with Inheritance patern, known kindreds, linical and pathological fetures, and relevant references.
NA, not applicable.
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Motor symptoms
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69% patients (Hughes ctal, 1993)
Between 4 and 6 Hz, the tremor is often unilateral and prominent in the distal part of the limb. It often occurs in the lips, jaw, and legs rather than in the neck and head (Jankovic, 2008).

Resistance increases during passive movement of the limb (flexion, extension, or rotation of the joint such as neck, shoulders, hips, wrists, ankles) (Jankovic, 2008).

Difficulty in planning, initiating and executing sequential or simultaneous actions.

Slow down and reduce amplitude when performing rapid, repetitive, alternating hand movements (finger tapping, forward-superior hand tilt) and heel tapping.
Most correlated with the degree of dopamine deficiency (Vingerhoets et al, 1997).

Caused by loss of postural reflexes, it is usually a manifestation of advanced Parkinson’ disease (Jankovic, 2008).

Postural instability (and freezing of gait) is the most common cause of falls (Williams et al, 2006)

30-85% patients
Paresthesia and numbness

Pain: Arthritic or neurogenic distribution

22-78% patients

Visual Hallucinations

85% patients (Goldman and Postuma, 2014)

No response to Parkinson's drugs now (Morley and Duda, 2011; Choi et al.,, 2020)

30-50% patients

Insomnia

Sleeping accompanied by talking, yelling, swearing, scratching, hitting, kicking, jumping, and other dramatic, forceful, and potentially injurious movements (RBD) (Gerstad et al,,2007).
Excessive daytime sleepiness (EDS) (1.cite Silva et al,, 2023)

Restless Legs Syndrome (RLS) (Leite Silva ctal, 2023)

Possibly related to a decrease in hypocretin (orexin) neurons (Fronczek et al., 2007) (Thannickal et al,, 2007)

70% patients (Palmiter, 2007)

In the upright position, patients may present with dizziness, visual disturbances and cognitive defcits, which may precede loss of consciousness (Leite Silva et al, 2023)
40% patients (Leite Silva et al,, 2023)

Generalized anxiety disorder (GAD) and social phobia (Felice et al,, 2016)

Dopaminergic damage (Borgonovo et al,, 2017)

60% patients

A hypomotivational state (Nassif and Pereira, 2018)

Dopaminergic denervation process or serotonergic degeneration (Leite Silva et al, 2023)

30% patients (Jellinger, 1999)

Guilt sadness, lack of self-esteem and remorse (Chaudhuri et al., 2006)

Dopaminergic damage (Borgonovo et al,, 2017)

849% patients (Jankovic, 2008)

Can occur throughout Parkinson's disease, dementia occurs late in the course of the disease
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Classic PD refers to symptoms that resemble sporadic PD. PD, Parkinson's disease; AD, autosomal dominant; AR, autosomal recessive.

Genes
SNCA

PRKN

SNCA

PINK1

D1

LRRK2

ATPI3A2

PLA2G6

FBXO7

VS35
DNAJC6

SYNJL
DNAJC13

VPSI3C

6q25.2-27

4q21-22

1p35-36

1p36

12q12

1p36

22q13.1

2q12-13

16q11.2
1p313

21g22.11

3q22.1

15q22.2

Inheritance pattern

AD

AR

AD

AR

AR

AD

AR

AR

AR

Unknown

AR

AR
AD

AR

Pathology
Lewy bodies

“Tau pathology

Lewy bodies

Lewy bodies
Unknown

Lewy bodies

Lysosomes

Iron accumulation on MRI

Modulate proteasome

functions
Lysosomal

Synaptic vesicles

endocytosis and trafficking
“Tau pathology

Lewy bodies

Mitochondrial
Dysfunction, Lewy bodies

Early onset, rigidity, cognitive

impairment

Early onset, no neuropsychological
impairments,classic motor
symptoms

Marked dementia and frequent
dysautonomia

Early onset, psychiatric features
Early onset, psychiatric symptoms

Early onset, classic PD, dementia

Early onset, cognitive impairment

Early onset, cognitive impairment,

dystonia

Early onset, classic PD

Late onset, classic PD

Early onset, slow disease

progression, dystonia
Early onset, seizures

Classic PD

Early onset, rapid progression,

classic PD, carly cognitive decline

References

Polymeropoulos et al., (1997), Mizuno
etal. (2008), Lesage and Brice (2009),
and Caccappolo etal. (2011)

Inzelberg and Polyniki (2010) and
Caccappolo etal. (2011)

Lesage and Brice (2009)

Valente et al. (2001)
Dekker et al. (2003)

Funayama et al. (2002), Lesage and
Brice (2009), and Inzelberg and
Polyniki (2010)

Di Fonzo et al. (2007) and Mizuno
etal. (2008)

Paisan-Ruiz et al. (2009)

Zhou etal. (2018)

Zimprich et al. (2011)

Olgiati etal. (2016) andNg et al.
(2020)

Hardies et al. (2016)

Vilarifio-Gitell et al, (2014) and
Gagliardi etal. (2018)

Lesage et al. (2016) and Schreglmann
and Houlden (2016)





OPS/images/fnagi-16-1417515/fnagi-16-1417515-g002.jpg





