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Rebalance of mitophagy by inhibiting LRRK2
improves colon alterations
in an MPTP in vivo model

Alessia Filippone,1 Deborah Mannino,1 Laura Cucinotta,1 Fabrizio Calapai,2 Lelio Crupi,1 Irene Paterniti,1

and Emanuela Esposito1,3,*
SUMMARY

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are common genetic causes of Parkinson’s dis-
ease (PD). Studies demonstrated that variants in LRRK2 genetically link intestinal disorders to PD. We
aimed to evaluate whether the selective inhibitor of LRRK2, PF-06447475 (PF-475), attenuates the PD
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in central nervous system (CNS) and in
the gastrointestinal system. CD1 mice received four intraperitoneal injections of MPTP (20 mg/kg, total
dose of 80 mg/kg) at 2 h intervals (day 1). After 24 h PF-475 was administered intraperitoneally at the
doses of 2.5, 5, and 10 mg/kg for seven days. LRRK2 inhibition reduced brain a-synuclein and modulated
mitophagy pathway and reduced pro-inflammatory markers and a-synuclein aggregates in colonic tissues
through themodulation of mitophagy proteins. LRRK2 inhibition suppressedMPTP-induced enteric dopa-
minergic neuronal injury and protected tight junction in the colon. Results suggested that PF-475 may
attenuate gastrointestinal dysfunction associated to PD.

INTRODUCTION

One of themost common chronic neurodegenerative diseases, known as Parkinson’s disease (PD), affects 1%of adults older than 60 years and

appear as distinctive motor symptoms such as resting tremor, bradykinesia, muscle rigidity, and postural balance disorders and nonmotor

symptoms, like cognitive decline, depression, and anxiety. Symptomatology is rightly correlated to an abnormal accumulation of Lewy bodies

(LBs), defined as neuroaxonal spheroids with a dense core largely containing a-synuclein and a loss of neurons in substantia nigra pars com-

pacta (SNpc).1 Moreover, it has been proposed that gastrointestinal tractmight be the site of initiation of PD or vice versa, suggesting that not

only the central nervous system (CNS) is impaired from motor and nonmotor symptoms, also the gastrointestinal system may take an active

part in the pathophysiological changes PD-related and that results in a compromission of colon functionality surrounded by misfolded a-syn-

uclein.2 In order to treat PD, dopamine drug therapy and brain surgical electrical stimulation are currently the most common clinical treat-

ments for symptomatic conditions. However, thesemethods can only improve PD symptoms and cannot stop the disease from getting worse

also outside the brain for instance throughout the gastrointestinal system. Thus, it is necessary to investigate alternative effective approaches

that can not only improve motor and nonmotor symptoms but also attenuate the accumulation of misfolded a-synuclein in CNS and gastro-

intestinal systemboth.3 Indeed, a-synuclein deposition occurs in themyenteric and submucosal plexuses andmucosal nerve fibers of PD sub-

jects, with a clear deposition throughout the entire enteric nervous system (ENS). In several number of PD cases, it has been found specific

mutation in genes of various functions including PINK1, Parkin, a-synuclein, and also leucine repeat kinase 2 (LRRK2). LRRK2 is a 286 kDamulti-

domain protein belonging to the Roco family of G-proteins. Its structure consists of N-terminal armadillo, ankyrin, and LRR repeats followed

by a small GTPase like domain called Roc (Ras of complex proteins), a COR (C-terminal of Roc), a kinase, and a WD40 domain. Particularly,

linked mutations to LRRK2 gains its kinase activity contributing to the a-synuclein propagation and aggregation in SNpc and in gastrointes-

tinal system.4 As such, LRRK2 inhibitors have been reported as tools to pharmacologically and structurally inhibit kinase activity and to cross

the brain blood barrier (BBB) driving diverse signaling pathways and repairing cellular processes such as cytoskeleton remodeling, adequate

vesicular trafficking, functional control of autophagy, and mitochondria.5–8 Furthermore, recently studies performed onmicroRNAs (miRNAs)

have discovered that some of these could play an important role by modulating LRRK2. In particular, MiR-185 was found to have a neuropro-

tective effect by negatively targeting LRRK2.9 Mitochondrial dysfunctions have been reported in the pathogenesis of both sporadic PD and

familial Parkinsonismwith a reduction of its dynamics about 40% in the SNpc of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced

mice and PD patients. Indeed, the highly controlled fission/fusion process of misfolded proteins and organelles that occur in mitochondria
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results defective in PD because of the presence of an extensive damage to mitochondrial segments that cannot be repaired for local repair

mechanism and thus undergo recycling through autophagy and lysosome system (ALS).10 Therefore,mitochondrial dysfunction appears to be

a central pathogenic mechanism implicated in PD. Mitochondrial dysfunction is highly involved in a-synuclein aggregation, neuroinflamma-

tion, and the accumulation of oxidative stress. Today the consequences of mitochondrial dysfunction have been overcome by using antiox-

idants and NAD+ supplements such as nicotinic acid. However, further research is needed to investigate the involvement of mitochondrial

dysfunction in PD as this could represent a potential therapeutic target.11 Within this perspective, under physiological conditions, the kinase

activity of LRRK2 mediates mitochondrial fission and maintains a balanced autophagic flux by interfering with the cellular localization of ly-

sosomes. Furthermore, LRRK2 forms a complexwithmitochondrial membrane proteins initiatingmitophagy. In PD,mutated LRRK2 elongates

the mitochondrial network and leads to poor degradation of malfunctioning mitochondria. In vitro studies showed that the treatment with

LRRK2 type II inhibitors stabilizes an open conformation of the catalytic domain of LRRK2, improving the motility of kinesin and dynein,

two motor proteins that drive mitochondrial transport.12 The mitochondrial quality control failure implicates misfolded proteins and

organelles to being degraded from ALS that became engulfed and non-stop recruit autophagy selective activators like microtubule associ-

ated protein 1 light chain 3 (MAP-LC3), optineurin, and nuclear factor kappa B subunit (NF-kB) to form autolysosomes and ultimately degrade

cargos.13 In this context, it is still unclear how LRRK2 or its inhibition could contribute to mitochondrial dysfunction in PD and in the gastro-

intestinal system. Here, we aimed to evaluate the mechanism of action of LRRK2 in modulating molecular signaling at the mitochondrial level

and ALS systems in an in vivomodel of MPTP induced PD by preventing CNS neurodegeneration and pathological related consequences to

the gastrointestinal system.
RESULTS
In vitro results

PF-475 reduced p-LRRK2 levels in vitro

To corroborate how PF-475 could regulate LRRK2 expression in vitro, we used differentiated SHSY5Y cells and stimulated them with MPTP

(3 mM) for 2 h after pretreatment with PF-475 (1 and 3 mM). Then, cell lysates were used to performwestern blot analysis. Cells stimulated with

MPTP showed elevated levels of p-Ser 935 compared to control cells. Conversely, treatments with PF-475 in a concentration-dependent

manner significantly reduced p-Ser 935 compared to cells stimulated with MPTP (Figure S1A, see densitometric analysis A1). These

in vitro data confirm that PF-475 negatively regulates LRRK2 phosphorylation, accordingly with previous studies.14,15
In vivo results

Tissue preparation

24 h after MPTP injection, animals received intraperitoneal administration of PF-475 at doses of 2.5 mg/kg, 5 mg/kg, and 10 mg/kg, respec-

tively, once daily for up to 7 days. On the eighth day the animals were sacrificed, and the colon and brain were surgically isolated. For mo-

lecular biology analyzes such as western blot and ELISA assay, brain and colon were collected and processed to perform protein extraction.

For measurement of dopamine, DOPAC, and homovanilic acid (HVA) levels, the striatum was removed and processed for high-performance

liquid chromatography (HPLC) analysis. For histological analyses, colon and brain tissues were fixed in 10% (w/v) PBS-buffered formaldehyde

solution at 25�C for 24 h. After a dehydration process through a scale with increasing concentrations of alcohols and xylene, the tissues were

embedded in paraffin and subsequently cut with a microtome obtaining 7 mm thick sections to perform the following analyses: histological

evaluation, immunohistochemical analysis, and immunofluorescence analysis.
LRRK2 inhibition reduced a-syn aggregates and prevented dopamine depletion after MPTP intoxication in mouse brain

tissue

We performed immunoblot analysis on the brain protein extract of mice from each experimental group to demonstrate the selective inhibi-

tion of LRRK2 following PF-475 treatment. We evaluated relative proportion of LRRK2 phosphorylation p-LRRK2 on Ser935 as well as total

LRRK2 levels. As expected, p-LRRK2 Ser935 was significantly higher in brain tissues of MPTP-injected mice compared to control mice, while

intraperitoneal treatment with PF-475 at the highest doses of 5 mg/kg and 10 mg/kg significantly reduced p-LRRK2 Ser935 compared with

MPTP-injected mice (Figure 1A, see densitometric analysis A1). In contrast, intraperitoneal treatment with PF-475 at the lowest dose of

2.5 mg/kg was unable to downregulate p-LRRK2 Ser935 in the brain of MPTP-injected mice (Figure 1A, see densitometric analysis A1; p =

0.68; F(4,45) = 0.572, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). To further investigate the

effects of PF-475 on LRRK2 kinase activity in the brain we assessed the levels of the downstream protein p-Rab12 by western blot analysis

(Figure S1B, see densitometric analysis B1). Data demonstrated that p-Rab12 brain levels were significantly higher in MPTP mice compared

to control mice. Intraperitoneal treatment with PF-475 at doses of 5 mg/kg and 10 mg/kg reduced the levels of this downstream protein

compared to MPTP mice confirming a significant reduction in LRRK2 signaling. Moreover, since the accumulation of a-syn in dopaminergic

neurons is a critical marker of PD, we wanted to evaluate the expression of this protein to confirm the key role of LRRK2 in the neurodegen-

erative process and that its inhibition represents a potential therapeutic target for the treatment of the PD. Quantitative western blot analysis

of whole native gel band from brain samples revealed decreased a-Syn tetramers and monomers following PF-475 treatment at the highest

doses of 5 mg/kg and 10 mg/kg compared to MPTP-injected mice (Figures 1B and C, see densitometric analysis B1 and C1, respectively).

Consistently, whole native gel densitometric analysis (Figure 1 D; p = 0.52; F(4,45) = 0.824, one-way ANOVAmethod, followed by Bonferroni
2 iScience 27, 110980, October 18, 2024
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Figure 1. Effect of LRRK2 inhibition on a-syn aggregates and dopamine in mouse brain

Representative western blot of phosphorylated LRRK2 at Serine 935 protein expression level in cytosolic fraction of brain tissues after MPTP intoxication and PF-

475 treatments (one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons p = 0.68; F(4,45) = 0.572) (A, see densitometric analysis

A1). Representative western blot of a-syn tetramer andmonomer protein expression level in brain tissues afterMPTP intoxication and PF-475 treatments (B andC;

see densitometric analysis B1, C1, respectively). Total densitometric analysis of a-Syn monomers and tetramers (one-way ANOVA method, followed by

Bonferroni post hoc test for multiple comparisons p = 0.52; F(4,45) = 0.824) (D). MPTP-injected animals exhibited a considerable loss of dopamine (one-way

ANOVA method, followed by Bonferroni post hoc test for multiple comparisons p = 0.18; F(4,45) = 1.66) (E), and its metabolites DOPAC (one-way ANOVA

method, followed by Bonferroni post hoc test for multiple comparisons, p = 0.02; F(4,45) = 3.39) (F) and HVA (one-way ANOVA method, followed by

Bonferroni post hoc test for multiple comparisons, p = 0.44; F(4,45) = 0.965) (G) compared to the control mice; contrarily, treatment with PF-475 in a dose-

dependent manner 2.5 mg/kg, 5 mg/kg and 10 mg/kg increased metabolites levels (E–G). Data are representative of at least three independent

experiments. Values are means G SD. Distribution of values come from individual animals. One-way ANOVA test. ***p < 0.001 vs. control; #p < 0.05 vs.

MPTP; ##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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post hoc test for multiple comparisons) showed a significant increase of a-syn aggregates in brain samples of MPTP-injected mice compared

to control mice, while a dose-dependent reduction of total a-syn aggregates was observed inmice treated with PF-475 at doses of 2.5mg/kg,

5 mg/kg and 10 mg/kg compared to MPTP-injected mice. As shown in Figure 1 whole native gel band levels were standardized to

GAPDH levels as an internal control. Immunohistochemical analysis of midbrain sections confirmed significant accumulation of a-syn in
iScience 27, 110980, October 18, 2024 3
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MPTP-damaged mice (Figure S1D, objective 403 D1) compared to control mice (Figure S1C, objective 403 C1). Furthermore, our results

showed that the lowest dose, PF-475 (2.5 mg/kg) (Figure S1E, objective 403 E1) was unable to significantly counteract synuclein aggregates

compared to MPTP-injected mice. Differently, the doses of 5 mg/kg and 10 mg/kg showed a greater reduction in a-syn deposition when

compared to MPTP mice (Figures S1F and S1G, objective 403 F1 and G1, respectively, see score H). Degeneration of the nigrostriatal inner-

vation leads to dopaminergic cell loss which is a typical feature of the pathogenesis of PD. Our results confirmed the neuroprotective role of

the LRRK2 antagonist, PF-475, by evaluating striatal levels of dopamine and its metabolites such as 3,4-dihydroxyphenylacetic acid (DOPAC)

andHVA.MPTP intoxication significantly reduced striatal dopamine (Figure 1E; p= 0.18; F(4,45) = 1.66, one-wayANOVAmethod, followedby

Bonferroni post hoc test for multiple comparisons), DOPAC (Figure 1F; p = 0.02; F(4,45) = 3.39, one-way ANOVA method, followed by Bon-

ferroni post hoc test for multiple comparisons) and HVA levels (Figure 1G; p = 0.44; F(4,45) = 0.965, one-way ANOVA method, followed by

Bonferroni post hoc test for multiple comparisons) compared to control mice. Treatment with PF-475 at doses of 2.5 mg/kg, 5 mg/kg, and

10 mg/kg showed a partial recovery of the levels of dopamine and its metabolites in a dose-dependent manner. In addition, we confirmed

DAT expression in brain sections by immunohistochemical analysis. The results obtained demonstrated a significant loss of DAT-positive

staining in MPTP-injected mice (Figure S1I, objective 403 I1) compared to control mice (Figure S1I, objective 403 I1). The recovery of

DAT levels was notable after administration of PF-475 at the dose of 5 mg/kg and most effective at the dose of 10 mg/kg (Figures S1L

and S1M, objective 403 L1 andM1, respectively), compared to theMPTPgroup. In contrast, the lowest dose of PF-475 (2.5mg/kg) (Figure S1K,

objective 403 K1), did not significantly enhance DAT expression (see score N). Collectively, these results supported the neuroprotective ca-

pabilities of the LRRK2 selective inhibitor, PF-475 in a mouse model of MPTP-induced nigrostriatal degeneration.

LRRK2 inhibition modulated mitophagy pathway in brain tissue

LRRK2mutations involved in the pathogenesis of PD lead to an increase in its kinase activity.16,17 Increased kinase activity of LRRK2 reduces

the interaction between the optineurin autophagy receptor (OPT) with ubiquitous mitochondrial outer membrane (OMM) proteins result-

ing in a negative impact on mitophagy.18 Indeed, OPT plays a key role in mitophagy not only targeting dysfunctional mitochondria to au-

tophagosomal membranes, but also facilitating the formation of autophagosomal membrane.19 Our results demonstrated that MPTP-in-

jectedmice showed a compromisedmitophagy demonstrating low levels of OPT compared to control mice. PF-475 treatment significantly

affected the mitophagy pathway through the significant increase of OPT expression compared to MPTP-injected mice (Figure 2A, see

densitometric analysis A1; p = 0.09; F(4,45) = 2.16, one-way ANOVA method, followed by Bonferroni post hoc test for multiple compar-

isons). The process of mitophagy is modulated by other different proteins including LAMP2 and p62. LAMP2, a lysosomal membrane pro-

tein, plays an important role in lysosomal stability as well as in autophagy. In addition, it has recently been demonstrated that disruption of

lysosomal function, due to altered LAMP2 activity can lead to the accumulation of damaged cellular components and an increase in oxida-

tive stress.20 The overexpression of LAMP2 increases autophagy activity, and this effect is accompanied by decreased levels of p62.21 As

shown in Figure 2 we found that LAMP2 expression in MPTP-injected mice was significantly reduced compared to control mice (Figure 2B,

densitometric analysis B1; p = 0.04; F (4,45) = 2.77, one-way ANOVA method, followed by Bonferroni post hoc test for multiple compar-

isons), conversely, p62 expression was significantly increased inMPTP-injectedmice compared with control mice (Figure 2C, densitometric

analysis C1; p = 0.11; F(4,45) = 2.02, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). However,

treatments with PF-475 at the doses of 5mg/kg and 10mg/kg significantly increased LAMP2 expression compared toMPTPmouse. On the

other side, a significant reduction of p62 following PF-475 treatment at the doses of 2.5 mg/kg, 5 mg/kg, and 10 mg/kg was observed

compared with the MPTP group (Figure 2C, see densitometric analysis C1). These data could indicate a restoration of increased autopha-

gic flux in brain tissue following PF-475 treatment. In addition, impaired autophagic flux increases pro-inflammatory mediators such as

tumor necrosis factor-a (TNF-a), which is highly toxic to dopaminergic neurons and a major mediator of neuroinflammation in PD.22

Our results demonstrated an increased expression of the pro-inflammatory cytokine TNF-a in MPTP-injected mice compared with control

mice. In contrast, treatment with PF-475 significantly reduced TNF-a expression levels at doses of 5 mg/kg and 10 mg/kg compared to

MPTP-injected mice (Figure 2D, see score D1; p = 0.16; F(4,45) = 1.86, one-way ANOVA method, followed by Bonferroni post hoc test

for multiple comparisons). Also, to further investigate the effects of PF-475 on mitolysosome formation, we performed immunofluores-

cence analysis of LAMP2 in brain tissues. LAMP2 represents an important lysomal marker highly expressed during mitochondrial

degradation.23,24 In our hands, treatments with PF-475 at doses of 5 mg/kg and 10 mg/kg significantly increased the number of lysosomes

positive for LAMP2 staining when compared to MPTP mice (Figures S3A–S3E, insets A1 to E1, see score F). Moreover, to evaluate mito-

chondrial function we measured ATP and lipid peroxidation levels by MDA assay, in brain tissues. Mitochondria are the powerhouses of

cells and are the main source of ATP. Impaired mitochondrial function is closely related to reduced ATP levels, as well as abnormal mito-

chondrial dynamics such as reduced mitochondrial biogenesis and imbalanced fusion and fission.25–27 Furthermore, levels of MDA, a by-

product of lipid peroxidation, accumulate due tomitochondrial dysfunction.28,29 Our results showed that the brain of MPTPmice exhibited

mitochondrial dysfunction revealed by increased MDA levels and decreased ATP levels compared to control mice (Figures S4A and S4B).

However, improved mitochondrial function was observed following treatment with PF-475 at doses of 5 mg/kg and 10 mg/kg as indicated

by a significant increase in ATP levels and a decrease in MDA production.

LRRK2 inhibition ameliorated colon damage in MPTP-injected mouse

We also evaluated the relative proportion of LRRK2 phosphorylation p-LRRK2 on Ser935 as well as total LRRK2 levels in colon samples.

Study of LRRK2 phosphorylation at Ser-935 expression in colonic tissues of MPTP-treated mouse demonstrated overexpression of this
4 iScience 27, 110980, October 18, 2024
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Figure 2. Effect of LRRK2 inhibition on mitophagy pathway in brain

Cytosolic protein fractions of brain tissues were used to evaluate mitophagic protein expression such as OPT, LAMP2, and p62 and pro-inflammatory cytokine

TNF-a after MPTP intoxication and PF-475 treatments. Representative western blot of mitophagic protein are shown (A; p= 0.09; F(4,45) = 2.16, one-way ANOVA

method, followed by Bonferroni post hoc test for multiple comparisons), (B; p = 0.04; F (4,45) = 2.77, one-way ANOVA method, followed by Bonferroni post hoc

test for multiple comparisons) and (C; p = 0.11; F(4,45) = 2.02, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons), see

densitometric analysis (A1, B1 and C1, respectively). Western blot of pro-inflammatory cytokine TNF-a are shown (D; p = 0.16; F(4,45) = 1.86, one-way

ANOVA method, followed by Bonferroni post hoc test for multiple comparisons), see densitometric analysis (D1). Data are representative of at least three

independent experiments. Values are means G SD. Distribution of values come from individual animals. One-way ANOVA test. ***p < 0.001 vs. control;

##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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protein kinase after MPTP intoxication compared to control animals (Figure 3A, see densitometric analysis A1). Intraperitoneal treatment

with PF-475 in a dose-dependent manner significantly reduced p-LRRK2 Ser935 (Figure 3A, see densitometric analysis A1; p = 0.4; F(4,45) =

2.84, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). In addition, the levels of LRRK2 down-

stream protein p-Rab10 were significantly reduced following treatment with PF-475 at doses of 5 mg/kg and 10 mg/kg compared to

MPTP mice (Figure S2A, see densitometric analysis A1). Furthermore, the MPTP group showed more severe colonic inflammation, loss

of crypt architecture, edema, and the extent of infiltration with inflammatory cells damage extending in the submucosa (Figure 3C, objec-

tive lens 203 C1) layers than the control group (Figure 3B, objective lens 203 B1). Instead, treatment with PF-475 at the highest doses of

5 mg/kg (Figure 3E, objective lens 203 E1) and 10 mg/kg (Figure 3F, objective lens 203 F1) significantly improved tissue architecture and

reduced inflammation compared toMPTPmouse. Instead, no significant difference was found following treatment with PF-475 at the lower

dose of 2.5 mg/kg in reducing the histological score (Figure 3D, objective lens 203 D1, score G; p = <0.001.; F(4,45) = 6.38, one-way

ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). Taken together, these results suggested for the first

time, an involvement of LRRK2 in MPTP-induced intestinal damage and demonstrated how selective inhibition of LRRK2 through

PF-475 administration could restore colonic damage in MPTP mice.
iScience 27, 110980, October 18, 2024 5
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Figure 3. Effects of PF-475 treatments on histological damage in MPTP-injected mouse colon

Representative Western blot of phosphorylated LRRK2 at Serine 935 protein expression level in cytosolic fraction of colon tissues after MPTP and PF-475

treatments (A, densitometric analysis A1; p = 0.4; F(4,45) = 2.84, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons).

Hematoxylin and eosin staining of control group (B, B1), MPTP group (C, C1), PF-475 2.5 mg/kg treatments after MPTP (D, D1), PF-475 5 mg/kg treatments

after MPTP (E, E1) and PF-475 10 mg/kg treatments after MPTP (F, F1), see histological score (G; p = <0.001.; F(4,45) = 6.38, one-way ANOVA method,

followed by Bonferroni post hoc test for multiple comparisons). Data are representative of at least three independent experiments. Values are means G SD.

Distribution of values come from individual animals. One-way ANOVA test. ***p < 0.001 vs. control; ##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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Effect of PF-475 on pro-inflammatory response in colon tissues

In parallel with CNS inflammation during PD, recent studies indicate similar processes at peripheral sites.30 In particular, increases in proin-

flammatory markers levels in the colon provide strong evidence of gastrointestinal inflammation in patients with PD.31 Moreover, previous

studies have reported that the PD model induced by MPTP reflects an inflammatory response in the colon very similar to the gastrointestinal

conditions of PD patients.32,33 Therefore, we used western blot analysis and ELISA assay to evaluate the effects of PF-475 on the inflammatory

markers in the colon tissues following MPTP intoxication. The results showed that, in MPTP mouse, the expression of pro-inflammatory en-

zymes such as inducible nitric oxide synthase (iNOS) and COX-2 in colon tissues increased significantly compared to control animals

(Figures 4A and 4B, see densitometric analysis A1 and B1, respectively; p = 0.005, F(4,45) = 4.25 for iNOS and p = 0.07, F(4,45) = 2.31 for

COX-2, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). Following intraperitoneal treatment

with PF-475 at doses of 2.5mg/kg, 5 mg/kg, and 10mg/kg a significant reduction of these pro-inflammatorymarkers was observed compared

toMPTP-injected animals, in a dose-dependentmanner. Furthermore, ELISA assay revealed that IL-1b concentration increased in the colon of

MPTP mice compared to control animals, while PF-475 treatment was able to partially reduce, in a dose-dependent manner, the levels of the
6 iScience 27, 110980, October 18, 2024
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Figure 4. Effect of PF-475 on pro-inflammatory response induced by MPTP intoxication in colon tissues

Representative western blot of pro-inflammatory enzyme iNOS and COX-2 in cytosolic fraction of colon tissues after MPTP and PF-475 treatments (A; p = 0.005,

F(4,45) = 4.25, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons) (B; p = 0.07, F(4,45) = 2.31, one-way ANOVA method,

followed by Bonferroni post hoc test for multiple comparisons), see densitometric analysis (A1, B1, respectively). ELISA method was performed for detection of

IL-1b in cytosolic fraction of colon tissues (C). Data are representative of at least three independent experiments. Values are meansG SD. Distribution of values

come from individual animals. One-way ANOVA test. *p < 0.05 vs. control ***p < 0.001 vs. control; ##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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pro-inflammatory cytokine compared with MPTP mice (Figure 4C). In summary, these results suggest that administration of the selective

LRRK2 antagonist showed high efficacy in reducing the levels of proinflammatory markers in colon tissues in mice with MPTP-induced PD.

PF-475 reduced a-synuclein accumulation in the colon of MPTP mice

It has been reported that during PD, colonic dysfunction associated with dopaminergic degeneration in the ENS is closely related to an in-

crease in a-synuclein, which is found in the colon of PD patients.34 In our study, through immunohistochemical analysis, we estimated the

number of a-synuclein-positive enteric cells in the colon of MPTP-injected mice to evaluate whether PF-475 could reduce its accumulation.

In our study, through immunohistochemical analysis, we estimated the number of a-synuclein-positive enteric cells in the colon of MPTP-in-

jectedmice to evaluate whether PF-475 could reduce its accumulation. The results showed that MPTP injection (Figure 5B, objective lens 203

B1, see score F) led to an increase of a-synuclein in the colonic submucosa compared to control animals (Figure 5A, objective lens 203A1, see

score F). Therefore, in line with other studies, MPTP induced intestinal damage accompanied by the accumulation of a-syn in the colon35,36

and that is closely related to the gastrointestinal non-motor symptoms of PD. Moreover, our results, demonstrated that PF-475 at the dose of

5 mg/kg (Figure 5C, objective lens 203 C1, see score F) and 10 mg/kg (Figure 5D, objective lens 203 D1, see score F; p = 0.4; F(4,45) = 2.84,

one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons) protected colon tissue from MPTP by significantly

reducing the number of a-synuclein positive cells compared to MPTP mice. In addition, the result was confirmed by western blot analysis

which revealed an accumulation of different forms of a-syn, including tetrameric (Figure 5G, see densitometric analysis G1) and monomeric

(Figure 5H, see densitometric analysis H1) in the colon of mice MPTP injected versus control animals. Treatment with PF-475 significantly

reduced a-synuclein tetramer at all doses compared to MPTP mice (Figure 5G, see densitometric analysis G1). Otherwise, PF-475 treatment

reduced a-synuclein monomer at doses of 5 mg/kg and 10 mg/kg compared to MPTP mice. In each case the densitometric analysis of total

a-synuclein (Figure 5I; p = 0.001; F (4,45) = 5.51, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons)

demonstrated that PF-475 partially reduced total a-synuclein levels in colonic tissues compared to MPTP animals.

LRRK2 antagonist, PF-475, modulated ENS in MPTP-injected mouse colon

During PD pathogenesis, the reduction of ENS proteins present in the colon have often been associated with constipation phenomena and

intestinal permeability alterations. To explore the pathophysiology of the ENS in PD, theMPTP animalmodel is themost studied as this neuro-

toxin induces neuronal dysfunction and impairment of the ENS as occurs in PDpatients.37 Among these ENSproteins, neuron specific enolase

(NSE) andPGP9.5 represent themainmarkers studied.38 Expression levels of PGP9.5 andNSEwere significantly reduced in PDmice compared

to controlmice (Figures 6A and6B, seedensitometric analysis A1 andB1, respectively). In contrast, intraperitoneal treatmentwith PF-475 at the

doses of 5 mg/kg and 10 mg/kg considerably increased the expression of PGP9.5 compared to MPTP mouse (Figure 6A, see densitometric
iScience 27, 110980, October 18, 2024 7
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Figure 5. PF-475 treatment preserved a-syn accumulation in colon tissue

Immunohistochemical localization of a-syn after MPTP in colon tissue. Control group (A, A1; see score F), MPTP group (B, B1; see score F), PF-475 2.5 mg/kg

treatments after MPTP (C, C1; see score F), PF-475 5 mg/kg treatments after MPTP (D, D1; see score F) and PF-475 10 mg/kg treatments after MPTP (E, E1;

see score F; p = 0.4; F(4,45) = 2.84, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). Representative western blot of

a-syn tetramer and monomer protein expression level in colon tissues after MPTP intoxication and PF-475 treatments (G and H; see densitometric analysis

G1, H1, respectively; p = 0.001; F (4,45) = 1.25, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons; p = 0.001; F (4,45) =

2.81, respectively for G1 and H1). Representative Western blot of total a-syn protein expression level in colon tissues after MPTP intoxication and PF-475

treatments (densitometric analysis I; p = 0.001; F (4,45) = 5.51, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons).

Data are representative of at least three independent experiments. Values are means G SD. Distribution of values come from individual animals. One-way

ANOVA test. ***p < 0.001 vs. control; ##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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analysis A1;p=0.98; F (4,45) = 0.110, one-wayANOVAmethod, followedbyBonferroni post hoc test formultiple comparisons).Whereas intra-

peritoneal treatmentwithPF-475at thehighestdoseof 10mg/kg increasedenteric neuronalmarkerNSEcompared toMPTPmouse (Figure6B,

see densitometric analysis B1; p = 0.36; F (4,45) = 1.12, one-way ANOVA method, followed by Bonferroni post hoc test for multiple compar-

isons). It has been shown that the accumulation of a-synmaybe accompanied by a loss of neuropeptides such asNSE.39,40 Therefore, although

further studies are needed, this partial increase in NSE following treatment with PF-475 (10 mg/kg) could be related to its protective effect on

reducing a-syn accumulation in the colon. In addition, the distribution of neural population of PGP9.5 proteins was observed in immunohis-

tochemistry analysis to confirmwhether thewestern blot results werewell reflected. Interestingly, PGP9.5-positive neuronal cells were strongly

reduced in colonic sections of MPTP-injected mice (Figure 6D, objective lens 203D1, see score H) compared with colonic sections of control
8 iScience 27, 110980, October 18, 2024
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Figure 6. Effect of PF-475 on ENS in MPTP-injected mouse colon

Representative western blot of ENS proteins such as PGP9.5 andNSE in cytosolic fraction of colon tissues afterMPTP and PF-475 treatments (A; p= 0.98; F (4,45) =

0.110, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons) (B; p = 0.36; F (4,45) = 1.12, one-way ANOVA method, followed

by Bonferroni post hoc test for multiple comparisons), see densitometric analysis (A1, B1, respectively). Immunohistochemical localization of PGP9.5 after MPTP

intoxication in colon tissue. Control group (C, C1; see score H), MPTP group (D, D1; see score H), PF-475 2.5mg/kg treatments after MPTP (E, E1; see score H), PF-

475 5 mg/kg treatments after MPTP (F, F1; see score H; p = 0.45; F (4,45) = 0.941, one-way ANOVA method, followed by Bonferroni post hoc test for multiple

comparisons) and PF-475 10 mg/kg treatments after MPTP (G, G1; see score F). Data are representative of at least three independent experiments. Values are

means G SD. Distribution of values come from individual animals. One-way ANOVA test. ** <0.01 vs. control; ***p < 0.001 vs. control; #p < 0.05 vs. MPTP;

##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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mice (Figure 6C, objective lens 203 C1, see score H). Selective inhibition of LRRK2 significantly reduced the loss of PGP 9.5 positive cells

showing in colonic sections of mice treated with PF-475, at the higher dose of 10mg/kg an increase in PGP 9.5 positive cells in the submucosal

layer and the muscle layer (Figure 6G, objective lens 203 G1, see score H; p = 0.45; F (4,45) = 0.941, one-way ANOVA method, followed by

Bonferroni post hoc test for multiple comparisons) compared toMPTP-injectedmice. These results provide a basis for unveiling that selective

LRRK2 inhibition in the colon also modulates enteric nervous system markers during synucleinopathies.

PF-475 reduced colon inflammation through mitophagy pathway

The dysfunction of autophagic pathways characteristic of neurodegeneration in PD is also strongly implicated in inflammatory bowel disease

(IBD), leading to impaired intestinal epithelial barrier function, disrupted microbiome, and defective antibacterial peptide secretion.
iScience 27, 110980, October 18, 2024 9
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Figure 7. Effect of PF-475 on mitophagy pathway in MPTP-injected mouse colon

Cytosolic fractions of colon tissues were used to evaluatemitophagic protein expression such asOPT, LAMP2 and p62 and pro-inflammatory cytokine TNF-a after

MPTP intoxication and PF-475 treatments. Representative western blot of mitophagic protein are shown (A–C), see densitometric analysis of OPT (A1; p = 0.28; F

(4,45) = 1.33, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons) LAMP2 (B1; p = 0.31; F (4,45) = 1,23, one-way ANOVA

method, followed by Bonferroni post hoc test for multiple comparisons) and p62 (C1; p = 0.79; F (4,45) = 0.420, one-way ANOVAmethod, followed by Bonferroni

post hoc test for multiple comparisons). Expression levels of pro-inflammatory cytokine TNF-a are shown (D, see densitometric analysis D1; p = 0.44; F (4,45) =

0.957, one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons). Data are representative of at least three independent

experiments. Values are means G SD. Distribution of values come from individual animals. One-way ANOVA test. ***p < 0.001 vs. control; #p < 0.05 vs.

MPTP; ###p < 0.001 vs. MPTP.
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Furthermore, substantial evidence indicates that LRRK2 mutations play a key role in the autophagy/lysosomal pathway linking PD to colon

dysfunction.41–44 Therefore, once we demonstrated that PF-475 could modulate mitophagy proteins in brain tissue, we aimed to investigate

the effect of LRRK2 inhibition on mitophagy marker in the colon of mouse with PD. Consistent with the data obtained in brain tissues, MPTP

induced an alteration of autophagic processes also in the colon. Particularly, western blot analysis was performed to investigate the selective

mitophagy receptors such as OPT, p62, and LAMP2 involved in the recognition of the ubiquitinated cargo to connect it to the autophago-

somemembrane. Our results demonstrated a significant reduction of OPT (Figure 7A, see densitometric analysis A1; p = 0.28; F (4,45) = 1.33,

one-way ANOVA method, followed by Bonferroni post hoc test for multiple comparisons) and an increase of p62 (Figure 7C, see densito-

metric analysis C1,p= 0.79; F (4,45) = 0.420, one-wayANOVAmethod, followedby Bonferroni post hoc test formultiple comparisons) in colon

tissues of MPTP mice compared to control animals. However, PF-475 treatment improved mitophagy by increasing OPT expression and

reducing p62. Particularly, PF-475 at all administered doses significantly increased OPT expression levels compared to MPTP-injected

mice. In contrast, PF-475 treatment, at all doses, reduced p62 compared to MPTP mice. Moreover, the higher doses of PF-475 (5 mg/kg

and 10 mg/kg) were able to significantly increase LAMP2 levels compared to MPTP mice. Furthermore, we also wanted to evaluate TNF-a

which is a major pro-inflammatory cytokine that accelerates intestinal damage. As shown in Figure 7D, the levels of this cytokine were signif-

icantly increased after administration of MPTP compared to control mice. Consistently, the increase in production of this cytokine in colonic

tissues was suppressed in a dose-dependentmanner following the administration with PF-475 at a dose of 2.5mg/kg, 5 mg/kg, and 10mg/kg

compared to MPTP-injected mice (Figure 7D, see densitometric analysis D1; p = 0.44; F (4,45) = 0.957, one-way ANOVAmethod, followed by

Bonferroni post hoc test for multiple comparisons). Moreover, to evaluate mitochondrial function we measured ATP and lipid peroxidation
10 iScience 27, 110980, October 18, 2024
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levels by MDA assay, in colon tissues.45 Our results showed that the colon of MPTP mice exhibited mitochondrial dysfunction revealed by

increasedMDA levels and decreasedATP levels compared to controlmice (Figures S4C and S4D). However, improvedmitochondrial function

was observed following treatment with PF-475 at dose of 10 mg/kg as indicated by a significant increase in ATP levels and a decrease in MDA

production, in colon tissues. Taken together, our data confirmed that the resolution of MPTP-induced intestinal damage could be closely

related to autophagy activation mediated by LRRK2 inhibition.

PF-475 reverse alterations in intestinal barrier function in colon of MPTP mice

Since several studies demonstrated that PD patients had high intestinal permeability related to the disorganization of tight junction (TJ) pro-

teins,46,47 we investigated, by immunofluorescence analysis, the effects of PF-475 on the modulation of zonula occluden-1 (ZO-1) and occludin

that arepivotal proteins that regulate theparacellular permeability in intestinal epithelial cells. In this study,wedemonstrated that, in colon tissue,

MPTP induceda significant decrease in the number of ZO-1 (Figure 8B, see score F) andoccludin-positive cells (Figure 8H, see score L) compared

to control animals (Figure 8A andG, see score F and L). However, PF-475 treatments at the doses of 5mg/kgand 10mg/kg increased the number

of occludin (Figures 8D and 8E, see score F,p= 0.89; F (4,45) = 0.277, one-wayANOVAmethod, followedbyBonferroni post hoc test formultiple

comparisons) and ZO-1 positive cells (Figures 8J and 8K, see score L, p= 0.85; F (4,45) = 0.341, one-way ANOVAmethod, followedby Bonferroni

post hoc test formultiple comparisons) compared toMPTP-injectedmice. To confirm that selective inhibition of LRRK2 could protect against the

intestinal barrier effectsofMPTPweperformedwesternblot analysisof ZO-1andoccludin in colonprotein lysate (Figures S2BandS2C, seedensi-

tometric analysis B1 andC1, respectively). Data demonstrated reduced levels of ZO-1 and occludin inMPTPmice compared to controlmice. PF-

475 treatment significantly increased levelsofbothTJscomparedtoMPTPmice,confirmingaprotective roleof the intestinalbarrier.Furthermore,

intraperitoneal injection of the neurotoxin MPTP caused delayed transit and constipation, as demonstrated by daily stool weight analysis (Fig-

ure 8M). After five days of treatment with PF-475 stool weight was not significantly affected. In contrast, after six and seven days of treatment

with PF-475 at the doses of 5 mg/kg and 10 mg/kg the stool weight was significantly increased, compared with the MPTP-injected mice. Thus,

PF-47 significantly reduced the alteration of gut permeability in MPTP mouse, reducing the loss of TJ proteins.

DISCUSSION

Since LRRK2 is a kinase widely and ubiquitously expressed in immune cells, blood cells, gut lumen, and neuronal cells, it has been thought to

be one of the predictive risk factors for PD, IBD, Crohn’s disease (CD), and also tumors.4,48,49We confirmed increased LRRK2 expression in the

brains ofMPTPmice, which is consistent with the elevated expression of LRRK231 in the colon ofMPTPmice. Indeed, LRRK2 contributed to the

colon impairments while LRRK2 downregulation by using PF-06447475 inhibitor displayed less serious gastrointestinal consequences after

MPTP injection than control mice successfully suggesting an improvement of gastrointestinal system functionality. Although the primary

mechanism of PD pathogenesis is still unclear, mitochondrial dysfunction has been increasingly confirmed to be a dynamic contributor.

That is because neurotoxins injection to reproduce PD models, including MPTP, damages mitochondrial function by inhibiting its complex

core activity and causing the activation of mitophagy to degrade organelles and misfolded proteins. Our observations go further with the

alterations in CNS postulating that PD originates in the gastrointestinal tract and that the appearance of a-synuclein accumulation initially

occurs, in the earliest stage of PD, in the ENS. Indeed, LRRK2 inhibition in colon of PD mice protected gastrointestinal system from intestinal

inflammation mediated by NF-kB that was interestingly enhanced by MPTP and that was inversely decreased from LRRK2 inhibition, indi-

cating that LRRK2 down regulation is controlled in NF-kB-dependent manner. Moreover, throughmitophagy, altered intestinal cells regulate

both the number and quality of mitochondria in response to the toxic stress from MPTP injection.50 Our study shows that the damaged co-

lonocytes in the colonic tissue are susceptible from MPTP and that results in a modulation of mitophagy driven by OPT, LAMP-2, and p62

present in enteric neuronal mitochondria and TNF-a interacts with mitophagy by mediating its functionality. As such, OPT is frequently

increased not only in the protein inclusions of PD neurons mainly because defective mitophagy, leading to neurodegeneration but also in

gastrointestinal system implicating a role in intestinal homeostasis and disease.51 Therefore, inhibition of LRRK2 has a direct role in inflam-

mation and in mitophagy functions by positively regulate mitochondrial dynamics and autophagosome-lysosome fusion. Here, this was

accompanied by an increase in autophagic flux and higher expression of mitophagy markers in mice treated with LRRK2 inhibitor. Further-

more, it was demonstrated that optineurin and p62 were both involved in PINK1/parkin-dependent sequestrosome-like receptor (SLR) mi-

tophagy and PINK1/Parkin-independent SLRmitophagy. In SLR-dependent mitophagy, activation of the PTEN (or other E3 ligases)-inducible

kinase 1 (PINK1)/Parkin pathway leads to ubiquitination ofmitochondrial OMMproteins. These then bind cytosolic SLRs and activate the auto-

phagy mechanism. In contrast, in SLR-independent mitophagy, mitochondrial receptor proteins are upregulated on the OMM to allow them

to interact with related proteins on the phagophore triggering degradation process.52 In this context, although it is still unclear how LRRK2

modulates mitophagy, it has recently been demonstrated that the effect of LRRK2 on mitophagy is independent of the PINK1/Parkin

pathway.53 To date, little is known about the role of PGP9.5 in PD. However, high levels of ubiquitin C-terminal hydrolase L1 (UCH-L1) expres-

sion were found in LBs throughout the central and peripheral nervous systems at all stages of PD. PGP9.5 belongs to the ubiquitin

COOH-terminal hydrolase family and its alteration triggers the stability of the ubiquitin dependent proteolytic system.38,54 It has been demon-

strated that dysregulation of PGP9.5 has been implicated in the accumulation of protein aggregates, including a-syn, during PD.55 Further-

more, research suggests that in the ENS, alterations in PGP9.5 expression and activity may lead to dysregulation of protein homeostasis and

neuronal dysfunction, contributing to the gastrointestinal symptoms associatedwith PD.7,56 Although further studies are needed to fully eluci-

date the role of PGP9.5 in ENS and its contribution to PD, in our data, we found that the expression of PGP9.5was reducedbyMPTP exposure,

and this is accompanied by changes in the density of NSE in colonic tissue. In colonic tissue, LRRK2 inhibition leads to a significant decrease in
iScience 27, 110980, October 18, 2024 11
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Figure 8. Immunofluorescence analysis of occludin and ZO-1

Colon sections were stained with antibodies against occludin (green) or ZO-1 (green) and DAPI to highlight cell nuclei (blue). Occludin + cells in control group (A,

A1); see mean of intensity fluorescence (F). No Occludin + cells were showed in mice subjected to MPTP (B, B1); see mean of intensity fluorescence (F). Mice

treated with PF-475 at doses of 2.5 mg/kg (C, C1) see mean of intensity fluorescence (F), and 5 mg/kg (D, D1); see mean of intensity fluorescence (F) and

10 mg/kg (E, E1); see mean of intensity fluorescence (F; p = 0.89; F (4,45) = 0.277, one-way ANOVA method, followed by Bonferroni post hoc test for

multiple comparisons). ZO-1 + cells in control group (G, G1); see mean of intensity fluorescence (L). No ZO-1+ cells were showed in mice subjected to MPTP

(H, H1); see mean of intensity fluorescence (L). Mice treated with PF-475 at doses of 2.5 mg/kg (I, I1) see mean of intensity fluorescence (L), and 5 mg/kg (J,

J1); see mean of intensity fluorescence (L) and 10 mg/kg (K, K1); see mean of intensity fluorescence (L; p = 0.85; F (4,45) = 0.341, one-way ANOVA method,

followed by Bonferroni post hoc test for multiple comparisons). Constipation-related indicator was assessed through determination of fecal weight (M). Data

are representative of at least three independent experiments. Values are means G SD. Distribution of values come from individual animals. One-way

ANOVA test. ***p < 0.001 vs. control; ##p < 0.01 vs. MPTP; ###p < 0.001 vs. MPTP.
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PGP9.5 and NSE expression along with the restoration of PD-related colon dysfunctions by showing them as a strong predictor of PD

outcome. Consistently with studies about LRRK2 inhibitors and LRRK2 �/� mice4,57 effectively we found ameliorations in colon dysfunction

of MPTP mice by using PF-475, and that is because of its exerting action to modulate mitophagy also in colon tissue. We found an abnormal

mitochondrial dynamic in the colon of MPTP-mice, a process that basically influences mitochondrial function and autophagy all implicated

also in IBD.58 In the present study, MPTP induction significantly activatedmitophagymarkers including LAMP2, OPT, p62, and TNF-a expres-

sion levels in colon tissues. Also, markers to monitor mitophagy were decreased by LRRK2 inhibition by acting as an upstream coordinator of

the degradative process. As changes in mitophagy have been found in the colon of PDmice and after LRRK2 inhibition, dysfunctions of colon
12 iScience 27, 110980, October 18, 2024
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epithelial cells are often accompanied by impairments of barrier integrity and function. In addition, alteration of mitochondrial homeostasis is

accompanied by a decrease inmitochondrial oxygen consumption and a reduction in cellular ATP, conditions known to reduce TJs integrity.59

In this perspective, the evaluation of TJs represented by occludin, and ZO-1 allowed us to confirm that PD triggers in alterations of colon

integrity and to discover the contribution of LRRK2 in rebalancing colon barrier alteration from consequent damage. Moreover, constipation

is one of the most common gastrointestinal features of PD, and our results demonstrated that PF-475 improved this symptomatology by

increasing stool weight. Given the multiple cellular mechanisms of LRRK2 that are dysfunctional in SNpc, and in the colon of PD mice,

enhancing mitophagy and improving tissue restoration may rescue PD progression and related diseases. Although it is necessary to confirm

the results obtained with a genetic model such as the knockout, in this study we provided several lines of evidence that treatment with the

LRRK2 inhibitor improves the barrier and integrity of the colon and attenuates disease-related colon damage of PD.

Limitations of the study

Although this study revealed encouraging results, there are still a few limitations that need to be resolved. First, humandiseases are not always

possible to translate in preclinical models. Differences in neurodegeneration processes in the context of PD and the correlation of gastroin-

testinal disorders between mice and humans should be taken into a deep consideration. Moreover, the application of more sophisticated

methods will enable a better validation of these preliminary finding, thus providing a more robust characterization of the efficacy of PF-

475 in PD-related gastrointestinal disorders. Therefore, future studies using in vitro gene silencing models or in vivo knockout models will

be able to establish in detail the role of LRRK2 in the context of PD-related intestinal disorders.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-LRRK2 Abcam ab-133474

Rabbit monoclonal anti-phosphorylated LRRK2 Abcam ab-133450

Mouse monoclonal anti-iNOS Santa Cruz Biotechnology sc-7271

Mouse monoclonal anti-COX2 Santa Cruz Biotechnology sc-376861

Rabbit polyclonal anti- a-synuclein Santa Cruz Biotechnology sc-7011

Rabbit polyclonal anti-PGP9.5 Elabscience E-AB-53097

Rabbit polyclonal anti-NSE Invitrogen PA5-94940

Rabbit polyclonal anti-p62 Abcam ab91526

Mouse monoclonal anti-LAMP2 Invitrogen MA1-205

Rabbit monoclonal anti-RAB12(phosphor S106) Abcam ab256487

Rabbit polyclonal anti-RAB12 Proteintech 18843-1-AP

Rabbit monoclonal anti-RAB10(phosphor T73) Abcam ab230261

Mouse monoclonal anti-RAB10 Abcam ab104859

Mouse monoclonal anti-Occludin Santa Cruz Biotechnology sc-133256

Mouse monoclonal anti-ZO-1 Santa Cruz Biotechnology sc-33725

Mouse monoclonal anti-b-actin Santa Cruz Biotechnology sc-47778

Chemicals, peptides, and recombinant proteins

PF06447475 MedChemExpress LLC HY-12477

Precision Plus protein unstained Standards Bio-Rad 64333538

Critical commercial assays

Mouse IL-1b ELISA Kit Abcam ab197742

Mouse ATP ELISA kit MyBiosource MBS267352

Experimental models: Cell lines

SH-SY5Y ATCC� CRL-2266�

Experimental models: Organisms/strains

Mouse CD1 Envigo/Inotiv

Software and algorithms

ImageJ Fiji Version 1.53

GraphPad 9.0 Prism Version 8.4
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell cultures

Human neuroblastoma cells (SH-SY5Y cell line) (ATCC� CRL-2266�, derived from the parental SK-N-SH female human neuroblastoma cell

line) were seeded 8 3 105 cells and plated in 6-wells plate. Then, cells were incubated with retinoic acid (100 nM) for 24 h to induce differen-

tiation into mature neurons.60 Cells were After this time, cells were pretreated for 2 h with PF-475 (1 and 3 mM) followed by addition of MPTP

(3 mM). After 24 h, cell lysates were prepared for western blot analysis as previously described.60 The concentration of MPTP and PF-475 used

was based on previous in vitro studies.61

Differentiated SH-SY5Y cells were divided into 4 groups:

1. Control cells: differentiated cells were cultured with basal medium;

2. MPTP treated cells: differentiated cells were treated with 3 mM of MPTP;

3. MPTP+PF-475 1 mM treated cells: differentiated cells were treated with 1 mM PF-475 for 2 h before addition of 3 mM of MPTP for 24 h;

4. MPTP+ PF-475 3 mM treated cells: differentiated cells were treated with 3 mM PF-475 for 2 h before addition of 3 mM of MPTP for 24 h.
iScience 27, 110980, October 18, 2024 17
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Animals

CD1male mice (25–30 g; 6–8 weeks of age) were purchased from Envigo (Milan, Italy). The mice were placed in a controlled environment and

were fed with standard rodent food and water ad libitum. The animals were housed in stainless steel cages in a roommaintained at 22G 1�C
with a cycle of 12 h of light and 12 h of dark. The animal study was performed in accordance with Italian regulations on the use of animals

(D.M.116192) and Directive legislation (EU) (2010/63/EU) amended by Regulation (EU) 2019/1010. The animal protocol was approved by Ital-

ian Committee (n� 877/2023-PR released on 2023).
METHOD DETAILS

Materials

PF06447475 (abbreviated as PF-475) was purchased from MedChemExpress LLC (1 Deer Park Dr, Suite Q, Monmouth Junction, NJ 08852,

USA; # HY-12477). All stock solutions were prepared in nonpyrogenic saline (0.9% NaCl; Baxter, Liverpool, UK). Unless otherwise stated,

all compounds were obtained from Sigma–Aldrich (Milan, Italy).
Induction of MPTP mouse model

Adult male CD1 mice received four intraperitoneal injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (20 mg/kg; Sigma-

Aldrich, St. Louis, MO) in saline at 2 h intervals in 1 day and the total dose for each mouse was 80 mg/kg. Starting 24 h after the first

MPTP injection, animals received intraperitoneal administration of PF-475 at doses of 2.5 mg/kg ,5 mg/kg and 10 mg/kg respectively. PF-

475 was administered once daily until 7 days after the MPTP injection. PF-475 was dissolved in dimethyl sulfoxide (DMSO) and diluted

with 0.9% saline to a final concentration of <1% DMSO (see the table below).14 7 days after MPTP injection brains and colon were collected

and used for further analysis (Experimental timeline).

Experimental timeline

Study design of in vivo experiment.

Experimental groups and procedure of the study
Experimental Groups Experimental Procedure N�

1) CONTROL Vehicle solution (saline) was injected

intraperitoneally for 7 consecutive days

10

(Continued on next page
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Continued

Experimental Groups Experimental Procedure N�

2) CONTROL +PF-475 2.5 mg/kg PF-475 2.5 mg/kg was administered

intraperitoneally for 7 consecutive days

starting 24 h after vehicle solution injection

10

3) CONTROL + PF-475 5 mg/kg PF-475 5 mg/kg was administered

intraperitoneally for 7 consecutive days

starting 24 h after vehicle solution injection

10

4) CONTROL + PF-475 10 mg/kg PF-475 10 mg/kg was administered

intraperitoneally for 7 consecutive days

starting 24 h after vehicle solution injection

10

5) MPTP MPTP solution was administered

intraperitoneally during the first day, and

saline intraperitoneal administration

for 7 consecutive days starting 24 h

after MPTP injection.

10

6) MPTP + PF-475 2.5 mg/kg MPTP solution was administered

intraperitoneally during the first day,

and PF-475 2.5 mg/kg intraperitoneal

administration for 7 consecutive days

starting 24 h after MPTP injection.

10

7) MPTP + PF-475 5 mg/kg MPTP solution was administered intraperitoneally

during the first day, and PF-475 5 mg/kg

intraperitoneal administration for 7 consecutive

days starting 24 h after MPTP injection.

10

8) MPTP + PF-475 10 mg/kg MPTP solution was administered intraperitoneally

during the first day, and PF-475 10 mg/kg

intraperitoneal administration for 7 consecutive

days starting 24 h after MPTP injection.

10
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Recent studies have confirmed MPTP-induced PD animal models as a validated method to study PD-related disorders of the intestinal

environment.37,62,63 Indeed, MPTP neurotoxin in mice increases colonic motility associated with dopaminergic degeneration in the ENS

and increases alpha-synuclein, which has been identified in the colon of PDpatients. Compared to other neurotoxins,MPTP is a dopaminergic

neuronal toxin selective in ENS changes that alters colonic motility. Furthermore, numerous studies demonstrated that MPTP is a useful

neurotoxin for exploring the pathophysiological basis of gastrointestinal dysmotility in PD and to develop an animal model in which to study

the debilitating gastrointestinal symptoms associated with PD.32,33,64 The PF-475 route and doses of administration was based on previous

in vivo study.14 The minimum number of mice for every technique was estimated with the statistical test ‘‘ANOVA: Fixed effect, omnibus one-

way’’ with G-power software. The G* power analysis produced a minimum total number of mice of 80 which, when divided into the 8 groups,

leads to an effective sample size of 10 mice/group. Therefore, 10 mice were enrolled for histological analyzes (histology, immunohistochem-

istry, and immunofluorescence), 10 mice for western blot and ELISA analyses, and 10 mice for high-performance liquid chromatography

(HPLC). Animals were monitored daily for morbidity and mortality, and their body weight was monitored weekly to assess overall health.

At the end of the experiment the survival rate was 100%. Data regarding control mice subjected to intraperitoneally treatment with

PF-475 at different doses (2.5, 5 and 10 mg/kg) are not shown because of no significant changes reported in control + PF-475 2.5, 5 and

10 mg/kg treated mice compared to the control + vehicle mice.

Experimental groups

Animals were randomly divided as summarized in the table in the "induction of MPTP mouse model" section.

Western blot analysis

For western blot analysis, the brain and colon tissues were surgically isolated. Tissue samples were processed and were suspended in two

different buffers (buffer A and B) to extract the cytosolic and nuclear fractions. Buffer A contains 0.2 mM PMSF, 0.15mM pepstatin A, 20 mM

leupeptin, and 1 mM sodium orthovanadate. Subsequently, samples homogenized with buffer A were centrifuged at 12,000 rpm for 4 min

at 4�C. The supernatants obtained represented the cytosolic portion, the pellets instead represent the nuclear part. Immediately after, the

pellets were suspended in buffer B and centrifuged for 10 min at 4�C, and the supernatants part was collected and stored at �20�C for

further analysis. Buffer B contains 1% Triton X-100, 150 mM NaCl, 10 mM Tris–HCl pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM PMSF,
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20 mM leupeptin, 0.2 mM sodium orthovanadate.14,65 The expression of leucine-rich repeat kinase 2 (LRRK2), phosphorylated LRRK2 at

Serine935 (p-Ser935), cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), a-Synuclein, protein gene product 9.5 (PGP9.5),

neuron specific enolase (NSE), ubiquitin-binding protein p62 (p62), optineurin (OPT), lysosome-associated membrane protein-2

(LAMP2) , and tumor necrosis factor- a (TNF- a) were quantified in cytosolic proteins fractions. Protein samples were used for the SDS

page, subsequently, membranes were incubated overnight with the following primary antibodies: the following primary antibodies diluted

in milk, Phospahate-Buffered Saline (PBS), and 0.1% Tween-20 (PMT): anti-LRRK2 (1:1000 Abcam, ab-133474), anti-phosphorylated LRRK2

at Serine935 (1:1000 Abcam, ab-133450) anti-iNOS (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; sc-7271); anti-COX2 (1:500; Santa

Cruz Biotechnology, Dallas, TX, USA; sc-376861), anti-a-Synuclein (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; sc-7011), anti-

PGP9.5 (1:1000; Elabscience, Cat no. E-AB-53097); anti-NSE (1:1000; Invitrogen, PA5-94940); anti-p-62 (1:1000, Abcam, ab91526), anti-op-

tineurin (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; sc-166576); anti-LAMP2 (1:1000; Invitrogen, MA1-205); anti-TNF-a (1:500; Santa

Cruz Biotechnology sc-52746); anti-p-Rab12 (1:500; ab256487, Abcam); anti-Rab12 (1:500, 18843-1-AP, Proteintech); anti-p-Rab10 (1:500

ab230261, Abcam); anti-Rab10 (1:500, ab104859, Abcam); anti-Occludin (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; sc-133256),

anti-ZO-1 (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; sc-33725). To confirm that the samples contained an equal protein concen-

tration, membranes were incubated with primary anti-b-actin antibody (1:500; sc-47778; Santa Cruz Biotechnology, Dallas, TX, USA).

Finally, signals were revealed by enhanced chemiluminescence (ECL) detection system reagent according to the manufacturer’s instruc-

tions (SuperSignal West Pico Chemiluminescent Substrate, Thermo Fisher Scientific, Waltham, MA, USA). The relative expression of the

protein bands was quantified by densitometry with BIORAD ChemiDoc�XRS + software and standardized to b-actin levels as internal

control.
Measurement of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanilic acid (HVA) levels in the striatum

Dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanilic acid (HVA) were quantified via high performance

liquid chromatography (HPLC) with electrochemical detection, using 0.15 M monochloroacetic acid, pH 3.0, and 200 mg/L sodium octyl sul-

fate, 0.1 mM EDTA, 4% acetonitrile, and 2 .5% tetrahydrofuran as mobile phase. Data were collected and processed on a Dynamax (Rainin

Instruments) computerized data manager.66
Enzyme-linked immunosorbent assay (ELISA kit)

The ELISA kit assay was performed on the protein extract of colon samples to determine the concentration of proinflammatory cytokine IL-1b

according to manufacturer’ instructions (Mouse IL-1b ELISA Kit, Abcam, ab197742).
Histological evaluation

Histological analyses were performed to assess colonic morphological changes.67 Briefly, after the sacrifice, colon tissues were fixed in 10%

(w/v) PBS-buffered formaldehyde solution at 25�C for 24 h. After a dehydration process through a scale of increasing concentrations of alco-

hols and xylene, tissues were included in paraffin (Bio-Optica, Milan, Italy) and subsequently cut under the microtome obtaining 7 mm thick

sections. For morphological analyses, slides were stained with Hematoxylin/Eosin (H&E, Bio-Optica, Milan, Italy) to assess histological alter-

ations, edema, and neutrophilic infiltration. We used the following morphologic criteria for the histological analysis: score 0 no morphologic

damage; score 1 focal epithelial edema as well as necrosis; score 2 diffuse inflammation and necrosis of villous area; score 3 presences of

neutrophilic infiltration in submucosa area; score 4 necrosis and neutrophil infiltration; score 5 massive neutrophilic infiltration. All sections

were examined at an objective lens of 20x and 40x by using a Nikon Eclipse Ci-L microscope.
Immunohistochemistry analysis

At the end of the experiment, the presence of PGP9.5 marker and a-synuclein in colon tissues, was investi-gated by immunohistochemistry.68

Colon samples were immediately fixed in 10% (w/v) PBS-buffered formaldehyde solution at 25�C for 24 h. After a dehydration process through

a scale of increasing concentrations of alcohols and xylene, tissues were included in paraffin (Bio-Optica, Milan, Italy) and subsequently cut

withmicrotome into 7 mmslices and, after deparaffinization, endogenous peroxidase was quenchedwith 0.3% (v/v) hydrogen peroxide in 60%

(v/v) methanol for 30min. Slides were permeabilized with 0.1% (w/v) Triton X-100 in PBS for 20min. Non-specific adsorption was decreased by

incubating the section in 2% (v/v) normal goat serum in PBS for 20 min. Endogenous avidin or biotin binding sites were blocked by sequential

incubation for 15 min with avidin and biotin (Vector Laboratories, Burlingame, CA, USA), respectively. Then, sections were incubated over-

night (O/N) with the following primary antibodies: anti-PGP9.5 (Elabscience, Cat no. E-AB-53097) and a-synuclein (1:100; sc-7011; Santa

Cruz Biotechnology, Dallas, TX, USA). Then, the sections were washed with PBS and incubated with secondary antibody for 1 h. The reaction

was revealed using the water-soluble, chromogenic substrate 3,30-Diaminobenzidine (DAB), and counter-stained with Nuclear Fast Red. The

percentage area of immunoreactivity (determined by the number of positive pixels) was expressed as the % of total tissue area (red staining)

within five random fields at an objective lens of 403 and analyzed using a computerized image analysis system (Leica QWin V3, Cambridge,

UK). All stained sections were observed and analyzed in a blinded manner at an objective lens of 20x and 40x by using a Nikon Eclipse Ci-L

microscope.
20 iScience 27, 110980, October 18, 2024
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Immunofluorescence analysis

After deparaffinization and rehydration, detection of ZO-1 andOccludin was performed after heating the colon sections in 0.1M citrate buffer

for 1 minute. Non-specific adsorption was diminished by incubating the section in 2% (vol/vol) bovine serum albumin in PBS for 20 min.68

Sections were incubated with anti-ZO-1 (1:100; Santa Cruz Biotechnology, Dallas, TX, USA; sc-33725) or anti-occludin (1:100; Santa Cruz

Biotechnology, Dallas, TX, USA; sc-133256) antibodies in an O/N humidified chamber. The sections were then incubated with a secondary

antibody, a fluorescein-isothiocyanate (FITC) conjugated anti-mouse Alexa Fluor-488 antibody (1:1000 v/v Molecular Probes, Altrincham,

UK), for 3 hours at room temperature. Finally, after washing with PBS, nuclei were stained by adding 2 mg/mL 40,60-diamidino-2-phenylindole

(DAPI; Hoechst, Frankfurt, Germany). Sections were observed at an objective lens of 40x by using a Nikon Eclipse Ci-L microscope. using a

Nikon EclipseCi-Lmicroscope. For each antibody analyzed, positive cells were counted stereologically on the sections by examining themost

brightly labeled pixels and applying settings that allowed clear visualization of structural details. The same settings were used for all images

obtained from the other samples which were processed in parallel.
Determination of fecal weight

Determination of fecal weight was performed as constipation-related indicator.69 Fecal weight was measured every day from day one to day

seven.
Adenosine triphosphate (ATP) assay

Mitochondrial function was assessed by measuring ATP levels. ATP levels were measured from brain and colon protein samples using a stan-

dard curve method by using ATP ELISA kit (MyBiosource Cat No. MBS267352), according to the manufacturer’s instructions. The plate was

read in an microplate reader with an absorbance wavelength of 450 nm.25
Malondialdehyde (MDA) assay

Malondialdehyde (MDA), a byproduct of lipid peroxidation, has been established to assay mitochondrial activity.70 Brain and colon tissues

were homogenised in 1.15% (w/v) KCl solution. A 100 ml aliquot of the homogenate was added to a reaction mixture containing 200 ml of

8.1% (w/v) SDS, 1.5 ml of 20% (v/v) acetic acid (pH 3.5), 1.5 ml of 0.8% (w/v) thiobarbituric acid and 700 ml distilled water. Samples were

then boiled for 1 h and centrifuged for 10 min. The absorbance of the supernatant was measured using spectrophotometry at 650 nm.67,71
QUANTIFICATION AND STATISTICAL ANALYSIS

Values aremeansG SD. Distribution of values come from individual animals. The results were analyzed with GraphPad 9 software by one-way

analysis of variance (ANOVA), followed by a Bonferroni post hoc test for multiple comparisons. A p-value of less than 0.05 was considered

significant.
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