
INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disor-
der characterized by the loss of dopaminergic neurons in the 
substantia nigra (SN) and alpha-synuclein deposits in various 
brain regions (Hirsch et al., 1988, 2003). The degeneration 
of dopaminergic neurons in the SN results in reduced stria-
tal dopamine content and motor dysfunction, including rigid-
ity and tremor (Braak et al., 2003). A number of studies have 
demonstrated that activated microglia produce and release 
various proinflammatory markers and have suggested strong 
correlations between microglial activation and dopaminergic 
degeneration as one of the critical pathogenic factors for PD 
(Liu, 2006; Frank et al., 2007; Ghosh et al., 2007; Lyons et al., 

2007; Moon et al., 2009; Ros-Bernal et al., 2011). 
Matrix metalloproteinases (MMPs) are zinc-dependent en-

dopeptidases that degrade extracellular matrix (ECM). MMPs 
are involved in normal embryogenesis, tissue morphogenesis, 
and tumor cell development (Rooprai et al., 2000; Abdullah 
Thani et al., 2012). MMPs are patho-physiological regula-
tors of PD. Abnormal regulation of various MMP functions 
has been reported in PD models and patients. For example, 
MMP-2 levels were reduced in the substantia nigras of post-
mortem brains of PD patients (Lorenzl et al., 2002). MMP-9 
was elevated in MPTP-induced parkinsonism in mice, and an 
MMP inhibitor suppresses dopaminergic cell death (Lorenzl 
et al., 2004). MMP-3 knockout mice showed attenuated neu-
ronal cell death and dopamine depletion in an MPTP-induced 

483

Parkinson’s disease (PD) is a neurodegenerative disorder that involves the loss of dopaminergic neurons in the substantia nigra 
(SN). Matrix metalloproteinases-8 (MMP-8), neutrophil collagenase, is a functional player in the progressive pathology of various 
inflammatory disorders. In this study, we administered an MMP-8 inhibitor (MMP-8i) in Leucine-rich repeat kinase 2 (LRRK2) 
G2019S transgenic mice, to determine the effects of MMP-8i on PD pathology. We observed a significant increase of ionized cal-
cium-binding adapter molecule 1 (Iba1)-positive activated microglia in the striatum of LRRK2 G2019S mice compared to normal 
control mice, indicating enhanced neuro-inflammatory responses. The increased number of Iba1-positive activated microglia in 
LRRK2 G2019S PD mice was down-regulated by systemic administration of MMP-8i. Interestingly, this LRRK2 G2019S PD mice 
showed significantly reduced size of cell body area of tyrosine hydroxylase (TH) positive neurons in SN region and MMP-8i signifi-
cantly recovered cellular atrophy shown in PD model indicating distinct neuro-protective effects of MMP-8i. Furthermore, MMP-8i 
administration markedly improved behavioral abnormalities of motor balancing coordination in rota-rod test in LRRK2 G2019S 
mice. These data suggest that MMP-8i attenuates the pathological symptoms of PD through anti-inflammatory processes. 
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PD model, suggesting a role for MMP-3 in the pathogenesis 
of PD (Kim et al., 2007). Papaverine (PAP) inhibited dopa-
minergic neuronal cell death and α-synuclein aggregation by 
repressing expression level of MMP-3 and neuroinflammation 
in MPTP PD model mice (Leem et al., 2020). MMP-1 and -3 
induced the cleavage of α-synuclein, increasing α-synuclein 
aggregation and neurotoxicity, which is associated with PD 
pathogenesis (Sung et al., 2005; Levin et al., 2009). Previous-
ly, our group reported that MMP-3, MMP-8, and MMP-9 play 
an important role in α-synuclein-induced microglial activation 
by activating protease-activated receptor-1 (Lee et al., 2010). 
Moreover, inhibition of MMP-3, -8, or -9 significantly sup-
pressed proinflammatory cytokine expression and upstream 
signaling pathways induced by α-synuclein (Lee et al., 2010).

MMP-8 is a neutrophil collagenase that is associated with 
various inflammatory disorders, such as atherosclerosis, peri-
odontitis, pulmonary disease, diabetes, and cancer (van der 
Zijl et al., 2010; Sorsa et al., 2011; Väyrynen et al., 2012). The 
absence of MMP-8 induced an increase in tumor susceptibility 
and an anti-fibrotic effect with an increase in IL-10 (Balbin et 
al., 2003; Gueders et al., 2005; Van Lint et al., 2005; Gutier-
rez-Fernandez et al., 2007; Garcia-Prieto et al., 2010). Recent 
studies have examined MMP-8 in various neuroinflammatory 
disorders. In bacterial meningitis, MMP-8 degrades occludin, 
one of the blood-brain barrier (BBB) components, and induces 
neuroinflammation (Schubert-Unkmeir et al., 2010). In experi-
mental autoimmune encephalomyelitis (EAE), an animal mod-
el of human multiple sclerosis, MMP-8 modulates Th1/Th2 
polarization, which results in inflammation and demyelination 
(Folgueras et al., 2008). Administration of an MMP-8 inhibitor 
or MMP-8 knockout mice led to attenuation of BBB breakdown 
and EAE progression. MMP-8 inhibitor significantly reduced 
TNF-α, IL-6, and iNOS expression levels and increased tight 
junction proteins expression in rat model of spinal cord injury 
(SCI) (Kumar et al., 2018). Our group recently reported on the 
proinflammatory role of MMP-8 in microglial activation (Lee 
et al., 2014). In LPS-stimulated microglia, MMP-8 is involved 
in TNF-α processing; therefore, specific inhibition of MMP-8 
strongly suppressed TNF-α secretion. In addition, administra-
tion of an MMP-8 inhibitor or MMP-8 shRNA reduced inflam-
matory responses in mouse brains with systemic inflammation 
and cerebral ischemia (Lee et al., 2014; Han et al., 2016). 
Moreover, MMP-8 inhibitor enhanced antioxidant effect by 
modulating Nrf2/ARE signaling pathway in lipoteichoic acid-
stimulated rat primary astrocytes (Lee et al., 2018). Further-
more, inhibition of MMP-8 significantly reduced infarct volume 
and neuronal cell death in the ischemic mouse brain (Han et 
al., 2016).

Although a number of previous studies have found that 
MMP-8 plays an important role in neuronal cell death and neu-
roinflammation, the role of MMP-8 in in vivo PD pathology has 
not been elucidated. To study the in vivo effects of MMP-8 inhi-
bition, we used LRRK2 G2019S mice at 20-24 months of age. 
LRRK2 is associated with autosomal dominant and late-onset 
PD and LRRK2 G2019S mutations increased kinase activity 
and decreased cellular viability (Smith et al., 2006). LRRK2 
G2019S mutant mice showed alpha-synuclein inclusion bod-
ies and impairment of chaperone-mediated autophagy (Oren-
stein et al., 2013). The MMP-8 inhibitor (MMP-8i) used in this 
study is known to be MMP-8 specific because it reduced mor-
tality and inflammatory markers in a murine model of sepsis 
and because it reproduced the MMP-8 -/- phenotype (Solan 

et al., 2012). This MMP-8i markedly inhibited LPS-induced 
MMP-8 activity without altering MMP-3 or MMP-9 activities in 
LPS-stimulated BV2 microglia (Lee et al., 2014). In the present 
study, we examined the effects of MMP-8i on the PD pathol-
ogy of LRRK2 G2019S mice to evaluate neuroinflammation, 
cellular oxidative stress, mitochondrial activities, neuronal vi-
ability, cellular morphology, and motor balancing coordination 
behaviors. 

MATERIALS AND METHODS

Experimental animals and MMP-8 inhibitor administration
LRRK2 G2019S mutant mice (FVB/N-Tg 1Cjli/J, Jack-

son Laboratory, Bar Harbor, ME, USA) were purchased and 
housed under a 12 h light-dark cycle with free access to food. 
All experiments were performed according to the guidelines of 
the Institutional Animal Care and Use Committee (IACUC) of 
Hanyang University (Seoul, Korea) (HY-IACUC-12-018). We 
used MMP-8 inhibitor (MMP-8i) which showed specific and ef-
ficient inhibition of MMP-8 in previous studies (Solan et al., 
2012; Lee et al., 2014). We injected MMP-8i (Calbiochem, 
San Diego, CA, USA; 5 mg/kg, i.p., once per day for 4 days) or 
1% dimethyl sulfoxide (DMSO) as a vehicle into male LRRK2 
G2019S mice. 

In this study, 17 male mutant mice (vehicle injection: MMP-
8i injection=9:8) and 16 male littermate control mice (vehicle 
injection: MMP-8i injection=9:7) at age of 20-24 months were 
used for behavioral and biochemical analysis. On the last day 
of injection (4th day), all mice were tested in the rota-rod and 
open field tests and sacrificed 8 h after the final injection. 

Rota-rod test
We tested all experimental mice with the rota-rod and open 

field tests to determine motor coordination and locomotor ac-
tivities. The rota-rod test was performed first in four consecu-
tive trials (5 rpm, for a period of 60 s) as previously described 
(Seo et al., 2008), and the latency to fall from the rotating rod 
(Panlab, Barcelona, Spain) was video-recorded and statisti-
cally analyzed using SPSS program (IBM, Armonk, NY, USA). 

Open field test
For the open field test, mice were placed in the center of 

a clear acrylic box (27.5×27.5 cm2) with a black line divided 
into 25 squares (5.5×5.5 cm2 each). Mouse movements were 
counted and recorded for three trials (4 min per trial) with no 
interval. The total number of rearing and wall-rearing were 
counted to detect motor ability. The time spent in the center 
square area was also counted to detect anxiety-like behavior. 
All the motor activities were video-recorded and statistically 
analyzed using SPSS program (IBM).

Immunohistochemical analysis
For immunohistochemical analysis, mice were perfused 

with phosphate-buffered saline (PBS) and then 4% parafor-
maldehyde (PFA), as previously described (Seo et al., 2004), 
and then the brains were removed from the skull, post-fixed in 
4% PFA for 3 h, and moved to a 20% sucrose solution for 2 
days. Serial sections of the brains were sliced into 30 μm sec-
tions on a freezing microtome (Thermo 430, Thermo Fisher 
Scientific, Walldorf, Germany) and sections were stored in 
PBS with 0.03% sodium azide at 4°C until use. Brain sections 
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from experimental groups were incubated in blocking solution 
with 10% normal goat serum (NGS; Vector Laboratories, Burl-
ingame, CA, USA) for 1 h at RT, and then incubated in various 
primary antibodies, including polyclonal anti-ionized calcium-
binding adapter molecule 1 (Iba1) (1:250; Wako, Osaka, Ja-
pan), polyclonal anti-choline acetyltransferase (ChAT) (1:500; 
Millipore, Bedford, MA, USA), or polyclonal anti-tyrosine hy-
droxylase (TH) (1:500; Pel-freez, Rogers, AR, USA), for 3 h 
at RT. They were then incubated with the secondary antibody, 
HRP-linked anti-rabbit IgG (1:500; Vector Laboratories). Af-
ter incubation in a diaminobenzidine (DAB) solution (Vector 
Laboratories), sections were mounted on 0.3% gelatin-coated 
glass plates and air-dried. After applying a coverslip, we ob-
tained images using a Carl Zeiss microscope (Axio observer, 
Carl Zeiss, Oberkochen, Germany). The quantification of im-
muno-reactive cells was carried out following previous studies 
(Jeon et al., 2016). In brief, unbiased stereological methods 
were applied and blindly confirmed by two different asses-
sors on coded slides. Labelled cells were counted in every 
twelfth section in one in twelve series, with a total of three 
sections per animal analyzed. The region of interest was iden-
tified at 10×magnification, whereas the cells were quantified 
at 600×magnification. The areas of the immuno-reactive cells 
were measured using Image J program (version 1.46r; NIH, 
Bethesda, MD, USA). 

RNA isolation and quantitative RT-PCR
RNA samples were isolated from the striatum using TRI-

reagent (Sigma-Aldrich, St. Louis, MO, USA) following the 
manufacturer’s instruction. The RNA pellet was dried for 10 
min and dissolved with DEPC-treated water (Ambion, Austin, 
TX, USA) and stored at –20°C before use. The Premium ex-
press 1st strand cDNA synthesis system (Legene biosciences, 
San Diego, CA, USA) was used to synthesize the first-strand 
cDNA from equal amounts (500 ng) of the RNA samples. The 
cycling reactions were performed in 40 cycles of 95°C for 15 
s and 60°C for 1 min. The primer sequences for quantitative 
RT-PCR is summarized in Table 1. The expression levels of 
each target gene were normalized by the expression level of 
beta-actin and presented as group comparison. 

Protein sample preparation
For biochemical analysis, the striatum region of the brain 

was dissected out and the tissue chunks were stored at –80°C 
before use. Brain tissue chunks of the striatum region were 
homogenized in 50 mM Tris (pH 8.0), 150 mM NaCl, 5 mM 
EDTA, 1% Triton X-100 with inhibitors of protease and phos-
phatase: 10 μg/mL aprotinin, 25 μg/mL leupeptin, 10 μg/mL of 
pepstatin, 10 μg/mL phenyl-methanesulfonyl fluoride, 50 mM 
sodium fluoride, and 1 mM sodium orthovanadate (Sigma-Al-
drich). The brain lysate was centrifuged at 1,400×g for 5 min at 
4°C and the supernatant was collected and centrifuged again 
at 7,900×g for 15 min. The supernatant after centrifugation 
was used for the cytoplasmic fraction and the pellet was re-
suspended and sonicated for mitochondrial fraction. All pro-
tein samples were stored at –80°C until use. Cytoplasmic and 
mitochondrial fractionation was confirmed with the expression 
level of mitochondrial protein.

Immunoblot
Protein samples (20 μg) were used for western blot and 

slot blot analysis. The following primary antibodies were used: 

polyclonal anti-LRRK2 (1:2,500; Millipore), monoclonal anti-
CD45 (1:2,500; Abcam, Cambridge, MA, USA), polyclonal an-
ti-MMP-8 (1:2,500; Abcam), monoclonal anti-β-actin (1:2,500; 
Abcam), and monoclonal anti-GAPDH (1:2,500; Millipore). 
We used horseradish peroxidase (HRP)-linked anti-rabbit 
(1:2,500; Vector Laboratories, Burlingame, CA, USA) or HRP-
linked anti-mouse (1:2,500; Vector Laboratories) IgG antibod-
ies as secondary antibodies. After the incubation with primary 
and secondary antibodies, the blotted membrane was devel-
oped using ECL prime (Merck, Boston, MA, USA). Intensity 
of each band was quantified using Image J program (version 
1.46r; NIH), and normalized to the expression level of β-actin 
or GAPDH as loading control. 

Determination of glutathione levels (GSH/GSSG)
Cellular levels of glutathione (reduced/oxidized forms, 

GSH/GSSG) were detected from the cytosolic fraction of the 
striatum using a GSH/GSSG ratio detection assay kit (Abcam) 
according to the manufacturer’s protocol. Total 10 μg of cy-
tosolic protein samples were loaded for the reaction with the 
Thiol Green Indicator Reaction Mixture and then incubated at 
room temperature for 30 min. Enzyme activity was detected at 
490/520 nm and normalized to protein amount. 

Determination of ATP levels
ATP levels in the mitochondria fraction were measured by 

Table 1. List of primers used for quantitative RT-PCR

Gene Primers used

CD11b 5’-GCA GTC ATC TTG AGG AAC CGT GTC-3’ (forward) 
5’-GTT GGT ATT GCC ATC AGC GTC C-3’ (reverse)

CD45 5’-CAG AGC ATT CCA CGG GTA TT-3′ (forward)
5′-GGA CCC TGC ATC TCC ATT TA-3′ (reverse)

IL-1β 5’-CTG GTG TGT GAC GTT CCC ATT A-3’ (forward) 
5’-CCG ACA GCA CGA GGC TTT-3’ (reverse)

IL-6 5’-TCC ATC CAG TTG CCT TCT TGG-3’ (forward)
5’-CCA CGA TTT CCC AGA GAA CAT G-3’ (reverse)

SRA 5’-GAC GCT TCC AGA ATT TCA GC-3’ (forward)
5’-ATG TCC TCC TGT TGC TTT GC-3’ (reverse)

TLR2 5’-TGC TTT CCT GCT GGA GAT TT-3’ (forward) 
5’-TGT AAC GCA ACA GCT TCA GG-3’ (reverse)

TLR4 5’-TGA CAG GAA ACC CTA TCC AGA GTT-3’ (forward)
5’-TCT CCA CAG CCA CCA GAT TCT-3’ (reverse)

TGF-β 5’-AAC AAT TCC TGG CGT TAC CTT-3’ (forward)
5’-CTG CCG TAC AAC TCC AGT GA-3’ (reverse)

iNOS 5’-TCA GCC AAG CCC TCA CCT AC-3’ (forward)
5’-CCA ATC TCT GCC TAT CCG TCT C (reverse)

FcγRII 5’-GGA AGA AGC TGC CAA AAC TG-3’ (forward)
5’-CCA ATG CCA AGG GAG ACT AA-3’ (reverse)

TNF-α 5’-CCC CAA AGG GAT GAG AAG TT-3’ (forward)
5’-CAC TTG GTG GTT TGC TAC GA-3’ (reverse)

IFN-γ 5’-GAG GAA CTG GCA AAA GGA TG-3’ (forward)
5’-TGA GCT CAT TGA ATG CTT GG-3’ (reverse)

β-actin 5’-GTC CAC ACC CGC CAC CAG TTC G-3’ (forward) 
5’-ATG CCG GAG CCG TTG TCG AC-3’ (reverse)

GAPDH 5’- ATG AAT ACG GCT ACA GCA -3’ (forward) 
5’- GCC CCT CCT GTT ATT ATG G -3’ (reverse)
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oxidation of luciferin using the ATP Bioluminescence Assay Kit 
HS II (Roche, Penzberg, Germany) according to the manufac-
turer’s protocol. The mitochondria samples from the striatum 
(7.5 μg) or ATP standard solution were loaded into individual 
wells of a microplate with 50 μL of luciferase reagent. The 
microplate was immediately read using a microplate reader 
(562 nm, Synergy H1 Hybrid Multi-Mode Microplate Reader, 
BioTek, Winooski, VT, USA). 

 Determination of mitochondrial complex activities
We determined activities of mitochondrial complexes as 

previously described (Bouhours-Nouet et al., 2005). Briefly, 
for complex I activity, the mitochondria fraction samples (1 
μg) were incubated in 10 mM KH2PO4 (pH 7.4), with 2 mM 
KCN, 100 μM decylubiquinone, 1 mg/mL BSA and 200 μM 
NADH (Sigma-Aldrich). For complex II/III activity, the mito-
chondria fraction samples (10 μg) were incubated in 40 mM 
K2HPO4 (pH 7.4), 20 mM succinate, 50 μM cytochrome c, 0.5 
mM EDTA, and 1.5 mM KCN. For complex IV activity, the mi-
tochondria fraction samples (5 μg) were incubated in 10 mM 
KH2PO4 (pH 7.4), and 50 μM reduced cytochrome c (reduced 
using sodium dithionite). The decrease in the absorbance due 
to the oxidation of substrates was measured at 340 nm for 
complex I activity, and at 550 nm for complex II/III and com-
plex IV activities. The absorbance for mitochondrial complex 
activities was detected for 8 h with 3 min intervals at 30°C in a 
microplate reader (Synergy H1 Hybrid Multi-Mode Microplate 
Reader, BioTek). Complex activities were normalized to pro-
tein amounts and reaction time as nmol/min/mg. 

Statistical analysis of data
All biochemical experiments were triplicated before statisti-

cal analyses which were carried out using SPSS (version 21; 
IBM). Data from RT-PCR, immunoblots, immunohistochem-
istry, and behavioral tests were analyzed by comparing the 
MMP-8i injected group with the vehicle injected control group 
as mean ± SEM using the student’s t-test and ANOVA analy-
sis. A p-value less than 0.05 was considered statistically sig-
nificant between groups. 

RESULTS

Previous studies reported that MMP-8 plays an important 
role in neuroinflammation and neuronal cell death in in vitro 
PD models (Solan et al., 2012; Lee et al., 2014). In this study, 
we used MMP-8i, which has been reported for its efficient and 
specific inhibition of cellular MMP-8 activity (Solan et al., 2012; 
Lee et al., 2014) to detect the expression levels of proinflam-
matory markers, mitochondrial complex activities, and gluta-
thione oxidation/reduction to understand cellular mechanism 
for morphological alteration, bioenergetics, oxidative stress. In 
addition, we tested whether MMP-8i can eventually improve 
locomotor activities in LRRK2 G2019S mice. 

MMP-8i administration reduced the microglial activation
The number of Iba1-positive cells, which represent activat-

ed microglia, significantly increased in the striatum of LRRK2 
G2019S mice compared to littermate control mice (Fig. 1A). 
These data indicate enhanced level of neuroinflammation in 
the LRRK2 G2019S PD model mice used in this study. MMP-
8i administration significantly decreased the number of Iba1-

positive cells in both LRRK2 G2019S and littermate control 
mice, suggesting the reduced inflammatory response after 
MMP-8i administration in PD model mice. Supporting this 
data, when we determined the expression levels of inflamma-
tory markers including several cytokines (Fig. 1B), we found 
that significant increase of TGF-β mRNA expression and in-
creasing patterns of the most of inflammatory markers tested 
as shown in Fig. 1B. However, we could not find the significant 
decreased of the mRNA expression levels of those inflamma-
tory markers by MMP8i. Interestingly, protein levels of CD45 
significantly decreased in striatum of LRRK2 G2019S mice 
after administration of MMP-8i (Fig. 2A) without significant 
changes of LRRK2 protein expression.

MMP-8i administration reduced the expression levels of 
MMP-8 

Previous studies showed that MMP-8i inhibits the activity 
of MMP-8 and reduces MMP-8 expression levels in a neuro-
inflammation model (Lee et al., 2014). In this study, LRRK2 
G2019S mice showed strongly increased MMP-8 protein lev-
els compared to littermate control mice (Fig. 2B). After MMP-
8i administration, the mRNA levels of MMP-8 significantly 
decreased in striatum of LRRK2 G2019S mice. The level 
of plasma MMP-8 mRNA was significantly higher in LRRK2 
G2019S mice compared to littermate control mice, and it sig-
nificantly decreased after MMP-8i injection (data not shown). 
This pattern was similar to the protein detection data in the 
striatum of LRRK2 G2019S mice (Fig. 2B). 

The effect of MMP-8i on oxidative stress and 
mitochondrial complex activities

To understand the cellular process of neurodegeneration 
and neuroinflammation after MMP-8i administration, we de-
termined whether MMP-8i changes cellular oxidative stress 
levels and mitochondrial complex activities. We evaluated 
glutathione contents to determine the endogenous oxidative 
stress levels in the striatum of LRRK2 G2019S mice. We de-
tected the level of reduced glutathione (GSH) as a scavenger 
of reactive oxygen species (ROS), and its ratio with oxidized 
glutathione (GSSG), GSH/GSSG, as a marker of endogenous 
oxidative stress (Zitka et al., 2012). In our results, LRRK2 
G2019S mice did not show significant changes in the GSH/
GSSG ratio. In addition, MMP-8i did not significantly change 
GSH/GSSG ratios in the striatum of both LRRK2 G2019S and 
littermate control mice (Fig. 3A).

We next measured mitochondrial ATP levels as a parameter 
of mitochondrial activity to quantify the products of oxidative 
phosphorylation in mitochondrial energy metabolism. LRRK2 
G2019S mice and littermate control mice did not show sig-
nificant differences in mitochondrial ATP levels. Mitochondrial 
ATP levels significantly increased in the striatum after MMP-8i 
administration in littermate control mice (Fig. 3B). 

To elucidate how the oxidative phosphorylation to produce 
ATP gets affected by mitochondrial enzyme activities, we mea-
sured mitochondrial complexes, I, II/III, and IV enzyme activi-
ties in the striatum of LRRK2 G2019S mice. Although LRRK2 
G2019S mice did not show significantly different levels of mi-
tochondrial complex activities, compared to littermate control 
mice (Fig. 3C), MMP-8i administration did increase complex 
IV activity in littermate control mice. These data showed simi-
lar patterns with the change of ATP levels suggesting potential 
correlation between mitochondrial complex IV activities and 
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ATP production in the recovery process of cellular function. 

The effect of MMP-8i on the survival of neurons in the 
substantia nigra and amygdala

To detect the effects of MMP-8i on neuroprotection for the 
survival of functional neurons in the brains of LRRK2 G2019S 
mice, we stained immunoreactive neurons in the substantia 
nigra and amygdala using immunohistochemical techniques. 
LRRK2 G2019S mice did not show significant differences in 

the number of TH-positive cells in the substantia nigra com-
pared to normal littermate control mice (Fig. 4A). However, 
LRRK2 G2019S mice showed significant reduction of the cell 
body area of TH-positive cells in the substantia nigra compared 
to littermate control mice (Fig. 4A). The reduced cell body area 
of TH-positive cells was recovered by MMP-8i administration 
(Fig. 4A). LRRK2 G2019S mice showed an increased number 
of ChAT-positive neurons in the basolateral amygdala (BLA) 
region compared to littermate control mice (Fig. 4B). MMP-
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Fig. 2. The effects of MMP-8i on protein expression levels in the striatum of LRRK2 G2019S mice. The protein levels of LRRK2, CD45, and 
MMP8 were detected from the striatum sample of LRRK2 G2019S mice using Western blot (A) and slot immunoblot (B). The protein expres-
sion levels were normalized by cellular β-actin and GAPDH respectively.

LRRK2

CD45

�-actin

140 kDa

170 kDa

43 kDa

MMP-8

GAPDH 43 kDa

Veh MMP-8i Veh MMP-8i

Normal G2019S

Veh MMP-8i Veh MMP-8i

Normal G2019SA B



488https://doi.org/10.4062/biomolther.2020.181

8i significantly decreased the number of ChAT-positive neu-
rons in the BLA region of littermate control mice, but did not 
show significant change of the cell body area of ChAT-positive 
neurons in LRRK2 G2019S mice. These results suggest that 
MMP-8i could affect the morphology of dopaminergic neurons 
in the substantia nigra of LRRK2 G2019S mice and number 
of cholinergic neurons in the BLA region of littermate control 
mice. 

Behavioral improvement in LRRK2 G2019S mice after 
MMP-8i administration

To evaluate the effects of MMP-8i on the locomotor activities 
and anxiety-related behavior of experimental mice, we per-
formed the rota-rod and open field tests. LRRK2 G2019S mice 
showed a significantly decreased latency to fall in the rota-rod 
test, indicating abnormal motor coordination that may repre-
sent PD-like motor behavior (Fig. 5A). LRRK2 G2019S mice 

did not show significant differences in rearing counts in the 
open field test (Fig. 5B), though they had a decreased amount 
of time spent in center area (p=0.057), indicating increased 
anxiety-like activities (Fig. 5C) (Kallai et al., 2007). MMP-8i 
administration induced a significant increase in the latency 
to fall in the rota-rod test and in the time spent in the center 
area in the open field test when compared to the vehicle injec-
tion group (Fig. 5A, 5C). Mice that were administered MMP-
8i showed no significant change in rearing counts, indicating 
exploratory behavior, compared to the vehicle group in LRRK2 
G2019S and littermate control mice (Fig. 5B). Taken together, 
our results suggest that inhibition of MMP-8 improved motor 
balance and anxiety-like behavior in LRRK2 G2019S mice.
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DISCUSSION

In this study, we investigated the in vivo function of MMP-8 
in LRRK2 G2019S mice by determining the effects of pharma-
cological inhibition of MMP-8 on proinflammatory mediators, 
MMP-8 expression, mitochondrial function, neuronal popula-
tions, and motor/non-motor behavior in LRRK2 G2019S PD 
model mice. 

The number of Iba1-positive activated microglia increased 
in the striatum of LRRK2 G2019S mice when compared to 
the littermate controls and decreased after MMP-8i injection in 
both LRRK2 G2019S and littermate control mice (Fig. 1). We 
previously reported that MMP-8i suppressed microglial acti-
vation and proinflammatory cytokines in the mouse brain of 
sepsis and ischemic stroke (Lee et al., 2014; Han et al., 2016). 
These data support the anti-inflammatory effect of MMP-8i 
under neuroinflammatory conditions. Interestingly, MMP-8i 
decreased the expression level of MMP-8 in the striatum of 
LRRK2 G2019S mice (Fig. 2B). These results collectively in-
dicate that MMP-8i inhibits not only the enzymatic activity but 
also the expression of MMP-8 in the PD mouse brain.

Oxidative stress levels as measured by GSH/GSSG did not 
significantly increase in LRRK2 G2019S mice compared to lit-
termate controls, nor did MMP-8i injection produce significant 
differences (Fig. 3A). Increases in cellular oxidative stress 
levels can often cause neuronal degeneration. However, be-
cause we could not find any significant changes in endog-
enous oxidative stress levels as measured by GSH/GSSG, 
the enhancement of oxidative phosphorylation after MMP-8i 
injection was presumably not through tentative reduction of 
endogenous oxidative stress levels. 

Previous studies have reported a correlation between 
MMPs and mitochondrial dysfunction. Reactive oxygen spe-
cies induced both the expression and activity of MMP-2, re-
sulting in a negative feedback mechanism that disrupted 
mitochondrial function and membrane potential (Nelson and 
Melendez, 2004). MMP-13 also decreased mitochondrial pro-
tein translation and ATP biosynthesis (Li et al., 2010a). Inhi-
bition of MMP-2 by a pharmacological inhibitor or its siRNA 
prevented glucose-induced mitochondrial dysfunction in reti-
nal endothelial cells (Mohammad and Kowluru, 2010). In the 
present study, we found that MMP-8i significantly increased 
ATP levels in the striatum of littermate control mice (but no sig-
nificance was found in ATP increase in LRRK2 G2019S mice) 
(Fig. 3B). ATP as a product of oxidative phosphorylation in mi-

tochondrial energetics significantly increased after treatment 
with MMP-8i. We presume that the increased level of ATP pro-
duces positive feedback in the progressive pathology of PD; 
this may result in behavioral improvement or morphological 
changes in neuronal architecture. Interestingly, mitochondrial 
complex IV activity was significantly increased by MMP-8i in 
littermate control mice but not in LRRK2 G2019S mice which 
showed very similar pattern with the increase of ATP levels 
by MMP-8i (Fig. 3C). These data suggest that MMP-8i can 
increase oxidative phosphorylation, through the enhancement 
of mitochondrial complex IV activity.

LRRK2 G2019S transgenic mice showed PD-like motor 
symptoms, including abnormal motor coordination in the ro-
ta-rod test at 20-24 months (Fig. 5), which is consistent with 
similar previous findings in the same transgenic mice at 12 
months of age (Lin et al., 2009). This abnormal motor coor-
dination of LRRK2 G2019S mice in rota-rod test was signifi-
cantly improved by MMP-8i injection. LRRK2 G2019S mice 
did not show significant decreases in rearing in the open field 
test. Unlike this result, previous reports presented reduced 
rearing counts in LRRK2 mutant mice compared to wild type 
mice at 6 and 12 months of age (Li et al., 2010b). In contrast, 
we used 24 months of age for the experiment, which showed 
no significant differences for the rearing counts. In general, 
mice show decreased level of motor activities by age. So the 
reduced rearing counts in aged littermate normal control mice, 
compared to their younger age, can explain no significant dif-
ferences of rearing counts in LRRK2 G2019S mice at 20-24 
months of age compare to littermate control mice in this study. 

Since the open field test represents not only motor function 
but also emotional status, we also analyzed the time spent in 
the center from the open field test. We found markedly de-
creased (p=0.057) time spent in center in LRRK2 G2019S 
mice indicating increased anxiety-like behavior (Fig. 5C), 
which is comparable with a previous study (Melrose et al., 
2010). MMP-8i injection significantly increased the time spent 
in the center in LRRK2 G2019S mice, suggesting recovery 
from anxiety-like behavior, which is a typical non-motor symp-
tom of PD patients.

The improvement of motor and non-motor symptoms of 
LRRK2 G2019S PD mice by MMP-8i in this study can be ex-
plained differential populations of specific neurons in the brain 
regions. We identified TH-positive dopaminergic neurons in 
the substantia nigra, and ChAT-positive cholinergic neurons in 
the basolateral amygdala (BLA) (Fig. 4). We could not detect 
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a significant decrease in TH-positive dopaminergic neurons 
in the substantia nigra of LRRK2 G2019S mice, which is con-
sistent with a previous report (Li et al., 2010b). However, the 
cell body areas of TH-positive neurons were significantly de-
creased in the substantia nigra of LRRK2 G2019S mice com-
pared to littermate controls. These data indicate that TH-posi-
tive neurons may undergo a progressive pathological process 
with abnormal morphological changes seen as decreased cell 
body area. Moreover, the cell body area of TH-positive cells 
significantly increased after MMP-8i injection, indicating im-
provement of cellular function and potential neuroprotection. 

Anxiety-like behavior has been explained through the func-
tion of various neuronal populations, including cholinergic 
neurons in the basal lateral amygdala (BLA). The BLA region 
receives highly processed sensory information from the dor-
sal raphe nuclei (DRN) and sends the neuronal projections to 
a hypothalamic and brainstem region. LRRK2 G2019S mice 
showed an increased number of ChAT-positive cholinergic 
neurons in the BLA area, correlating with increased anxiety-
like activity, which was tentatively decreased by MMP-8i (sig-
nificantly in littermate controls, but not significantly in LRRK2 
G2019S mutant mice). It is possible that the conditions we 
used in this study could not reach the required level of signifi-
cance to show a decrease of the number of cholinergic neu-
rons in the BLA region. We also did not identify any changes 
in cell body area after MMP-8i administration. 

In conclusion, MMP-8 inhibition modulates neuroinflamma-
tion, mitochondrial function, neuronal survival, and PD-like 
behaviors in LRRK2 G2019S PD mice. As our previous study 
also suggested that MMP-8i is able to enter the brain by cross-
ing the blood brain barrier, and exhibits anti-inflammatory and 
neuroprotective effects in septic mouse brains (Lee et al., 
2014), these data collectively suggest that inhibition of MMP-8 
may have therapeutic validity for various neurodegenerative 
diseases, including PD.
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