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Intrastriatal administration

of coenzyme Q10 enhances
neuroprotection in a Parkinson'’s
disease rat model

Hyung Woo Park®239, Chun Gwon Park*>°, Min Park®®, Seung Ho Lee’, Hye Ran Park¥23,
Jaesung Lim*, Sun Ha Paek®%%*3™ & Young Bin Choy®7:8%

Parkinson’s disease is a neurodegenerative disorder, and no treatment has been yet established

to prevent disease progression. Coenzyme Q10, an antioxidant, has been considered a promising
neuroprotective agent; however, conventional oral administration provides limited efficacy due to its
very low bioavailability. In this study, we hypothesised that continuous, intrastriatal administration of
alow dose of Coenzyme Q10 could effectively prevent dopaminergic neuron degeneration. To this end,
a Parkinson’s disease rat model induced by 6-hydroxydopamine was established, and the treatment
was applied a week before the full establishment of this disease model. Behavioural tests showed

a dramatically decreased number of asymmetric rotations in the intrastriatal Coenzyme Q10 group
compared with the no treatment group. Rats with intrastriatal Coenzyme Q10 exposure also exhibited
alarger number of dopaminergic neurons, higher expression of neurogenetic and angiogenetic
factors, and less inflammation, and the effects were more prominent than those of orally administered
Coenzyme Q10, although the dose of intrastriatal Coenzyme Q10 was 17,000-times lower than that

of orally-administered Coenzyme Q10. Therefore, continuous, intrastriatal delivery of Coenzyme Q10,
especially when combined with implantable devices for convection-enhanced delivery or deep brain
stimulation, can be an effective strategy to prevent neurodegeneration in Parkinson’s disease.

Parkinson’s disease is the second most common neurodegenerative disorder!, which affects approximately 7 mil-
lion people globally. With increased life expectancy, the disease is expected to have an even greater impact in the
future?. Parkinson’s disease is a progressive disorder caused by the death of dopaminergic cells in the substantia
nigra and a consequent reduction of dopamine in the striatum’. Since the progressive loss of dopamine in the
basal ganglia causes the motor symptoms of Parkinson’s disease, therapy in clinical settings is predominantly
focused on the exogenous supply of dopamine with the prodrug, levodopa (L-dopa), or dopamine agonists, to
offer symptomatic relief. However, such therapeutic approaches are effective mainly in the early stage of the
disease®*. Moreover, prolonged use of L-dopa or dopamine agonists has been reported to become ineffective at
improving motor symptoms and often provokes severe side effects, such as joint stiffness, dyskinesia, somnolence,
oedema, and hallucinations*.

Consequently, many attempts have been made to identify potent novel drugs (i.e. motor- or non-motor symp-
tomatic agents) or innovative drug-delivery methods for treating Parkinson’s disease>. Nevertheless, there is a
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paucity of effective treatments to address the progression of Parkinson’s disease, i.e. the prevention of the contin-
ual loss of dopaminergic cells. Approximately 50% of dopaminergic neurons are impaired at the time of first diag-
nosis, and an additional 45% are progressively impaired within the subsequent decade”®. The slow progression of
Parkinson’s disease during this later period creates the opportunity for disease interventions by suppressing the
loss of nigral cells or promoting their recovery.

Nigral cell death is caused by mitochondrial dysfunction, which is triggered by abnormal energy metabolism
and enhanced cellular oxidative stress>!°. In this regard, there is substantial interest in exploring the use of anti-
oxidants such as coenzyme Q10 (CoQ10) as potential therapies for Parkinson’s disease''2. CoQ10 is a lipophilic
substance involved in various essential cellular processes and is a potent antioxidant in mitochondrial and lipid
membranes!'®. However, oral supplementation with CoQ10 is often limited by its low bioavailability at the site of
interest, such as the striatum. Systemic absorption of orally administered CoQ10 is very low due to its relatively
large molecular weight (864.34 g/mol) and very low aqueous solubility (<53.2 ug/mL)**. In addition, CoQ10
in the blood stream rarely reaches the striatum owing to the blood-brain barrier'>!°. Despite the widespread
attempts to enhance CoQ10 bioavailability!”!$, Parkinson’s disease patients still require daily administrations of a
very high dose of CoQ10 (300-3000 mg/day) for weeks to months'**’. Therefore, patients are more likely to have
difficulty maintaining the regimen. As such, therapeutic efficacy cannot be easily guaranteed*'.

Localised intrastriatal delivery may be a potential means to improve the bioavailability of CoQ10. Unlike
oral routes, this direct exposure can achieve a therapeutically effective concentration of CoQ10 even with a sig-
nificantly reduced dose. Thus, CoQ10 can be continuously infused into the brain, as already established with
convection-enhanced delivery (CED) in clinical settings®>**. However, studies on strategies for intrastratial deliv-
ery of CoQ10 are scarce. Therefore, we aimed to investigate the therapeutic efficacy of CoQ10 delivered locally
into the striatum, which was tested in 6-hydroxydopamine (6-OHDA)-induced rat models of Parkinson’s dis-
ease. To assess the effects on the prevention of disease progression, animals were treated with CoQ10 3 weeks
after 6-OHDA treatment, i.e. a week before the time generally accepted for the full establishment of Parkinson’s
disease?. For intrastriatal delivery, CoQ10 was infused at a constant rate through a catheter inserted into the
striatum using an Alzet osmotic pump (Model 2ML4; Durect, CA, USA). The progression of nigral cell death was
compared with that in animals treated with a larger dose of orally administered CoQ10.

Results

CoQ10 treatment. To examine the effects of locally delivered CoQ10 and its doses in preventing Parkinson’s
disease progression, we utilised an Alzet osmotic pump (2ML4; reservoir volume: 2000 pL; flow rate: 2.5 pL/h;
Durect, CA, USA) as a tool for continuous, intrastriatal infusion of CoQ10%. The details of the pump used herein
are described in Supplementary Fig. S1. To vary the dose, CoQ10 solutions of two different concentrations (25
and 40 ug/mL) were employed to produce the Alzet-low CoQ10 and Alzet-high CoQ10 pumps, respectively. An
Alzet pump filled with pH 7.4 phosphate-buffered saline (PBS) without CoQ10 was also prepared to produce the
Alzet-PBS as a control.

In this work, we prepared five distinct animal groups, depending on treatment: (1) no treatment (animals
without treatment, n = 3), (2) oral CoQ10 (animals treated with oral administration of CoQ10, n = 3), (3)
Alzet-PBS (animals treated with an Alzet pump filled with PBS only, n=3), (4) Alzet-low CoQ10 (animals treated
with an Alzet pump filled with a 25 ug/mL CoQ10 solution, n=3), and (5) Alzet-high CoQ10 (animals treated
with an Alzet pump filled with a 40 pg/mL CoQ10 solution, n=>5).

With the pumps loaded with CoQ10, we evaluated the in vitro drug release profile in pH 7.4 PBS. As illustrated
in Fig. 1a, CoQ10 release patterns were fairly linear for 28 days for both Alzet-low CoQ10 and Alzet-high CoQ10
pumps (R?>0.97). The pumps infuse dCoQ10 intrastriatally at an average rate of 1.8 and 2.6 ug per day for the
Alzet-low CoQ10 and Alzet-high CoQ10 groups, respectively®, resulting in total release amounts of 50.72 and
71.64 ug for 4 weeks, respectively.

For the oral CoQ10 group, rodent chow mixed with CoQ10 (3 mg CoQ10 per g chow) was fed freely to ani-
mals treated with 6-OHDA. As shown in Fig. 1b, the oral CoQ10 group consumed >20g of chow every day
for 3 weeks, indicating oral administration of > 60 mg CoQ10 per day (i.e.>200 mg/kg) during this period.
Subsequently, chow intake decreased slightly compared to that of normal animals without 6-OHDA injection,
possibly due to the progression of neurodegeneration?”?%. However, the amount of intake was maintained at >15g
per day, indicating a daily CoQ10 dose of > 45 mg per day (i.e. >150 mg/kg per day). Thus, the CoQ10 dose of the
oral CoQ10 group was at least 25,000- and 17,000-times higher than that of the Alzet-low CoQ10 and Alzet-high
CoQ10 groups, respectively (Fig. 1a).

Behavioural analysis. To evaluate the degree of neurodegeneration, rotation tests were performed on
Parkinson’s disease rats, as illustrated in Fig. 2 (see also Supplementary Video S1)?. Upon administration of apo-
morphine, rats began to rotate asymmetrically due to neurodegeneration induced by 6-OHDA, where an increase
in the number of rotations represents more severely damaged neurons®.

In the absence of treatment (i.e. no treatment group), the number of rotations gradually increased until 7
weeks, suggesting continuous degeneration of dopaminergic cells in 6-OHDA-treated animals®.. For the oral
CoQ10 group, there was no apparent increase in the number of rotations during the testing periods at 4-7 weeks,
implying an effect of orally administered CoQ10 on the prevention of neurodegeneration progression®>*. Thus,
the number of rotations was significantly lower than that of the no treatment group at 6 and 7 weeks (p < 0.05).
This delayed efficacy could be attributed to the delayed increase in CoQ10 concentration in the brain that is often
observed with oral administration of CoQ10%.

When CoQ10 was delivered intrastriatally at a dose of 1.8 ug per day (i.e. the Alzet-low CoQ10 group), the
number of rotations was lower than that of the no treatment group; however, a significant difference was observed
only at 5 and 6 weeks (p < 0.05). Moreover, the number of rotations was not significantly different between the
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Figure 1. CoQ10 delivery profiles via intrastriatal and oral routes. (a) In vitro drug release profiles of CoQ10
from the Alzet pump. Each pump was fully immersed and shaken at 100 rpm in 20 mL of PBS (pH 7.4) at

37°C (JeoiTech, Seoul, Korea), where one end of the catheter was connected to the pump and the other end

was linked to the collection tube. At scheduled time points for 35 days, the solution in the collection tube was
fully extracted and assayed spectrophotometrically at 270 nm to measure the amount of infused CoQ10. The
experiments were performed in triplicate for Alzet-low CoQ10 and Alzet-high CoQ10, respectively. (b) Profiles
of the amount of oral intake of CoQ10 calibrated from that of rodent chow. For this, 1 g of rodent chow was
mixed with 3 mg of CoQ10, enabling the administration of 60 mg/day CoQ10 per rat according to the average
weight and amount of intake per day of rats (approximately 300 g and 20 g, respectively). The CoQ10-mixed
chow was sterilised and stored away from light exposure until use’.
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Figure 2. Apomorphine-induced rotational behaviours of animals in a Parkinson’s disease model. *Significantly
different from the no treatment group (p < 0.05). “Significantly different from all other groups (p < 0.05).

Alzet-PBS and Alzet-low CoQ10 groups throughout the entire testing period (p > 0.05). The efficacy of the low
dose of CoQ10 was hardly distinguishable from that observed with insertion of a cannula near the striatum?®>-%’.

Notably, when CoQ10 was delivered into the brain at an increased dose of 2.6 ug per day, there was an appar-
ent decrease in the number of rotations: the number of rotations for the Alzet-high CoQ10 group was signifi-
cantly lower than that for all other groups throughout the entire testing period (p < 0.05). It should be noted that
this prominent efficacy was observed with a dose that was at least 17,000 times lower than that of the oral CoQ10
group, implying very high bioavailability of intrastriatally delivered CoQ10.
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Figure 3. Tyrosine hydroxylase expression in the intact (left) and lesioned (right) striatum. (A) Images were
obtained of the (a) no treatment group, (b) oral CoQ10 group, (c) Alzet-PBS group, (d) Alzet-low CoQ10 group,
and (e) Alzet-high CoQ10 group. The scale bars are 100 um. (B) Quantitative analysis results obtained from all
images (Supplementary Fig. S5). ***Significantly different to all other groups (p < 0.001).

Evaluation of dopaminergic neurons. To further examine the efficacy of CoQ10 in the prevention of
neurodegeneration, we assessed the expression of tyrosine hydroxylase in the striatum with biopsied brain tis-
sues at the experimental endpoint. Tyrosine hydroxylase expression in the striatum is reported to be low due to
reduced dopamine observed in most Parkinson’s disease patients*®*=*. As shown in Fig. 3, strong staining was
observed in all groups in the intact left hemisphere, which was not treated with 6-OHDA, indicating normal
dopamine levels. However, tyrosine hydroxylase expression was rarely observable in the lesioned right hem-
isphere for the no treatment group, indicating that most dopaminergic cells were destroyed at 7 weeks after
6-OHDA treatment.

For the oral CoQ10 group, tyrosine hydroxylase expression was observable, suggesting that oral administra-
tion of CoQ10 at a dose of > 45 mg per day (i.e. >150 mg/kg per day) partly elicited a neuroprotective effect. The
Alzet-PBS and Alzet-low CoQ10 groups exhibited scarce expression of tyrosine hydroxylase, implying that the
efficacy observed for rotational behaviours originated mostly from the insertion of a cannula near the striatum
in both groups (Fig. 2)**~". Notably, the Alzet-high CoQ10 group exhibited the highest tyrosine hydroxylase
expression in the right hemisphere treated with 6-OHDA, which showed staining almost as strong as that in the
intact left hemisphere.

We also examined the expression of tyrosine hydroxylase in the substantia nigra, where the loss of dopamin-
ergic neurons leads to reduction of dopamine in the striatum*'. As shown in Fig. 4, a band of tyrosine hydroxylase
expression was clearly observed in the intact hemisphere for all groups; this was absent in lesioned tissue in the
no treatment group. Compared to the no treatment group, the oral CoQ10 group exhibited a slightly higher
expression of tyrosine hydroxylase, but the staining was not as strong as that in the intact hemisphere. Both the
Alzet-PBS and Alzet-low CoQ10 groups exhibited very low expression of tyrosine hydroxylase, which was mark-
edly lower than that observed in the oral CoQ10 group. The highest tyrosine hydroxylase expression was observed
in the Alzet-high CoQ10 group, where staining was comparable to that in the intact hemisphere; notably, it was
stronger than that in the oral CoQ10 group. These results indicated that intrastriatally delivered CoQ10 had a
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Figure 4. Tyrosine hydroxylase expression in the intact (left) and lesioned (right) substantia nigra. (A) Images
were obtained of the (a) no treatment group, (b) oral CoQ10 group, (c) Alzet-PBS group, (d) Alzet-low CoQ10
group, and (e) Alzet-high CoQ10 group. The scale bars are 100 pm. (B) Quantitative analysis results obtained
from all images (Supplementary Fig. $6). ***Significantly different to all other groups (p < 0.001).

significant neuroprotective effect, which was more prominent than that of orally administered CoQ10 at a very
high dose.

Evaluation of neurogenesis, angiogenesis, and neuroinflammation. To investigate whether intras-
triatal delivery of CoQ10 was capable of inducing neurogenesis, immunofluorescence staining for nestin and glial
fibrillary acidic protein (GFAP)-6 was performed*>*. As shown in Fig. 5, the number of cells expressing nestin
and GFAP-{ was significantly higher in the Alzet-low and Alzet-high CoQ10 groups than in the no treatment
group (p < 0.05), as well as in the Alzet-high CoQ10 group than in the Alzet-low group (p < 0.05). In addition,
the number of cells with nestin expressions was significantly higher in the oral CoQ10 group than in the no
treatment group but was statistically significantly lower in the oral CoQ10 group than in the Alzet-low CoQ10
and Alzet-high CoQ10 groups (p < 0.05). Moreover, the number of cells expressing GFAP-§ was not statistically
significantly different between the oral CoQ10 group and the no treatment group. A similar number of cells with
both nestin and GFAP-9 staining were observed in the Alzet-PBS group and the no treatment group.

Angiogenic effects of CoQ10 were observable in tissues stained with anti-laminin antibodies?**. As shown in
Fig. 6, the Alzet-low CoQ10 and Alzet-high CoQ10 groups exhibited significantly higher expression of laminin
than did the no treatment group (p < 0.05). Between the two pump groups, laminin expression was higher in the
Alzet-high CoQ10 group (p < 0.05). Compared to the no treatment group, the oral CoQ10 group did not exhibit a
significant change in laminin expression. With regards to anti-inflammatory effects of CoQ10*%, the expression
of tumour necrosis factor (TNF)-a was decreased in both the Alzet-low CoQ10 and Alzet-high CoQ10 groups
(Fig. 7), which was significantly lower than that in the no treatment group (p < 0.05). This effect was not observa-
ble in the oral CoQ10 group despite the higher dose of CoQ10 administered compared to that for groups treated
with local administration of CoQ10.

Discussion

Parkinson’s disease is the second most prevalent neurodegenerative disease. It is caused by the progressive and
selective loss of dopamine-producing neurons in the substantia nigra'. Therefore, at the early stage of Parkinson’s
disease, therapy is based mainly on supplementing dopamine by prescribing L-dopa or dopamine agonists to
temporarily alleviate disease symptoms®’. There is a paucity of treatments available in clinical settings that address
the main issue of Parkinson’s disease, i.e. preventing disease progression. In this regard, the neuroprotective
agent CoQ10 has been actively investigated for its potential ability to suppress the progression of Parkinson’s
disease***>*. CoQ10 is known to protect neuronal cells from oxidative stress and prevent the loss of the mito-
chondrial membrane potential''2. However, due to the poor aqueous solubility of CoQ10 and its relatively high
molecular weight, orally administered CoQ10 has limited systemic absorption®. Furthermore, the blood-brain
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Figure 5. Immunofluorescence analysis of neurogenesis in the sub-ventricular zone. Nestin- and GFAP-§-
positive cells in images (top) and amounts (bottom). The scale bars are 100 um. “Significantly different to all
other groups (p < 0.05).

barrier hampers the intrastriatal bioavailability of CoQ10°%2, and hence high doses and frequent administrations
are required™.

To address these issues, in the present study, we proposed a therapeutic strategy of intrastriatal delivery
of CoQ10 to improve its local bioavailability and prevent the progression of Parkinson’s disease. To test this
approach, we employed animals 3 weeks after 6-OHDA injections, when neurodegeneration had yet to stabilise,
thereby representing the early stage of Parkinson’s disease®*. Our behavioural assessments revealed a dramatic
decrease in the number of rotations when CoQ10 was intrastriatally delivered in a continuous manner compared
to that of control groups (Fig. 2). In the absence of treatment, the number of rotations gradually increased in
animals injected with 6-OHDA, representing progression of Parkinson’s disease in the animal model employed
herein.

Our results revealed that tyrosine hydroxylase expression in the striatum and substantia nigra was higher with
intrastriatal delivery of CoQ10 than it was in control animals. Notably, it was as high as that observed in the intact
left hemisphere, implying substantial prevention of disease progression (Figs. 3 and 4). This could be ascribed
to the fact that intrastriatal delivery of CoQ10 inhibited cell apoptosis and led to an elevation of factors facili-
tating neuronal growth (Fig. 5)* along with enhanced angiogenesis (Fig. 6)°>*’. The level of a pro-inflammatory
cytokine, TNF-q, was also markedly reduced following local administration of CoQ10 (Fig. 7)*>*%, which could
be another influencing factor in neuroprotection as a degree of inflammation is known to be highly related to
Parkinson’s disease®®.

These preventive effects were still evident with the Alzet-low CoQ10 group when compared with the no treat-
ment, Alzet-PBS and Oral CoQ10 groups. However, it should be noted that those effects were still statistically
significantly lower than those of the Alzet-high CoQ10 group. This implies the presence of the dose threshold
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Figure 6. Immunofluorescence analysis of angiogenesis in the sub-ventricular zone. Laminin-positive cells
in images (top) and amounts (bottom). The scale bars are 100 um. “Significantly different to all other groups
(p<0.05).

to actually influence the behavioral effects, as well as tyrosine hydroxylase expression (Figs. 2-4), which were
apparent only with the Alzet-high CoQ10 in this work. However, the CoQ10 dose of intrastriatal delivery was still
17,000-times lower than that used in oral administration. Although shown to be pharmacodynamically effective,
our study is limited in an aspect that the pharmacokinetics and metabolisms of CoQ10 were not fully elucidated
in the local brain tissues. In addition, the study was performed with a limited number of animals representing
an early stage of Parkinson’s disease. More detailed experiments including a larger number of animals, as well as
those at an advanced stage of disease, would provide more information regarding to the benefits of an intrastriatal
delivery strategy of CoQ10.

Although invasive, the strategy of intrastriatal CoQ10 delivery may still enable high bioavailability in the tar-
get site, which could eventually achieve therapeutic efficacy in the prevention of Parkinson’s disease progression.
For conventional oral administration, a high dose of CoQ10 needs to be administered almost daily to produce a
therapeutic window of CoQ10 levels in the striatum®"*%; however, such a regimen would be difficult to follow®.
Thus, inconsistent administration and/or drop outs are likely, leading to unsuccessful treatment of irreversible
disease progression. For intrastriatal local drug administrations, various implantable systems have been studied
extensively for delivery of L-dopa, dopamine, neurotrophic factors, or nerve growth factors®'. Among them, intra-
striatal implantation of a tube or electrode has already been adapted in clinical settings for convection-enhanced
delivery or deep brain stimulation, respectively'®. In this work, we were able to prepare an aqueous solution of
40 ug/mL CoQ10, which was effective in rats when continuously infused into the striatum at a volume of 60 puL
per day (Figs. 1 and 2). Considering the size of the human brain®, the same solution is expected to be simi-
larly effective when delivered at a relatively low volume of approximately 12 mL per day in humans. This daily
infusion volume is comparable to that typically employed in convection-enhanced delivery in clinical settings
(1.4-14mL/day)®. Although there was a significant difference in rotational behaviour (Fig. 2), the biopsied tis-
sues did not quite exhibit an apparent change between the groups treated with orally- and intrastriatally-delivered
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Figure 7. Immunofluorescence analysis of inflammation in the sub-ventricular zone. TNF-a-positive cells
in images (top) and amounts (bottom). The scale bars are 100 um. “Significantly different to all other groups
(p<0.05).

CoQ10 (Figs. 3-7) possibly due to the limited number of animals in each group and a relatively high dose of
orally-administered CoQ10 in this study. Therefore, the strategy herein may not be comparable yet to other, more
effective formulations for oral delivery, such as ubiquinol formulations®*-%¢

Our study reports, for the first time, the therapeutic efficacy of 1ntrastr1atally delivered CoQ10 to maxim-
ise its neuroprotective effects, thereby suppressing neurodegeneration to inhibit the progression of Parkinson’s
disease. CoQ10 is known to elicit effects in models of other neurodegenerative diseases, such as Huntington’s
disease, progressive supranuclear palsy, and Alzheimer’s disease’. Therefore, the intrastriatal delivery of CoQ10
described herein is a promising strategy to prevent the progression of various neurodegenerative diseases, includ-
ing Parkinson’s disease.

Methods

Materials. Tween 80, 6-hydroxydopamine (6-OHDA), ascorbic acid (0.02%), paraformaldehyde, sucrose
solutions, desipramine, and R-apomorphine hydrochloride were purchased from Sigma (MO, USA). Xylazine and
Zoletil 50 were purchased from Bayer (Seoul, South Korea) and Vibac SA (Carros, France), respectively. Mouse
anti-tyrosine hydroxylase (MAB5280), mouse anti-nestin (MAB353), and rabbit anti-GFAP-8 (AB9598) primary
antibodies were purchased from EMD Millipore (MA, USA). Rabbit anti-laminin (L9393) and rabbit anti-TNF-«
(ab66579) primary antibodies were obtained from Sigma (MO, USA) and Abcam (MA, USA), respectively. All
secondary antibodies (Alexa 488-conjugated goat anti-rabbit, Alexa 594-conjugated goat anti-rabbit, and Alexa
594-conjugated goat anti-mouse IgG) were purchased from Molecular Probes (Invitrogen, CA, USA). Surgical
sutures were obtained from Ethicon (4-0 Nylon; NJ, USA). Phosphate buffered saline (PBS) at pH 7.4 and 0.9%
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NaCl solution were obtained from Seoul National University Hospital Biomedical Research Institute (Seoul,
South Korea) and Choongwae (Seoul, South Korea), respectively. Rodent chow was provided by Feedlab (Guri,
South Korea). CoQ10 was a kind gift from Somang Cosmetics (Incheon, South Korea).

CoQ10 loading in alzet osmotic pumps. To load CoQ10 in pumps, we first dissolved CoQ10 in PBS
(pH 7.4) containing 2% w/v Tween 80. The reservoir in the pump body was then filled with 2 mL of the result-
ing CoQ10 solution, which was connected to a catheter that was also filled with the same CoQ10 solution. The
Alzet-low CoQ10 and Alzet-high CoQ10 pumps were filled with CoQ10 solutions of 25 and 40 ug/mL, respec-
tively. The Alzet-PBS pump was filled with PBS (pH 7.4) containing 2% w/v Tween 80 without CoQ10. Prior
to use, the pump body and catheter were primed with PBS (pH 7.4) at 37 °C for 24 h to activate the osmotic
pump and remove any possible dead volume. According to the manufacturer’s specifications®, the infusion rate
of the pump was set at 2.5uL/h, resulting in daily CoQ10 delivery of 1.5 and 2.4 ug for the Alzet-low CoQ10 and
Alzet-high CoQ10, respectively. Given the reservoir volume of 2,000 pL, the pump was expected to deliver the
loaded solution for more than 4 weeks.

In vivo animal evaluvation. Animals. In vivo animal experiments were performed on male Sprague
Dawley rats weighing 280-350 g and housed under standard laboratory conditions (12 h light/dark cycle) with
food and water provided ad libitum. All animals were cared for in accordance with the Guide for Care and Use
of Laboratory Animals of National Institutes of Health Publication (No. 85-23, revised 2011, 8 edition). The
study protocol was approved by the Institutional Animal Care and Use Committee at Seoul National University
Hospital Biomedical Research Institute JACUC no. 11-0114).

Animal model of parkinson’s disease. In this study, unilateral 6-OHDA lesioned rats were used as an animal
model of Parkinson’s disease (Supplementary Fig. S2), where the lesion was made on the right hemisphere
(i.e., the ipsilateral side) while the left hemisphere (i.e., the contralateral side) was left intact. For this, rats were
first anaesthetised via an intraperitoneal injection of a cocktail of xylazine (5 mg/kg) and zoletil (20 mg/kg).
Then, the animals were secured in a stereotaxic apparatus (David Kopf Instruments, CA, USA) and intraperi-
toneally injected with desipramine (25 mg/kg) to protect noradrenergic neurons prior to 6-OHDA lesioning.
Subsequently, the skin was pulled back, and a burr hole was trephined in the right frontal bone using a micro
hand drill. A Hamilton syringe was used to inject 12 pg of 6-OHDA dissolved in a 4 pL sterile solution of 0.9%
NaCl and 0.02% ascorbic acid into the medial forebrain bundle (MFB) of the right hemisphere at a flow rate of
0.5 pL/min. The stereotaxic coordinates of the injection site were —4.4 mm anteroposterior, —1.3 mm lateral, and
-7.8 mm dorsoventral, according to the stereotaxic atlas of Paxinos and Watson®. After completion of the injec-
tion, the needle was gradually withdrawn over the course of 5min, and the wound was closed using 4-0 nylon
sutures. Animals were kept warm and allowed to recover from anaesthesia.

In this work, we aimed to investigate the preventive effects on Parkinson’s disease progression. We thus
employed animals 3 weeks after 6-OHDA treatment, which is a week before the time when the degeneration
of dopaminergic neurons induced by the neurotoxin is stabilised**. The animals were tested for their rotational
responses to an intraperitoneal injection of R-apomorphine hydrochloride (0.5 mg/kg). Animals with>300 con-
tralateral turns per h were selected as animals at the initial phase of Parkinson’s disease®, providing a 70% yield
for model development.

Pump implantation. To prepare the animal groups treated with Alzet pumps, the tip of a 28-gauge brain infusion
cannula (Alzet brain infusion kit; Durect, CA, USA) was fixed at the location between the striatum and substantia
nigra (Supplementary Figs. S3 and S4). The pump body was inserted in a subcutaneous pocket prepared at the
cervical upper part of the dorsum. As the catheter was connected between the cannula and pump body, the loaded
solution could be continuously infused into the substantia nigra by the osmotic pressure that developed in the
pump body by absorption of bodily fluids. During recovery, we followed the Rodent Anaesthesia guidelines and
provided analgesia as indicated in the approved protocol.

Behavioural assessment. Rotational behaviour was assessed at 4, 5, 6, and 7 weeks after 6-OHDA MFB lesion-
ing (i.e. 1, 2, 3, and 4 weeks after CoQ10 treatment, respectively). Rats were injected intraperitoneally with
R-apomorphine hydrochloride (0.5 mg/kg) dissolved in 0.1% ascorbate-saline. Rotational responses were then
immediately measured by placing rats in a white hemispheric plastic rotation bowl (42 cm in width at the top and
22 cm in depth). The number of rotations in ipsilateral and contralateral directions was recorded and expressed as
net turns per h (i.e. the number of contralateral turns subtracted by the number of ipsilateral turns).

Brain tissue analysis.  To further assess the effects of intrastriatally delivered CoQ10, we biopsied brain tissues
from animals at the experimental end point (7 weeks after 6-OHDA injection). Rats were deeply anaesthetised via
an intraperitoneal injection of a cocktail of xylazine (5 mg/kg) and zoletil 50 (20 mg/kg), followed by transcardial
perfusion with approximately 50 mL of 0.9% NaCl solution with heparin. After perfusion with approximately
50 mL of ice-cold 4% paraformaldehyde, brains were removed and placed in a 50-mL conical tube containing
ice-cold 4% paraformaldehyde for 1 day. Brains were then fully immersed daily in the order of 10%, 20%, and 30%
sucrose solutions, respectively. The entire brain was then cut into 30-pm thick coronal sections for staining, using
a cryostat (Leica CM 3000; Leica, Solms, Germany).

Tyrosine hydroxylase immunostaining. ~ Every fifth section in the striatum and substantia nigra was collected for
tyrosine hydroxylase immunohistochemistry using anti-tyrosine hydroxylase antibody. Tyrosine hydroxylase is
an enzyme that converts the amino acid L-tyrosine into L-dopa, a precursor of dopamine; hence, the expression
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levels of tyrosine hydroxylase represent those of L-dopa and dopamine’®”!. Briefly, slides with brain sections
were washed with distilled water followed by PBS (three 5-min washes each). Then, endogenous peroxidase was
quenched with 0.3% H,O, for 30 min. Non-specific binding was blocked with 1.5% normal goat serum for 30 min
(Vectastain mouse IgG ABC kit, Vector Laboratories, CA, USA). Slides were then incubated overnight at 4°C
with mouse polyclonal anti-tyrosine hydroxylase antibody (EMD Millopore MAB5280). Slides were then incu-
bated with biotinylated secondary antibody for 60 min (Vectastain mouse IgG ABC kit), followed by application
of horseradish peroxidase conjugate (Vectastain mouse IgG ABC kit) for 60 min. Then, 3,3’-diaminobenzidine
mixed with distilled water, pH 7.5 buffered saline, and H,0O, were applied until the staining was determined to
be optimal. To quantify the degree of tyrosine hydroxylase expression, an image from each slide was obtained at
x100 magnification, which was assessed using image analysis software (Image Pro Plus; Media Cybernetics, MD,
USA), following a previously reported protocol”>-74.

Immunofluorescence staining. To observe the effects of CoQ10, coronal sections between the anterior and pos-
terior biopsied brain were first prepared into slides, which were processed for immunofluorescence staining.
Thus, nestin and GFAP-$ were utilised to evaluate neurogenesis, laminin was employed to assess angiogenesis,
and TNF-a was used to examine neuroinflammation*>**. Briefly, slides were washed with PBS and permeabilised
with PBS containing 0.05% v/v saponin and 5% v/v normal goat serum for 30 min. Then, non-specific binding
was blocked with 1.5% normal goat serum for 30 min. For each staining, slides were first labelled with mouse
anti-nestin (1:400; Millipore), rabbit anti-GFAP-6 (1:1000; Millipore), rabbit anti-laminin (1:400; Sigma), or rab-
bit anti-TNF-« (1:1000; Abcam) primary antibodies, respectively. Slides were incubated with the corresponding
primary antibody overnight at 4 °C and subsequently treated with a fluorescence-labelled (Alexa 488 or 594) sec-
ondary antibody (1:500) for 1h at 22 42 °C. The slide was then washed and treated with a Vectashield mounting
medium containing DAPI (Vector Laboratories, Burlingame, CA, USA). Immunostained slides were analysed
on a confocal microscope (LSM 510; Carl Zeiss Microlmaging, Jena, Germany). To quantify the number of cells
expressing laminin, GFAP-9, nestin, or TNF-« in the striatum, three distinct slides were obtained from the ante-
rior to posterior striatum at 150 pm intervals in each animal, respectively. From each slide, five images at x100
magnification were obtained without overlaps, where the threshold and acquisition parameters for each fluores-
cence signal were established, following the manufacturer’ setting of the microscope without changes. The image
was then assessed using image analysis software (Image Pro Plus; Media Cybernetics, MD, USA). The cells with
double positive staining on DAPI and an antibody of interest were counted and their number was expressed in
percentage based on the total number of DAPI-positive cells*.

Statistical analysis. The numbers of rotations in the behavioural test were analysed for statistical signifi-
cance using an analysis of variance with o= 0.05, followed by pairwise comparisons using Tukey’s post-hoc test.
Statistical analyses of immunofluorescence data were performed using Student’s t-tests. For all statistical analyses,
differences were considered significant at p < 0.05.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.

Received: 3 September 2019; Accepted: 18 May 2020;
Published online: 12 June 2020

References

. De Lau, L. M. & Breteler, M. M. Epidemiology of Parkinson’ disease. Lancet Neurol. 5, 525-535 (2006).

. Tan, L. C. S. Epidemiology of Parkinson’s disease. Neurol. Asia 18, 231-238 (2013).

. Fahn, S. Levodopa in the treatment of Parkinson’s disease. Neural Transm Suppl, 1-15 (2006).

. Morgan, J. C. & Sethi, K. D. Emerging drugs for Parkinson’s disease. Expert Opin Emerg Drugs (2006).

. Lotia, M. & Jankovic, J. New and emerging medical therapies in Parkinson’s disease. Expert. Opin. Pharmacol. 17, 895-909 (2016).

. Poewe, W,, Mahlknecht, P. & Jankovic, J. Emerging therapies for Parkinson’s disease. Curr. Opin. Neurol. 25, 448-459 (2012).

. Ross, G. W. et al. Parkinsonian signs and substantia nigra neuron density in decendents elders without PD. Ann. Neurol. 56, 532-539

(2004).
. Dauer, W. & Przedborski, S. Parkinson’s disease: mechanisms and models. Neuron 39, 889-909 (2003).
9. Villalba, J. M., Parrado, C., Santos-Gonzalez, M. & Alcain, F. ]. Therapeutic use of coenzyme Q(10) and coenzyme Q(10)-related

compounds and formulations. Expert. Opin. Inv Drug. 19, 535-554 (2010).

10. Przedborski, S. Pathogenesis of nigral cell death in Parkinson’s disease. Parkinsonism Relat. Disord. 11, $3-S7 (2005).

11. Somayajulu, M. et al. Role of mitochondria in neuronal cell death induced by oxidative stress; neuroprotection by Coenzyme Q(10).
Neurobiol. Dis. 18, 618-627 (2005).

12. Moon, Y., Lee, K. H., Park, J. H., Geum, D. & Kim, K. Mitochondrial membrane depolarization and the selective death of
dopaminergic neurons by rotenone: protective effect of coenzyme Q(10). J. Neurochemistry 93, 1199-1208 (2005).

13. Crane, F L. Biochemical functions of coenzyme Q(10). J. Am. Coll. Nutr. 20, 591-598 (2001).

14. Borekova, M., Hojerova, J., Koprda, V. & Bauerova, K. Nourishing and health benefits of coenzyme Q(10) - a review. Czech J. Food
Sci. 26,229-241 (2008).

15. National Collaborating Centre for Chronic Conditions. Symptomatic pharmacological therapy in Parkinson’ disease. NICE Clinical
Guidelines (Royal College of Physicians, London, 2006).

16. Popovic, N. & Brundin, P. Therapeutic potential of controlled drug delivery systems in neurodegenerative diseases. Int. J.
Pharmaceutics 314, 120-126 (2006).

17. Bhandari, K. H. et al. Preparation, characterization and evaluation of coenzyme Q10 binary solid dispersions for enhanced solubility
and dissolution. Biol. Pharm. Bull. 30, 1171-1176 (2007).

18. Nehilla, B. J., Bergkvist, M., Popat, K. C. & Desaid, T. A. Purified and surfactant-free coenzyme Q10-loaded biodegradable
nanoparticles. Int. . Pharmaceutics 348, 107-114 (2008).

NG LN~

ol

SCIENTIFIC REPORTS |

(2020) 10:9572 | https://doi.org/10.1038/s41598-020-66493-w


https://doi.org/10.1038/s41598-020-66493-w

www.nature.com/scientificreports/

19.

20.
21.

22.
23.

24.
25.

26.
27.
. Aziz, N. A. et al. Weight loss in neurodegenerative disorders. . Neurol. 255, 1872-1880 (2008).
29.
30.
31.
32.

33.

34,
35.
36.
37.
38.
39.
40.
41.
. Park, H. W. et al. Human umbilical cord blood-derived mesenchymal stem cells improve functional recovery through
43.
44,
45.

46.
47.

48.
49.

50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.

61.

62.

Bhagavan, H. N. & Chopra, R. K. Plasma coenzyme Q10 response to oral ingestion of coenzyme Q10 formulations. Mitochondrion
7, $78-888 (2007).

Miles, M. V. The uptake and distribution of coenzyme Q(10). Mitochondrion 7, S72-S77 (2007).

Ogawa, N. Levodopa and dopamine agonists in the treatment of Parkinson’s disease: advantages and disadvantages. Eur. Neurol. 34,
20-28 (1994).

Barua, N. U. et al. A novel implantable catheter system with transcutaneous port for intermittent convection-enhanced delivery of
carboplatin for recurrent glioblastoma. Drug. Deliv. 23, 167-173 (2016).

Bruce, J. N. et al. Regression of recurrent malignant gliomas with convection-enhanced delivery of topotecan. Neurosurgery 69,
1272-1280 (2011).

Shults, C. W. Therapeutic role of coenzyme Q10 in Parkinson’s disease. Pharmacol. Ther. 107, 120-130 (2005).

Herrlich, S., Spieth, S., Messner, S. & Zengerle, R. Osmotic micropumps for drug delivery. Adv. Drug. Delivery Rev. 64, 1617-1627
(2012).

Mao, Z., Wy, J. H,, Dong, T. & Wu, M. X. Additive enhancement of wound healing in diabetic mice by low level light and topical
CoQI0. Sci. Rep. 6,20084 (2016).

Bachmann, C. G. & Trenkwalder, C. Body weight in patients with Parkinson’ disease. Mov. Disord. 21, 1824-1830 (2006).

Emborg, M. E. Evaluation of animal models of Parkinson’s disease for neuroprotective strategies. J. Neurosci. Methods 139, 121-143
(2004).

Jang, D. P. et al. Functional neuroimaging of the 6-OHDA lesion rat model of Parkinson’s disease. Neurosci. Lett. 513, 187-192
(2012).

Hsieh, T.-H., Chen, J.-J. ], Chen, L.-H., Chiang, P.-T. & Lee, H.-Y. Time-course gait analysis of hemiparkinsonian rats following
6-hydroxydopamine lesion. Behavioural brain Res. 222, 1-9 (2011).

Muthukumaran, K. et al. Orally delivered water soluble Coenzyme Q 10 (Ubisol-Q 10) blocks on-going neurodegeneration in rats
exposed to paraquat: potential for therapeutic application in Parkinson’s disease. BMC Neurosci. 15, 21 (2014).

Sikorska, M. et al. Nanomicellar formulation of coenzyme Q10 (Ubisol-Q10) effectively blocks ongoing neurodegeneration in the
mouse 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine model: potential use as an adjuvant treatment in Parkinson’s disease.
Neurobiol. Aging 35, 2329-2346 (2014).

Beal, M. E. & Matthews, R. T. Coenzyme Q 10 in the central nervous system and its potential usefulness in the treatment of
neurodegenerative diseases. Mol. Asp. Med. 18, 169-179 (1997).

Takeda, R. et al. Unilateral lesions of mesostriatal dopaminergic pathway alters the withdrawal response of the rat hindpaw to
mechanical stimulation. Neurosci. Res. 52, 31-36 (2005).

Chudler, E. H. & Lu, Y. Nociceptive behavioral responses to chemical, thermal and mechanical stimulation after unilateral,
intrastriatal administration of 6-hydroxydopamine. Brain Res. 1213, 41-47 (2008).

Tomov, N., Surchev, L., Wiedenmann, C., Dobréssy, M. D. & Nikkhah, G. Astrogliosis has different dynamics after cell
transplantation and mechanical impact in the rodent model of Parkinson’s disease. Balk. Med. J. 35, 141 (2018).

Mogi, M. et al. Homospecific activity (activity per enzyme protein) of tyrosine hydroxylase increases in parkinsonian brain. J. neural
Transm. 72, 77-82 (1988).

Lloyd, K., Davidson, L. & Hornykiewicz, O. The neurochemistry of Parkinson’s disease: effect of L-dopa therapy. J. Pharmacol. Exp.
Ther. 195, 453-464 (1975).

Nagatsu, T., Nakashima, A., Ichinose, H. & Kobayashi, K. Human tyrosine hydroxylase in Parkinson’s disease and in related
disorders. J. Neural Transm. 126, 397-409 (2019).

Schober, A. Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA and MPTP. Cell Tissue Res. 318, 215-224 (2004).

thrombospondinl, pantraxin3, and vascular endothelial growth factor in the ischemic rat brain. J. Neurosci. Res. 93, 1814-1825
(2015).

Park, H. W. et al. The effect of donor-dependent administration of human umbilical cord blood-derived mesenchymal stem cells
following focal cerebral ischemia in rats. Exp. Neurobiol. 24, 358-365 (2015).

Duran-Prado, M. et al. Coenzyme Q10 protects human endothelial cells from 3-amyloid uptake and oxidative stress-induced injury.
PL0S One 9, €109223 (2014).

Li, L. et al. Coenzyme Q10 attenuated (3-amyloid25-35-induced inflammatory responses in PC12 cells through regulation of the
NF-«B signaling pathway. Brain Res. Bull. 131, 192-198 (2017).

Schmelzer, C. et al. Functions of coenzyme Q10 in inflammation and gene expression. BioFactors 32, 179-183 (2008).

Cabreira, V., Soares-da-Silva, P. & Massano, J. Contemporary Options for the Management of Motor Complications in Parkinson’s
Disease: Updated Clinical Review. Drugs 79, 593-608 (2019).

Fung, V. S. C. New and emerging treatments for Parkinson disease. Med. J. Aust. 202, 283-284 (2015).

Kooncumchoo, P., Sharma, S., Porter, J., Govitrapong, P. & Ebadi, M. Coenzyme Q(10) provides neuroprotection in iron-induced
apoptosis in dopaminergic neurons. J. Mol. Neurosci. 28, 125-141 (2006).

Spindler, M., Beal, M. E. & Henchcliffe, C. Coenzyme Q10 effects in neurodegenerative disease. Neuropsychiatr. Dis. Treat. 5, 597
(2009).

Yoritaka, A. et al. Randomized, double-blind, placebo-controlled pilot trial of reduced coenzyme Q10 for Parkinson’s disease.
Parkinsonism Relat. Disord. 21,911-916 (2015).

Beal, M. E. et al. A randomized clinical trial of high-dosage coenzyme Q10 in early Parkinson disease: no evidence of benefit. JAMA
Neurol. 71, 543-552 (2014).

Shults, C. W, Beal, M. E, Song, D. & Fontaine, D. Pilot trial of high dosages of coenzyme Q(10) in patients with Parkinson’s disease.
Exp. Neurol. 188, 491-494 (2004).

Ferro, M. M. et al. Comparison of bilaterally 6-OHDA-and MPTP-lesioned rats as models of the early phase of Parkinson’s disease:
histological, neurochemical, motor and memory alterations. J. Neurosci. methods 148, 78-87 (2005).

Choi, H. et al. Coenzyme Q10 restores amyloid beta-inhibited proliferation of neural stem cells by activating the PI3K pathway. Stem
Cell Dev. 22,2112-2120 (2013).

Zacchigna, S., Lambrechts, D. & Carmeliet, P. Neurovascular signalling defects in neurodegeneration. Nat. Rev. Neurosci. 9, 169
(2008).

Palmer, T. D., Willhoite, A. R. & Gage, F. H. Vascular niche for adult hippocampal neurogenesis. J. Comp. Neurol. 425, 479-494
(2000).

Tansey, M. G. & Goldberg, M. S. Neuroinflammation in Parkinson’s disease: its role in neuronal death and implications for
therapeutic intervention. Neurobiol. Dis. 37, 510-518 (2010).

Hirsch, E. C. & Hunot, S. Neuroinflammation in Parkinson’s disease: a target for neuroprotection? Lancet Neurol. 8, 382-397 (2009).
Schiele, J. T., Quinzler, R., Klimm, H.-D., Pruszydlo, M. G. & Haefeli, W. E. Difficulties swallowing solid oral dosage forms in a
general practice population: prevalence, causes, and relationship to dosage forms. Eur. J. Clin. Pharmacol. 69, 937-948 (2013).
Senthilkumar, K. S. et al. Unilateral implantation of dopamine-loaded biodegradable hydrogel in the striatum attenuates motor
abnormalities in the 6-hydroxydopamine model of hemi-parkinsonism. Behavioural Brain Res. 184, 11-18 (2007).

Krafft, P. R. et al. Etiology of stroke and choice of models. Int. J. Stroke 7, 398-406 (2012).

SCIENTIFIC REPORTS |

(2020) 10:9572 | https://doi.org/10.1038/s41598-020-66493-w


https://doi.org/10.1038/s41598-020-66493-w

www.nature.com/scientificreports/

63. Mehta, A., Sonabend, A. & Bruce, J. Convection-enhanced delivery. Neurotherapeutics 14, 358-371 (2017).

64. Zhang, Y., Liu, J., Chen, X.-Q. & Chen, C.-Y. O. Ubiquinol is superior to ubiquinone to enhance Coenzyme Q10 status in older men.
Food Funct. 9, 5653-5659 (2018).

65. Prangthip, P., Kettawan, A., Posuwan, J., Okuno, M. & Okamoto, T. An improvement of oxidative stress in diabetic rats by
ubiquinone-10 and ubiquinol-10 and bioavailability after short-and long-term coenzyme Q10 supplementation. J. Diet. Suppl. 13,
647-659 (2016).

66. Langsjoen, P. H. & Langsjoen, A. M. Comparison study of plasma coenzyme Q10 levels in healthy subjects supplemented with
ubiquinol versus ubiquinone. Clin. Pharmacol. Drug. Dev. 3, 13-17 (2014).

67. Nazzal, S., Guven, N., Reddy, I. K. & Khan, M. A. Preparation and characterization of Coenzyme QlO—Eudragit® solid dispersion.
Drug. Dev. Ind. Pharm. 28, 49-57 (2002).

68. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates. (Elsevier, 2006).

69. Nezhadi, A. et al. BMSC and CoQ10 improve behavioural recovery and histological outcome in rat model of Parkinson’s disease.
Pathophysiology 18, 317-324 (2011).

70. Robertson, D., Low, P. A. & Polinsky, R. J. Primer on the autonomic nervous system. (Academic Press, 2011).

71. Nagatsu, T. & Nagatsu, I. Tyrosine hydroxylase (TH), its cofactor tetrahydrobiopterin (BH4), other catecholamine-related enzymes,
and their human genes in relation to the drug and gene therapies of Parkinson’s disease (PD): historical overview and future
prospects. J. Neural Transm. 123, 1255-1278 (2016).

72. Kim, M. et al. Berberine prevents nigrostriatal dopaminergic neuronal loss and suppresses hippocampal apoptosis in mice with
Parkinson’s disease. Int. J. Mol. Med. 33, 870-878 (2014).

73. Baek, D.-]., Lee, C.-B. & Baek, S.-S. Effect of treadmill exercise on social interaction and tyrosine hydroxylase expression in the
attention-deficit/hyperactivity disorder rats. J. Exerc. Rehabil. 10, 252 (2014).

74. Francisco, J. S., Moraes, H. P. D. & Dias, E. P. Evaluation of the Image-Pro Plus 4.5 software for automatic counting of labeled nuclei
by PCNA immunohistochemistry. Braz. Oral. Res. 18, 100-104 (2004).

75. Harris, R. B. S. Growth Measurements in Sprague-Dawley Rats Fed Diets of Very Low Fat Concentration. J. Nutr. 121, 1075-1080
(1991).

Acknowledgements

This research was supported by the Basic Science Research Program (grant no. 2017R1A2B3004830), and
Bio & Medical Technology Development Program (grant no. 2015M3A9E2030129) of the National Research
Foundation (NRF) funded by the Ministry of Science, ICT & Future Planning. This study was also supported
by the Original Technology Research Program for Brain Science through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and Technology (grant nos. 2015M3C7A1028926);
the Original Technology Research Program for Brain Science through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and Technology (grant no. 2017M3C7A1047392).
This work was also supported by the National Research Foundation of Korea(NRF) grant funded by the Korea
government(MSIT) (NRF-2019R1C1C1006300 and NRF-2019R1A4A1028700).

Author contributions

HWP,C.G.P,MP,SHL,HRP,JL,SH.P and Y.B.C. designed the experiments. C.G.P. and M.P. prepared and
analysed the Alzet pump. H-W.P. and M.P. performed the in vivo experiments. H-W.P,, C.G.P,, and M.P. analysed
the in vivo data. S.H.L., H.R.P, and ].L. assisted with the analysis. S.H.P. and Y.B.C. supervised the research.
H.W.P, C.G.P, S.H.P. and Y.B.C. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66493-w.

Correspondence and requests for materials should be addressed to S.H.P. or Y.B.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9572 | https://doi.org/10.1038/s41598-020-66493-w


https://doi.org/10.1038/s41598-020-66493-w
https://doi.org/10.1038/s41598-020-66493-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intrastriatal administration of coenzyme Q10 enhances neuroprotection in a Parkinson’s disease rat model

	Results

	CoQ10 treatment. 
	Behavioural analysis. 
	Evaluation of dopaminergic neurons. 
	Evaluation of neurogenesis, angiogenesis, and neuroinflammation. 

	Discussion

	Methods

	Materials. 
	CoQ10 loading in alzet osmotic pumps. 
	In vivo animal evaluation. 
	Animals. 
	Animal model of parkinson’s disease. 
	Pump implantation. 
	Behavioural assessment. 
	Brain tissue analysis. 
	Tyrosine hydroxylase immunostaining. 
	Immunofluorescence staining. 

	Statistical analysis. 

	Acknowledgements

	﻿Figure 1 CoQ10 delivery profiles via intrastriatal and oral routes.
	Figure 2 Apomorphine-induced rotational behaviours of animals in a Parkinson’s disease model.
	Figure 3 Tyrosine hydroxylase expression in the intact (left) and lesioned (right) striatum.
	Figure 4 Tyrosine hydroxylase expression in the intact (left) and lesioned (right) substantia nigra.
	Figure 5 Immunofluorescence analysis of neurogenesis in the sub-ventricular zone.
	Figure 6 Immunofluorescence analysis of angiogenesis in the sub-ventricular zone.
	Figure 7 Immunofluorescence analysis of inflammation in the sub-ventricular zone.




