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Dyskinesia is a serious complication of Parkinson’s disease during levodopa (L-DOPA) treatment. The pathophysiology of L-DOPA-induced dyskinesia (LID) is complex and not fully illuminated. At present, treatment of dyskinesia is quite limited. Recent studies demonstrated neuroinflammation plays an important role in development of LID. Thus, inhibition of neuroinflammation might open a new avenue for LID treatment. Resveratrol (RES) is the most well-known polyphenolic stilbenoid and verified to possess a large variety of biological activities. DA neurotoxicity was assessed via behavior test and DA neuronal quantification. The movement disorders of dyskinesia were detected by the abnormal involuntary movements scores analysis. Effects of RES on glial cells-elicited neuroinflammation were also explored. Data showed that RES attenuated dyskinesia induced by L-DOPA without affecting L-DOPA’s anti-parkinsonian effects. Furthermore, RES generated neuroprotection against long term treatment of L-DOPA-induced DA neuronal damage. Meanwhile, RES reduced protein expression of dyskinesia molecular markers, ΔFOS B and ERK, in the striatum. Also, there was a strong negative correlation between DA system damage and ΔFOS B level in the striatum. In addition, RES inhibited microglia and astroglia activation in substantia nigra and subsequent inflammatory responses in the striatum during L-DOPA treatment. RES alleviates dyskinesia induced by L-DOPA and these beneficial effects are closely associated with protection against DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory reactions.
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Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease in the world with an incidence of about 1%-2% (1, 2). The etiology of PD is closely related to environmental and genetic factors, which eventually leads to loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNpc) and the subsequent DA neurotransmitter depletion in the striatum (3). Patients exhibit a range of clinical symptoms, such as slow movement, postural instability, resting tremor and muscle stiffness. DA replacement therapy based on levodopa (L-DOPA) is still a gold standard and widely used prescription therapy in clinic (4). L-DOPA mainly effectively improve the motor symptoms of PD. However, there is no evidence that L-DOPA therapy could prevent or delay the progression of DA neurodegeneration. Importantly, with the progression of the disease and the increase of cumulative L-DOPA exposure, patients tend to develop several severe drug side effects, such as dyskinesia (termed as L-DOPA-induced dyskinesia, LID) (5). Clinical symptoms of LID generally include chorea, dystonia and simple repetitive involuntary movement, which are one of the important causes of disability in patients with PD (6, 7).

The pathophysiology of LID is complex and not fully illuminated (8, 9). Studies indicated that intermittent administration of L-DOPA caused fluctuations in DA receptors in the striatum, leading to imbalance in glutamatergic, serotonergic and adrenergic system functions and signal transduction. In addition to neuronal mechanisms, non-neuronal mechanisms, such as glial cells-mediated neuroinflammation and angiogenesis, might contribute to the occurrence of LID (10, 11). Postmortem biochemical analysis presented the evidence of neuroinflammation in the brain of PD patients. A number of studies supported that repeated administration of L-DOPA aggravated neuroinflammation in the striatum (12, 13). Using compounds, such as Cannabidiol and Cannabinoid Compounds or Rho kinase inhibitor fasudil, that block different neuroinflammatory pathways could reduce dyskinesia movement disorders (14–16). In addition, endogenous anti-inflammatory agents, such as corticosterone, could apparently reduce the occurrence and development of LID. Also, IL-1β receptor antagonists attenuated LID via the decreased IL-1β production in the striatum (17). These investigations suggested that neuroinflammation was closely involved in the pathogenesis of LID.

To date, the only drug for the treatment of LID in PD patients is amantadine, a non-competitive antagonist of N-methyl-D-aspartate (NMDA) glutamate receptor. However, it could not be an ideal drug for long-term treatment of dyskinesia due to its tolerance and side effects (18). To find potential suitable alternatives for the treatment of dyskinesia is still an unmet clinical demand (19).

Resveratrol (trans-3, 4, 5-trihydroxystilbene, RES) is the most well-known polyphenolic stilbenoid, found in grapes, peanuts, mulberries and several other plants (20). RES has been verified to possess a large variety of biological activities, such as anti-oxidative, anti-aging, anti-inflammatory, anti-cancer and anti-microbial properties (21). The immunoregulatory role of RES was proposed almost 20 years ago. Thus, RES could play promising beneficial effects on the prevention of the progression of chronic diseases related to inflammation, such as cardiovascular diseases, diabetes and cancers (22–24). In addition, studies have shown that RES can cross blood-brain barrier (25), thus showing therapeutic potential in central nervous system (26). For example, RES (20 mg/kg) generated remarkable neuroprotective actions against neurodegenerative diseases in animal models (27–30). Moreover, studies have suggested that in PD animal models, RES conferred DA neuroprotection in substantia nigra via the activation of SIRT1 signaling (31). Although the underlying neuroprotective mechanism is not fully understood, it is closely associated with its anti-inflammatory and anti-oxidant properties (28).

Currently, DA neuronal loss is one of the pathological features of PD, which has been recognized to be an important risk factor for the development of LID (9). Based on the characteristics of neuroprotection and multi-acting targets of RES, role of RES on the pathogenesis of dyskinesia was explored in this study. Here, 6-hydroxydopamine (6-OHDA)-lesioned DA neuronal damage rat model was employed to investigate the activities of RES on L-DOPA’s therapeutic actions and side effects, such as LID, as well. Particularly, these findings might provide beneficial synergistic therapeutic avenues for PD.



Methods


Animals

Male Sprague-Dawley rats weighing 180-200 g were used. Rats were housed in a temperature (19-25°C) and humidity-controlled (40-70%) with a 12 h light/dark cycle and free access to autoclaved water and rat chow diet. All efforts were made to minimize their suffering. A total of 160 rats were randomly divided into 4 groups with 40 rats in each group, namely: 6-OHDA, 6-OHDA+RES, 6-OHDA+L-DOPA and 6-OHDA+L-DOPA +RES groups. Then, ten rats were sacrificed at each time point, in which 5 rats were applied for immunohistochemical staining and the other 5 rats were used for western blot analysis. All animal experiments were performed in accordance with National Institute of Health Guideline for the Animal Care and Use of Laboratory Animal and the protocols were approved by the institutional Animal Care and Use Committee at Zunyi Medical University (Zunyi, China).



6-OHDA Lesion and L-DOPA and RES Treatment

To create the 6-OHDA lesion, rats were anesthetized with sodium pentobarbital (60 mg/kg) and then immobilized in a stereotaxic frame to target the unilateral SNpc (coordinates AP-5.2, ML-2.1, DV-8.0) relative to bregma. A single 6-OHDA (5 μg/μL, diluted in normal saline containing 0.02% ascorbic acid; Sigma) solution was injected over 3 min with an infusion rate of 1 μL/min, followed by 3 min of equilibrium before retracting the needle. All rats were allowed to a 21-day recovery period before experiment start. Then, intraperitoneal injection of L-DOPA [L-DOPA methyl ester HCl (5 mg/kg) combined with benserazide HCl (2.5 mg/kg) diluted in 0.9% saline; Sigma] and intragastrical administration of RES (20 mg/kg, diluted in 0.1% carboxymethylcellulose sodium aqueous solution; Sigma) were performed daily.



Rotarod Test

The rotarod treadmills were made of a rotating spindle (7.6 cm diameter) and 4 individual compartments able to simultaneously test four rats. Before the experiment, rats were subjected to two days of adaptive training, and the speed was fixed at 12 rpm. In the formal test, the acceleration parameter was selected to be 4.0-40 rpm for the experiment. Each rat was tested 3 times with an interval of 30 min. Finally, the average stay time of 3 times in the rod of each rat was statistically analyzed.



Stepping Test

The stepping test was employed to measure rat forelimb akinesia. Rats with unilateral DA depletion of more than 80% performed poorly in this test (32). L-DOPA treatment could greatly improve this defect. Therefore, when adjuvant drugs were used in combination with L-DOPA, stepping test was also used to determine whether additional adjuvant drugs affected the efficacy of L-DOPA (33, 34). In detail, the stepping test was performed 30 min after L-DOPA treatment. The two forepaws were tested alternately and each forepaw was tested 3 times. Rats were held by the investigator immobilizing the hind legs with one hand and one forepaw not to be monitored with the other, so that the weight of rat fell completely on the test forelimb. Then, rats were moved across the table at a speed of 90 cm/5 s, during which an additional investigator recorded the number of adjustment steps. Data were presented as mean percent intact stepping, where the sum of the total steps with the lesioned forepaw was divided by the total steps with the unlesioned forepaw multiplied by 100. Lower percent intact scores indicated greater forelimb akinesia.



Assessment of Abnormal Involuntary Movements (AIMs)

L-DOPA induced AIMs scores were evaluated on 7, 21, 42 and 84 days after L-DOPA treatment. Dyskinesia behavior changes were assessed for 1min every 30-min interval over a 120-min period. The following three subtypes of AIMs: Axial, Limb and Orofacial AIMs scores were evaluated. Each subtype AIM was scored based on a frequency from 0 to 4 (0=absent, 1=intermittently present for 50% of the observation period, 2=intermittently present for > 50% of the observation period, 3=interruptable and present through the entire rating period, 4=uninterruptable and through the entire rating period). Through the AIMs test, the severity of dyskinesia in each rat was quantified. The total AIM scores were obtained by summing each AIMs subtype score from each 30-min observation period.



Western Blot Analysis

After animals were deeply anesthetized, brains were quickly dissected and separated on ice and the separated midbrain and striatum tissues were frozen at -80°C. The frozen tissue was homogenized with lysis buffer (including protease inhibitor and phosphate protease inhibitor) and cracked on ice. The supernatant was collected after centrifugation for 10 min at 4°C. Protein concentrations were detected by BCA assay kit. An equal of amount of protein for each sample was loaded onto an sodium dodecyl sulfate polyacrylamide electrophoresis gel (10%). Proteins separated by gel electrophoresis were electro-transferred onto a 0.45 mm polvinylidene difluoride membranes. The membranes were blocked with 5% skimmed milk, and then incubated with the following primary antibodies at 4°C overnight: rabbit anti-TH (1:2000; Proteintech), rabbit anti-IL-1β (1:1000; Proteintech), rabbit anti-TNF-α (1:1000; Proteintech), rabbit anti-COX-2 (1:1000; Abcam), rabbit anti-Inos (1:1000; Proteintech), rabbit anti-p-ERK (Thr202/204) (1:1000; Affinity), rabbit anti-ERK (1:1000; Proteintech), rabbit anti-ΔFOS B (1:1000; HuaAn Biotechology), rabbit anti-GAPDH (1:2000; Servivebio), rabbit anti-β-actin (1:2000; Servivebio). After washing, bound antibodies were detected with HRP-conjugated secondary anti-rabbit antibody (1:3000; Proteintech). The blots were developed with enhanced chemiluminescence antoradiography (ECL kit) and quantified with the software Quantity one.



Immunohistochemical Staining

Rats were perfused intracardially with PBS and subsequently fixed with 4% paraformaldehyde. After tissue was dehydrated and embedded in paraffin, a total of 5-μm section was cut and collected. Antigens were repaired via high temperature and pressure antigen repair using citrate buffer (pH=6). Tissue was cooled to room temperature and incubated in goat serum for 30 min, and incubated with the following primary antibodies at 4 overnight: rabbit anti-TH (1:500; Abcam), rabbit anti-IBA-1 (1:300; Abcam), rabbit anti-GFAP (1:500; Proteintech), rabbit anti-ΔFOS B (1:100; HuaAn Biotechology). For immunohistochemical staining, slides were incubated with biotinylated secondary antibody at 37°C for 15 min and visualized with avidin horseradish enzyme at 37°C for 20 min. Slices were visualized through DAB kit. For immunofluorescence staining, the second antibodies were anti-rabbit IgG Alexa Flour 488 (1:800; Abcam). Quantification of TH-positive neurons was performed through visually counting the number of TH-positive neuronal cell bodies blindly by two investigators. The images were recorded with a charge-coupled device camera and operated with the MetaMorph software. The results were obtained from the average. The mean value for the number of TH-positive neurons in substantia nigra was then deduced by averaging the counts of six sections for each rat.



Statistics

Data were expressed as mean ± standard error of the mean (SEM). Statistical significance was analyzed by one- or two-way analysis of variance (ANOVA) using GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). When ANOVA showed significant difference, pairwise comparisons between means were analyzed by Bonferroni’s post hoc t-test with correction. A value of p<0.05 was considered statistically significant. In addition, the correlation between DA system damage and ΔFOS B level was tested by Pearson correlation analysis.




Results


RES Alleviated Dyskinesia Induced by L-DOPA

Rat Dyskinesia behavior dysfunction induced by L-DOPA was evaluated by AIM scores 7, 21, 42 and 84 days after L-DOPA application. As shown in Figure 1, L-DOPA aggravated the behavior dysfunction of axial, limb, orafacial and total AIM scores beginning from L-DOPA treatment for 7 days. However, RES attenuated L-DOPA-induced AIM scores aggravation from RES administration for 21 days.




Figure 1 | RES alleviated dyskinesia induced by L-DOPA. L-DOPA- induced behavior changes of axial (A), limb (B), orafacial (C) and total AIM scores (D) were evaluated 7, 21, 42 and 84 days after L-DOPA administration, respectively. Data were expressed as mean ± SEM from 10 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Didn’t Affect L-DOPA’s Anti-PD Efficacy

L-DOPA’s efficacy of anti-PD motor dysfunction was assessed by rotarod test. As shown in Figure 2A, compared with 6-OHDA group, L-DOPA attenuate 6-OHDA-induced decrease of the time rat stayed on rod from L-DOPA treatment for 7 days, while RES attenuated this motor dysfunction from RES treatment for 21 days. In addition, compared with L-DOPA or RES treatment, no further changes were shown in L-DOPA combined with RES treatment. On the other hand, to evaluate whether RES affected L-DOPA’s anti-PD efficacy, rat motor performance was analyzed by stepping test. As shown in Figure 2B, L-DOPA reversed 6-OHDA-induced stepping deficits from L-DOPA treatment for 7 days. Moreover, RES combined with L-DOPA preserved L-DOPA-generated this beneficial effect. These results showed that RES had no negative effects on the improvement of L-DOPA against PD motor dysfunction.




Figure 2 | RES didn’t affect L-DOPA’s anti-PD efficacy. The beneficial effects generated by co-treatment of RES with L-DOPA on 6-OHDA-induced rat behavior changes were analyzed by rotarod test (A). The time rat stayed on the rod was recorded. The effects of RES together with L-DOPA on forelimb stepping changes were determined via the stepping test to further evaluate whether RES affected L-DOPA’s efficacy (B). Data were expressed as mean ± SEM from 10 rats. *P < 0.05 compared with 6-OHDA group.





Effects of RES Combined With L-DOPA on 6-OHDA-Induced DA Neurotoxicity

Next, the effects of RES combined with L-DOPA on 6-OHDA-induced DA neuronal loss were investigated. As shown in Figures 3A, B, after 7 and 21 days of L-DOPA administration, there was no significant difference of DA neuronal number between the 6-OHDA group and the other groups. After 42 days of L-DOPA treatment, compare with the 6-OHDA group, L-DOPA caused more DA neuronal damage. However, RES exerted neuroprotection against L-DOPA-induced DA neuronal damage. Consistent with DA neurons quantification analysis, TH (DA neuron marker) protein expression detection also demonstrated that RES attenuated L-DOPA-induced DA neurotoxicity (Figure 3C). To investigate whether RES and L-DOPA affected DA neuronal survival on the unlesioned side of substantia nigra, the effects of L-DOPA and RES on contralateral unlesioned side was determined by TH-positive neuron quantification and TH protein expression detection. As shown in Supplemental Figure 1, no significant difference of TH-positive neuron number and TH protein expression in contralateral unlesioned side of substantia nigra among 6-OHDA, 6-OHDA+RES, 6-OHDA+RES+L-DOPA and 6-OHDA+RES+L-DOPA groups after 42 days of L-DOPA treatment was discerned.




Figure 3 | Effects of RES combined with L-DOPA on 6-OHDA-induced DA neurotoxicity. 7, 21 and 42 days after L-DOPA treatment, rats were sacrificed and brains were collected, respectively. DA neurons in substantia nigra were recognized and immunostained with an anti-TH antibody (A). The “ellipse” presented the area of substantia nigra. DA neuronal loss in substantia nigra was analyzed via the quantification of TH-positive neurons. U, unlesioned side; L, lesioned side. (B). Scale bar=100 µm. TH protein level was determined by western blotting (C). The densitometry values of TH were detected and normalized to β-actin of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Reduced the Protein Expression of Dyskinesia Molecular Markers ΔFOS B and p-ERK in Rat Striatum

After 42 days of L-DOPA administration, the effects of L-DOPA or RES on protein expression of ΔFOS B, phosphorylated-ERK (p-ERK) and total ERK in the ipsilateral striatum of rats were detected. As shown in Figure 4A, compared with 6-OHDA group, L-DOPA increased the protein expression of ΔFOS B and p-ERK, which was reduced by RES treatment. Then, analysis of the correlation between DA neuronal damage and ΔFOS B level in the striatum of rats with LID was performed. First, the expression of ΔFOS B and TH (DA projection fiber) in the striatum of rats were measured. As shown in Figures 4B–D, compared with 6-OHDA group, L-DOPA decreased TH expression and increased ΔFOS B expression in the striatum. After RES treatment, RES reversed L-DOPA-induced changes of TH and ΔFOS B. Then, the correlation between TH and ΔFOS B level during LID was further analyzed. As shown in Figure 4E, there was a strong negative correlation between DA neuronal damage and ΔFOS B level in the striatum.




Figure 4 | Analysis of the correlation between DA neuronal damage and dyskinesia marker ΔFOS B level in the striatum of rats with LID. After 42 days of L-DOPA treatment, the expression levels of ΔFOS B, phosphorylated-ERK (p-ERK) and ERK proteins in the striatum of rats were analyzed by western blotting. The densitometry values of TH, phosphorylated ERK (p-ERK) and ERK were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group (A). Next, the expression of TH from DA projection fiber and ΔFOS B in the striatum of rats were detected by immunohistochemistry staining (B). Area of TH-positive expression was measured (C). ΔFOS B-positive cell number was quantified (D). The correlation between the expression of TH and ΔFOS B was analyzed (E). Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Inhibited Neuroinflammatory Reactions Induced by L-DOPA

Since neuroinflammation was considered to be one of the important causes of LID, the role of glial cells-mediated neuroinflammation in RES-attenuated LID was explored. As shown in Figure 5, compared with 6-OHDA group, L-DOPA induced microglia (IBA-1) and astroglia (GFAP) activation in the substantia nigra from L-DOPA treatment for 21 days. However, RES inhibited L-DOPA-induced glial cells activation. To further confirm the inactivation of glial cells mediated by RES, the effects of RES on glial cells-elicited inflammatory responses in the striatum were determined. As shown in Figure 6A, similar results were present that RES suppressed microglia and astroglia activation induced by L-DOPA in the striatum. Furtherly, the protein expression of pro-inflammatory mediators in rat striatum were detected. As shown in Figure 6B, L-DOPA increased TNF-α, COX-2, iNOS and IL-1β protein expressions, which could be reduced by RES treatment.




Figure 5 | Effects of RES on activation of glial cells in substantia nigra of rats with LID. Rat brains were sectioned and microglia and astroglia were immunostained with anti-GFAP and IBA-1 antibodies 7, 21, and 42 days after L-DOPA administration, respectively. The number analysis of IBA-1-positive microglia and GFAP-positive astroglia in substantia nigra from 3 evenly spaced brain sections of each rat was performed.Data were expressed as mean ± SEM from 5 rats and calculated as percentage of 6-OHDA values. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.






Figure 6 | Effects of RES on inflammatory responses in the striatum of rats with LID. Rat striatum tissue were sectioned and immunostained with anti-GFAP and IBA-1 antibodies 42 days after L-DOPA administration. The number analysis of IBA-1-positive microglia and GFAP-positive astroglia in the striatum from 3 evenly spaced brain sections of each rat was determined (A). The protein levels of pro-inflammatory mediators, such as TNF-α, iNOS, COX-2 and IL-1β, in the striatum 42 days after L-DOPA administration were detected by western blot assay (B). The densitometry values of TNF-α, iNOS, COX-2 and IL-1β were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.






Discussion

The purpose of this study was to determine whether the “multi-target drug” RES alleviated dyskinesia induced by L-DOPA. Results clearly indicated RES attenuated LID without affecting L-DOPA’s anti-parkinsonian effects. Furthermore, RES generated neuroprotection against long term treatment of L-DOPA-induced DA neuronal damage. Meanwhile, RES reduced the protein expression of dyskinesia molecular markers, ΔFOS B and ERK, in the striatum. Also, there was a strong negative correlation between DA system damage and ΔFOS B level in the striatum. In addition, RES inhibited microglia and astroglia activation in substantia nigra and subsequent inflammatory responses in the striatum during L-DOPA-treated PD. Collectively, these results suggested that RES attenuated LID through protection against DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory reactions.

Nowadays, clinical studies indicated that the course of PD was a risk factor for the onset of dyskinesia (35), and the loss of DA neurons might be directly related to the severity of LID. Moreover, the rapid increase of exogenous DA caused by L-DOPA administration and the volatile stimulation of DA receptor was an important cause of dyskinesia. The remaining DA neurons in PD were an important source of endogenous DA. With the aggravation of the course of PD and the increase of the loss of DA neurons, endogenous DA was not sufficient to cushion the fluctuation of neurotransmitters caused by exogenous DA. In addition, L-DOPA could produce cytotoxic reactive oxygen species through oxidative metabolism of DA or autoxidation (36). Long-term administration of L-DOPA in 6-OHDA-damaged rats might lead to the accumulation and metabolism of extracellular DA in the striatum, which could magnify the pre-existing oxidative and pro-inflammatory environment, thus promoting the process of DA neurodegeneration. Until now, the neuroprotective effects of RES have been widely proved. In this study, it has been proved that RES protected DA neurons from L-DOPA-induced neurotoxicity. At the same time, the correlation analysis of striatal DA projecting fibers and ΔFOS B demonstrated that the loss of DA neurons was directly related to the severity of LID.

At present, the pathogenesis of LID is very complicated. As mentioned earlier, the decrease of DA projecting fibers in the striatum of PD led to rapid changes in the concentration of DA neurotransmitters after L-DOPA treatment, resulting in changes in the conduction function of basal ganglia. A number of studies showed that the increased activity of D1R led to changes in a series of downstream molecular levels, such as phosphorylation of cyclic adenosine monophosphate phosphorylated protein-32 (DARPP-32) (37), ERK1/2 and increased expression of early gene proteins, such as ΔFOS B (38, 39). Here, this study exhibited that RES could reduce the expression of representative molecules, such as ERK and ΔFOS B protein, to ameliorate LID.

Although neuroinflammation is verified to contribute to the pathogenesis of PD, recent studies have confirmed that neuroinflammation also plays an important role in LID (10). The role of neuroinflammation in LID is mainly mediated by glial cells and cytokines. Also, the effects of different administration of L-DOPA on dyskinesia and neuroinflammation were compared. Evidence indicated that there was no dyskinesia or inflammation in the continuous L-DOPA administration group, while intermittent L-DOPA treatment could lead to dyskinesia, glial cells activation and up-regulation of inflammatory factors in the striatum (40). Furthermore, intermittent L-DOPA administration pretreated with LPS aggravated the severity of neuroinflammation and dyskinesia in rats (40). These findings suggested that the inflammatory state in the striatum was closely related to the severity of dyskinesia. Additionally, microglia activation is an important manifestation of neuroinflammation and participates in the secretion of a variety of pro-inflammatory factors. For example, TNF-α was one of the most representative inflammatory factors. Existing studies demonstrated that TNF-α might be involved in the occurrence and development of LID through the following pathways: 1) TNF-α could activate a variety of intracellular signal transduction pathways, including NF-κB and MAPK signal pathway (41, 42), and further aggravated neuroinflammation; 2) TNF-α stimulated the release of glutamate from microglia and increased the extracellular concentration of excitatory neurotransmitter glutamate in the striatum (43); 3) Since angiogenesis was considered to be a risk factor for dyskinesia (13), reducing the expression of TNF-α inhibited angiogenesis to further attenuate dyskinesia (44). Emerging evidence indicated that the increased expression of various pro-inflammatory factors in the striatum of rats with dyskinesia and the decrease of inflammatory mediators, such as TNF-α (13), COX-2 (38, 45), IL-1β (17) and iNOS (12, 46), could reduce the severity of LID. On the other hand, the activation of astroglia is also closely associated with the occurrence of LID. First, astroglia are well-known to uptake and release L-DOPA (47, 48), and convert L-DOPA into DA (49), indicating that astroglia might be an important source of exogenous DA in the striatum. Second, monoamine oxidase in astroglia metabolizes DA, to produce toxic reactive oxygen species and DA metabolites (50). These products could further activate microglia and promote the secretion of pro-inflammatory factors in microglia. Besides, in animal models of PD, vascular endothelial growth factor mainly expressed in astroglia is recognized to be involved in the pathophysiology of LID (11). In this study, L-DOPA induced microglia and astroglia activation from L-DOPA treatment for 21 days. Similar phenomenon was exhibited that L-DOPA induced microglia activation and subsequent neuroinflammatory reactions in rat model after L-DOPA treatment for 36 days (51). However, current studies also demonstrated that L-DOPA reduced glial cells activation and neuroinflammatory responses (52). Thus, the mechanisms underlying the role of glial cells-mediated neuroinflammation on L-DOPA-treated PD were a quite interesting area to be worth further investigation. On the other hand, combined with L-DOPA administration, RES suppressed microglia and astroglia activation-mediated neuroinflammatory responses during LID. These data suggested that inhibition of neuroinflammation participate in RES-alleviated dyskinesia induced by L-DOPA.

Taken together, this study revealed the role of anti-inflammatory therapy on improving the occurrence of dyskinesia upon L-DOPA treatment. Results demonstrated that RES combined with L-DOPA could reduce further loss of DA neurons and attenuated the severity of LID. However, this study only focuses on the therapeutic effect of RES on dyskinesia induced by L-DOPA. Next, to further investigate whether anti-dyskinetic effects of RES are reversible after withdrawal or prior to L-DOPA warrants future investigation (53).



Conclusions

RES alleviated dyskinesia induced by L-DOPA and these beneficial effects were closely associated with protection of DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory responses.
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Supplementary Figure 1 | Effects of RES and L-DOPA on DA neuronal survival in the unlesioned side of substantia nigra. After 42 days of L-DOPA treatment, rats were sacrificed and brains were collected, respectively. DA neurons in substantia nigra were recognized and immunostained with an anti-TH antibody. DA neuronal survival in the unlesioned side of substantia nigra was analyzed via the quantification of TH-positive neurons (A) and the expression of TH protein (B). Scale bar=100 µm. The densitometry values of TH protein were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats.
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