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process of PD. Much evidence has suggested that microglia-mediated neuroinflammation is
involved in the pathophysiology of PD. As an anti-inflammatory agent, curcumin may exert a
neuroprotective effect on PD. However, its mechanism has yet to be demonstrated clearly. Our
results indicated that curcumin alleviated rotenone-induced behavioral defects, dopamine neuron
loss, and microglial activation. Besides, the NF-kB signaling pathway, the NLRP3 inflammasome,
and pro-inflammatory cytokines, including IL-18 and IL-1f, contributed to the microglia-
mediated neuroinflammation in PD. Furthermore, Drpl-mediated mitochondrial fission causing
mitochondrial dysfunction also had an etiological role in the process. This study suggests that
curcumin protects against rotenone-induced PD by inhibiting microglial NLRP3 inflammasome
activation and alleviating mitochondrial dysfunction in mice. Thus, curcumin may be a neuro-
protective drug with promising prospects in PD.

1. Introduction

As a common neurodegenerative disorder, Parkinson’s disease (PD) has brought a great burden to society [1]. It has been reported
that the incidence of PD in the population over the age of 60 is approximately 1% [2]. PD is often characterized by tremor, muscle
rigidity, and motor retardation [3]. Severe patients with PD will lose the ability to move to complete daily life activities [4]. The major
pathological features of PD are the reduction of dopamine neurons and deposition of alpha-synuclein in the substantia nigra (SN).
However, recently, therapeutic approaches targeting neither the replacement of regenerative stem cells nor the clearance of
alpha-synuclein have shown clinically long-term benefits [5]. Much evidence indicates that neuroinflammation is implicated in the
progression of PD [6-8]. Neuroinflammation has a neurotoxic effect on dopamine neurons and contributes to the onset and progression
of PD [7]. As the main innate immune cells of the brain, microglia have been reported to play a critical role in mediating neuro-
inflammation [9,10]. The activated microglia acquire cytotoxic phenotypes, subsequently releasing pro-inflammatory cytokines that
can exacerbate neuron damage during the neurodegenerative processes of PD [11]. Thus, a therapeutic approach targeting
microglia-mediated neuroinflammation has been considered a pivotal strategy for treating PD.

As microglia-mediated neuroinflammation is implicated in the progression of PD, interventions focused on anti-inflammation may
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exert a neuroprotective effect. Curcumin, a member of the ginger family, is derived from the spice turmeric [12]. Much evidence has
suggested that curcumin has many pharmacological and biological activities, including anti-inflammatory effect [13,14], antivirulence
effect [15], antimicrobial activity [16], antineoplastic activity [17,18], and antioxidant effect [19,20]. As an anti-inflammatory agent,
curcumin may exert a neuroprotective effect on PD. Actually, increasing studies have shown that curcumin has pharmaceutical po-
tential against PD [21]. However, its mechanism has yet to be demonstrated clearly. Is the effect of curcumin on PD associated with
microglia-mediated neuroinflammation? This study used curcumin to treat PD, and the underlying mechanism was explored.

It is generally known that microglia can recognize danger signals through NOD-like receptor protein 3 (NLRP3) [22]. NLRP3 is the
sensor protein of the NLRP3 inflammasome complex. The NLRP3 inflammasome consists of an NLRP3 receptor, an
apoptosis-associated speck-like protein containing a CARD (ASC), and a caspase-1 [23]. The activation of nuclear factor kappa B
(NF-kB) promotes the transcription of NLRP3 [24]. The NLRP3 inflammasome then activates caspase-1, which can cleave
pro-interleukin-18 (IL-18) and pro-interleukin-1beta (IL-1p) to IL-18 and IL-1p, respectively. Briefly, the NLRP3 inflammasome pro-
motes the maturation and release of IL-18 and IL-1$ [25], contributing to the progression of neurodegeneration in PD. Furthermore,
mitochondrial dysfunction has been implicated as a key mediator in the activation of microglial NLRP3 inflammasome [26]. Research
with rotenone-induced rodent models of PD demonstrated that microglial mitochondrial dysfunction could enhance the NLRP3
inflammasome signaling, exacerbating the dopaminergic neurodegeneration [26]. Similarly, another study revealed that
dynamin-related protein 1 (Drpl)-dependent mitochondrial fission causing mitochondrial damage induces NF-kB nuclear trans-
location and NLRP3 inflammasome activation, contributing to rotenone-induced olfactory bulb disturbances in rats [27]. Drpl, a
dynamics-related protein, mediates mitochondrial fission, fusion, and mitophagy. Drpl is located predominantly in the cytosol. Once
activated, it forms oligomers and is recruited to punctate spots on the mitochondrial surface. Mitochondrial adaptor binding by Drp1
leads to the assembly of future fission sites and the severing of the mitochondrial membrane under GTP hydrolysis conditions [28]. It is
important to note that not only is Drpl-mediated fission required for mitophagy that exerts a neuroprotective effect, but abnormal
mitochondrial fission and mitophagy can cause neuronal survival or death, suggesting that Drpl may play a critical role in PD
pathogenesis [29]. Taken together, we speculate that the NF-kB signaling pathway, the NLRP3 inflammasome, pro-inflammatory
cytokines, and mitochondrial fission in microglia are involved in the effect of curcumin in PD.

In this study, we aim to explore curcumin’s effects on behavioral defects, dopamine neuron loss, microglial activation, NLRP3
inflammasome activation, overexpression of pro-inflammatory cytokines, activation of the NF-kB signaling pathway, and excessive
mitochondrial fission in SN induced by rotenone in mice. To achieve these goals, rotenone, a mitochondrial complex I inhibitor, was
utilized to construct a classical PD mouse model [30-32]. Curcumin was used to treat PD [32-34], and the underlying mechanism was
studied. To study the effect of curcumin treatment on the behavioral alterations induced by rotenone in mice, we performed the open
field test and the rotarod test. Tyrosine hydroxylase (TH) is a dopaminergic neuron marker. To evaluate the effect of curcumin
treatment on the survival of dopamine neurons, we characterized TH expression by immunohistochemistry. Then, the protein
expression levels of Iba-1, NLRP3, ASC, caspase-1, cleaved caspase-1, IL-18, and IL-1p were assessed by immunohistochemistry,
Western blot, or ELISA to assess the activation of the NLRP3 inflammasome. Finally, Drpl-dependent mitochondrial fission was tested
to evaluate the mitochondrial function by Western blot by assessing the mitochondrial and cytoplasmic Drpl protein levels.

2. Materials and methods
2.1. Ethics statement

This study was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals.
The protocol was approved by the Animal Ethics Committee of the Affiliated Hospital of Qingdao University
(No0.20200829C576J701118002).
2.2. Animals

This study used male C57BL/6J mice (8 weeks). These mice took food and drink freely and were housed on a 12-h-light/dark cycle.
The room temperature is 23 °C.
2.3. Rotenone administration

Rotenone can induce dopaminergic neuron loss, dopamine level reduction, and alpha-synuclein accumulation, resulting in
behavioral defects [35]. This study obtained rotenone from Shanghai Jingdu Biotechnology Co., Ltd, China. The mice were admin-
istered with rotenone (3 mg/kg/day [36], subcutaneously) for 35 days, while the control mice were administered with sunflower oil.

2.4. Curcumin treatment

Curcumin was obtained from Sigma-Aldrich. Mice were administered with curcumin (50 mg/kg/day) or 0.1% DMSO intraperi-
toneally for 21 days.
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2.5. Rotarod performance test

The training was performed three times on the first day. Moreover, training and test were both performed once on the second day.
The latency to fall from the rotarod (the performance time) was measured for 5 min and recorded in seconds [35]. The test was
performed with rotarod instrumentation and analyzed by software (Rota Rod Rotamex 5, Columbus Instruments).

2.6. Open field test

Mice were placed in the box for 5 min. In the assessment, each mouse was placed in the middle of the box and allowed to explore
freely. To eliminate any possible bias caused by scents left by previous mice, the floor and walls were rinsed with 70% ethyl alcohol
after each test [35]. The total distance traveled was recorded. The moving trail was recorded and analyzed by software (EthovisionXT,
Noldus).

2.7. Immunohistochemistry

After the behavioral tests, brains were collected, fixed in 4% PFA overnight, and first dehydrated with 20% sucrose and then 30%
sucrose. They were then cut into slices using a cryostat (Leica) and rinsed three times in PBS. For quenching endogenous peroxidase,
we incubated the sections for 30 min in an aqueous solution of 20% methanol and 0.5% H20,. Sections were rinsed three times again in
PBS. Sections were incubated with blocking solution, primary antibodies, secondary antibodies, avidin-biotin-HRP complex, and
diaminobenzidine tetrahydrochloride in turn. The sections were analyzed using a microscope (Leica), and the number of positive cells
was quantified. The primary antibodies were: tyrosine hydroxylase (TH, Abcam, ab137869) and Iba-1 (Abcam, ab178847).

2.8. Western blot

SN proteins were extracted by RIPA lysis buffer. The samples were centrifuged at 12,000 rpm for 20 min in the subsequent step. The
Bradford method was used to measure the protein concentration of each sample [37]. Samples were separated using 10% SDS- PAGE.
The membranes were blocked with 5% nonfat milk for 1 h at room temperature and then incubated with primary antibodies.
Membranes were then incubated with secondary antibodies for 2 h at 4 °C and finally visualized with the ECL. The relative protein
expression was normalized to f-Actin. The primary antibodies were as follows: Iba-1 (Abcam, ab178847), NLRP3 (CST, # 15101S),
ASC (CST, # 678248S), Caspase-1 (CST, # 24232S), Cleaved Caspase-1 (CST, # 89332S), p- NF-kB (CST, # 3039S), NF-xB (CST, #
82428S) and B-Actin (CST, # 84578S).

2.9. ELISA

The SN tissues were homogenized with the cell lysis buffer 2 (R&D Systems). IL-18 and IL-1p levels in SN tissue homogenates were
quantified by ELISA (R&D Systems). OD value was measured and analyzed. The IL-1p and IL-18 concentrations were expressed as pg/
mg SN protein.

2.10. Isolation of mitochondria

Tissue Mitochondria Isolation Kit (Beyotime, C3606) was used to isolate mitochondria according to the manufacturer’s in-
structions. Precipitates are isolated mitochondria, which can be used to determine mitochondrial protein content. The supernatant can
be used for cytoplasmic protein determination. Then, the Western blot was conducted. The primary antibodies were as follows: Drp1
(Abcam, ab184247), COX IV (CST, # 11967S), and B-Actin (CST, # 8457S). The COX IV antibody has proven to be effective for
mitochondrial loading control.

2.11. Experimental procedure

To determine the efficacy of curcumin on behavioral defects and microglial activation in SN induced by rotenone in mice, a total of
40 mice were divided into four groups: the vehicle + vehicle group, the vehicle + curcumin group, the rotenone + vehicle group, and
the rotenone + curcumin group. N = 10/group. The mice of the rotenone group were injected with rotenone for 35 days. The mice of
the curcumin group were injected with curcumin for 21 days. Then, the behavioral tests, including the rotarod test and the open field
test, were conducted. After the behavioral tests were finished, the brains were collected to evaluate the efficacy of curcumin on
microglial activation in SN of PD mice and to study the underlying mechanism.

2.12. Statistical analysis

This study adopts a completely randomized grouping method. The mice are randomly assigned to each group, and then compare
the differences between the mean values of each group for statistical significance to infer the effect of treatment factors. The obser-
vations are independent of each other. The observed values can be divided into multiple groups (4 groups). Therefore, the one-way
analysis of variance (ANOVA) is selected. The data were analyzed with one-way ANOVA using Graphpad Prism 6.01. Then, Turkey
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is used for the Post-Hoc test. The data are shown as Mean + Standard Error (S.E.M.).

3. Results

3.1. Curcumin treatment reversed rotenone-induced behavioral defects in mice

To study the effect of curcumin treatment on the behavioral alterations induced by rotenone in mice, we performed the open field
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Fig. 1. Curcumin treatment reversed rotenone-induced behavioral defects in mice. A, Experimental procedure. B, Behavior trace of mice in the open
field test. C, The total distance of mice in the open field test. D, The rotarod performance time of mice in the rotarod test. N = 10/group. All data are
shown as mean + S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001.
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test and the rotarod test. The experimental procedure is shown in Fig. 1A. Rotenone induced significant behavioral defects in PD mice,
as shown by decreased total distance in the open field test (Fig. 1B and C) and reduced performance time in the rotarod test (Fig. 1D).
As expected, curcumin treatment remarkably normalized rotenone-induced behavioral defects in mice as shown by increased total
distance in the open field test (Fig. 1B and C) and performance time in the rotarod test (Fig. 1D). These results indicate that curcumin
treatment can reverse rotenone-induced behavioral defects in mice.

3.2. Curcumin treatment alleviated rotenone-induced reduction of dopamine neurons in SN in mice

To evaluate the effect of curcumin treatment on the survival of dopamine neurons, we characterized TH expression by immuno-
histochemistry. Rotenone induced obvious loss of dopamine neurons in SN in PD mice (Fig. 2A and B). Curcumin treatment signifi-
cantly rescued rotenone-induced reduction of dopamine neurons in mice (Fig. 2A and B). This result indicates that curcumin treatment
can alleviate rotenone-induced pathological features in SN in mice.

3.3. Curcumin treatment inhibited microglial activation in SN induced by rotenone in mice

As microglia-mediated neuroinflammation is implicated in the progression of PD, we observed the effect of curcumin treatment on
microglial activation in PD mice. Inmunohistochemistry (Fig. 3A and B) and Western blot (Fig. 3C and D) both revealed that curcumin
treatment inhibited rotenone-induced microglial activation in SN in mice. These results indicate that curcumin treatment can dampen
microglial activation induced by rotenone in mice.

3.4. Curcumin treatment inhibited the activation of NLRP3 inflammasome in SN induced by rotenone in mice

The NLRP3 inflammasome plays an important role in the function of microglia. To study the contribution of the change of the
NLRP3 inflammasome to the efficacy of curcumin treatment on PD mice, we observed the protein expression levels of NLRP3, ASC,
caspase-1, and cleaved caspase-1 in SN in PD mice (Fig. 4A). In our study, NLRP3 (Fig. 4B), ASC (Fig. 4C), caspase-1 (Fig. 4D), and
cleaved caspase-1 (Fig. 4E) displayed higher protein expression levels in PD mice, which were all significantly reversed by curcumin
treatment. The results indicate that the change of the NLRP3 inflammasome contributes to the efficacy of curcumin on PD mice.

3.5. Curcumin treatment inhibited the overexpression of cytokines and the activation of the NF-kB signaling pathway in SN induced by
rotenone in mice

The NLRP3 inflammasome promotes the maturation and release of IL-18 and IL-1p. To assess the effects of curcumin treatment on
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Fig. 2. Curcumin treatment alleviated the rotenone-induced reduction of dopamine neurons in SN in mice. A, Representative immunohisto-
chemistry staining for TH in the SN. Scale bar is 50 pm. B, Quantitative analysis of the relative number of TH-positive cells in the SN. N = 5/group.
All data are shown as mean + S.E.M. **P < 0.01, ***P < 0.001.
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Fig. 3. Curcumin treatment inhibited microglial activation in SN induced by rotenone in mice. A, Representative immunohistochemistry staining
for Iba-1 in the SN. Scale bar is 50 pm. B, Quantitative analysis of the relative number of Iba-1-positive cells in the SN. C, Representative western
blots for Iba-1 in the SN. D, Quantification of the relative intensity of Iba-1 in the SN. N = 5/group. All data are shown as mean + S.E.M. *P < 0.05,
***P < 0.001.
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Fig. 4. Curcumin treatment inhibited the activation of NLRP3 inflammasome in SN induced by rotenone in mice. A, Representative western blots for
NLRP3, ASC, caspase-1, and cleaved caspase-1. B, Quantification of the relative intensities of NLRP3. C, Quantification of the relative intensities of
ASC. D, Quantification of the relative intensities of caspase-1. E, Quantification of the relative intensities of cleaved caspase-1. N = 5/group. All data
are shown as mean + S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001.

the contents of IL-18 and IL-1p in SN in PD mice, we tested them by ELISA. IL-18 (Fig. 5A) and IL-1p (Fig. 5B) both displayed higher
protein expression levels in PD mice, which were significantly reversed by curcumin treatment. The activation of the NF-xB signaling
pathway promotes the transcription of NLRP3. To further study the signaling pathway in SN in mice, we conducted western blots to
determine p-NF—«B and NF-kB levels. As shown in Fig. 5C, the protein expression of p-NF—«B was significantly up-regulated in SN in
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Fig. 5. Curcumin treatment inhibited the overexpression of cytokines and the activation of the NF-kB signaling pathway in SN induced by rotenone
in mice. A, IL-18 content. B, IL-1p content. C, Representative western blots for p-NF-«B and NF-kB. D, Quantification of the relative intensities of
p-NF—«B/NF-kB. N = 5/group. All data are shown as mean + S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001.

PD mice, and curcumin treatment remarkably ameliorated this activation (Fig. 5D). These results indicate that the NF-kB signaling
pathway may be associated with the effect of curcumin treatment on PD mice.

3.6. Curcumin treatment inhibited the excessive mitochondrial fission in SN induced by rotenone in mice

As shown in Fig. 6, Drpl-dependent mitochondrial fission was tested by assessing the mitochondrial and cytoplasmic Drpl protein
levels. We found that the mitochondrial Drp1 protein level was significantly increased (Fig. 6A and B). In contrast, cytosolic Drpl was
remarkably decreased (Fig. 6C and D) in SN of PD mice. The alterations were significantly reversed by curcumin treatment. These
results suggest that curcumin treatment can inhibit the excessive mitochondrial fission induced by rotenone in mice. To sum up, the
microglial NF-xB -NLRP3 inflammasome signaling pathway and mitochondrial fission may be associated with the effect of curcumin
treatment on PD mice.

4. Discussion

PD is a common neurodegenerative disorder all over the world. It is often characterized by tremor, muscle rigidity, and motor
retardation. The major pathological features of it are the reduction of dopamine neurons and deposition of alpha-synuclein in SN.
Currently, treatment options can only relieve symptoms but cannot prevent, slow, or halt the neurodegenerative process of PD
[38-40]. Because of the multifactorial nature of PD, the single-target therapeutic strategy cannot provide significant benefits, so
multitarget approaches should be proposed. Thus, new mechanisms and novel targets of disease progression need to be studied. Much
evidence has suggested that neuroinflammation is involved in the pathophysiology of PD [41]. The glial activation and overexpression
of pro-inflammatory cytokines are common characteristics of the PD brain [42]. Our study used rotenone to construct the classical PD
mouse model. This model mimics most clinical features of PD [43,44] and is suitable for exploring neuroprotective drugs because of
the slow onset of degeneration [45]. Our results indicated that rotenone induced behavioral defects in mice, as shown by decreased
total distance in the open field test and reduced performance time in the rotarod test. In addition, rotenone induced reduction of
dopamine neurons in SN in mice. These results demonstrated that rotenone successfully induced behavioral defects and pathological
features in PD mice, which aligned with previous studies [46-48]. As the main innate immune cells of the brain, microglia have been
reported to play a critical role in mediating neuroinflammation. Many studies have shown that microglial activation participates in the
pathophysiology of PD [49-51]. However, its mechanism needs to be better interpreted. The NLRP3 inflammasome plays an important
role in the function of microglia. Besides, the activation of NF-kB promotes the transcription of NLRP3. The NLRP3 inflammasome
promotes the maturation and release of pro-inflammatory cytokines, including IL-18 and IL-1f. It has also been suggested that
mitochondrial dysfunction triggers the NLRP3 inflammasome activation. Specifically, Drpl-dependent mitochondrial fission induces
NF-kB nuclear translocation and NLRP3 inflammasome activation in PD rats. Our results indicated that rotenone induced microglial
activation in SN in mice. The mitochondrial fission, the NF-kB signaling pathway, the NLRP3 inflammasome, and pro-inflammatory
cytokines were all abnormal, contributing to the microglia-mediated neuroinflammation in PD.

As an anti-inflammatory drug, curcumin can cross the blood-brain barrier and has a neuroprotective effect in PD [52]. In our study,
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Fig. 6. Curcumin treatment inhibited the excessive mitochondrial fission in SN induced by rotenone in mice. A, Representative western blots for
mitochondrial Drpl. B, Quantification of the relative intensities of mitochondrial Drpl. C, Representative western blots for cytosolic Drpl. D,
Quantification of the relative intensities of cytosolic Drpl. N = 5/group. All data are shown as mean + S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001.

curcumin treatment significantly normalized rotenone-induced behavioral defects in mice, as shown by increased total distance in the
open field test and performance time in the rotarod test. Besides, curcumin treatment significantly rescued rotenone-induced reduction
of dopamine neurons in mice. These results confirmed that curcumin has neuroprotective effects on PD. Evidence has shown curcu-
min’s neuroprotective effects in PD, including inhibiting inflammation and oxidative stress, reducing monoamine oxidase B, and
inhibiting the aggregation of alpha-synuclein. However, whether NLRP3 inflammasome and mitochondrial fission play a role in the
effect of curcumin in PD is not known. In this study, curcumin treatment inhibited rotenone-induced microglial activation in SN in
mice. Furthermore, curcumin treatment inhibited the activation of the NLRP3 inflammasome, the overexpression of cytokines, the
activation of the NF-«xB signaling pathway, and the excessive mitochondrial fission in SN induced by rotenone in mice. These results
indicated that microglial NLRP3 inflammasome and mitochondrial fission mediate the effect of curcumin in PD. Our study adds to the
evidence that curcumin has neuroprotective effects in PD. The novelty of this study is that we found that curcumin rescued
rotenone-induced dopaminergic neuron loss by inhibiting microglial NLRP3 inflammasome activation and alleviating mitochondrial
dysfunction.

It has been documented that NLRP3 inflammasome-mediated neuroinflammation participates in the progression of neuro-
degeneration in PD, and mitochondrial impairment augments the process [53]. Drpl-dependent mitochondrial fission causing
mitochondrial damage induces NF-kB nuclear translocation and NLRP3 inflammasome activation. As an anti-inflammatory agent,
curcumin may exert a neuroprotective effect on PD. However, its mechanism has yet to be demonstrated clearly. Hence, this study aims
to clarify whether NLRP3 inflammasome-mediated neuroinflammation and mitochondrial fission are involved in the effect of cur-
cumin in PD. Our results indicated that curcumin alleviated rotenone-induced behavioral defects, dopamine neuron loss, and
microglial activation. Besides, the NF-kB signaling pathway, the NLRP3 inflammasome, and pro-inflammatory cytokines, including
IL-18 and IL-1f, contributed to the microglia-mediated neuroinflammation in PD. Furthermore, Drpl-mediated mitochondrial fission
causing mitochondrial dysfunction also had an etiological role in the process. This study suggests that curcumin protects against
rotenone-induced PD by inhibiting microglial NLRP3 inflammasome activation and alleviating mitochondrial dysfunction in mice.
Thus, curcumin may be a neuroprotective drug with promising prospects in PD. The limitation of this study is that curcumin cannot
penetrate the blood-brain barrier (BBB) effectively, thus limiting its therapeutic effects [54]. The approaches to facilitate curcumin
permeation across the BBB may resolve drug delivery-related problems. Further studies need to develop central nervous system
penetrant curcumin to treat PD.
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