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Abstract: Background. An extensive body of research suggests that brain inflammation and oxida-
tive stress are the underlying causes of Parkinson’s disease (PD), for which no potent therapeutic
approach exists to mitigate the degradation of dopamine neurons. Freshwater clams, an ancient
health food of Chinese origin, have been documented to exhibit anti-inflammatory and antioxidant
effects. We previously reported that freshwater clam extract (FCE) can attenuate astrocytic activation
and subsequent proinflammatory cytokine production from substantia nigra in an MPTP-induced
PD mouse model. This article provides insight into the potential mechanisms through which FCE
regulates neuroinflammation in a glia model of injury. Materials and methods. In total, 1 µg/mL
lipopolysaccharide (LPS) and 200 µM rotenone were conducted in primary glial cell cultures to mimic
the respective neuroinflammation and oxidative stress during injury-induced glial cell reactivation,
which is relevant to the pathological process of PD. Results. FCE markedly reduced LPS-induced neu-
roinflammation by suppressing NO and TNF-α production and the expression of pro-inflammatory
cytokines. In addition, FCE was effective at reducing rotenone-induced toxicity by diminishing ROS
production, promoting antioxidant enzymes (SOD, catalase, and GPx) and minimizing the decline in
glial-cell-secreted neurotrophic factors (GDNF, BDNF). These impacts ultimately led to a decrease
in glial apoptosis. Conclusions. Evidence reveals that FCE is capable of stabilizing reactive glia, as
demonstrated by reduced neuroinflammation, oxidative stress, the increased release of neurotrophic
factors and the inhibition of apoptosis, which provides therapeutic insight into neurodegenerative
diseases, including PD.

Keywords: freshwater clam extract (FCE); neuroinflammation; oxidative stress; neurotrophic factor;
primary glial cell culture

1. Introduction

Astrocytes are the most abundant glial cells for sustaining neuronal function in the
human brain. Crosstalk between astrocytes and neurons is crucial to maintain homeostasis
because glial cells provide architectural support and nutritional supply for neurons in the
central nervous system (CNS). Specifically, astrocyte-mediated neuroprotection has been
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proposed to be due to the limiting of neuronal death from excitotoxins and oxidants [1,2],
maintenance energy metabolism, and regulating osmolarity for volume regulation [3].
Furthermore, glial cell-line-derived neurotrophic factor (GDNF) and brain-derived neu-
rotrophic factor (BDNF) secreted from glia, including astrocytes and microglia, have been
shown to protect neurons against apoptosis. GDNF was reported to enhance survival
for injured nigrostriatal dopaminergic neurons in an in vitro model of Parkinson’s dis-
ease (PD) [4,5].

Emerging evidence has suggested that excessive inflammation, mitochondrial dysfunc-
tion, increased oxidative stress, excitotoxicity, ubiquitin-proteasome system dysfunction,
alpha-synuclein aggregation, and Lewy body formation may underlie the pathogenesis
of PD [6–8]. Among these pathogeneses, neuroinflammation plays a critical role in the
progression of PD and Alzheimer’s disease (AD) [9–11]. To maintain CNS function, glial
cells can be activated and act as immunocompetent cells to protect the host from CNS
diseases, including PD. Activated glial cells, consisting of microglia or astrocytes, promote
the release of pro-inflammatory cytokines, reactive oxygen species (ROS), nitric oxide
(NO), glutamate, phospholipases, and proteases, which, through the release of these neu-
rotoxic mediators, ultimately contribute to the progressive neuronal damage observed in
PD [12–14]. Consequently, impaired mitochondria-specific autophagy, accompanied by
excessive inflammation, which is linked to a number of genes implicated in PD, leads to
mitochondrial dysfunction and potentially evokes direct neuronal dysfunction and neu-
rodegeneration [15]. Taken together, glial cells function in both beneficial and detrimental
roles as part of the pathophysiological mechanisms of PD. As such, any novel approach
that would enhance neuroprotection and reduce the inflammatory activation of glial cells
would be an essential therapeutic advance.

As widely popular edible shellfish in Asia, freshwater clams contain high levels of
lipophilic phytosterols [16]. A number of in vitro and in vivo studies have found that fresh-
water clams exert many medical and biological effects, including cholesterol reduction [17]
and hepatoprotection [18]. Previously, we demonstrated that freshwater clam extract (FCE)
exerted anti-inflammatory effects in vivo and in vitro, and exhibited therapeutic potential
in the treatment of neurodegenerative diseases. Concretely, in an MPTP-induced mouse
PD model, FCE stabilized dopamine neurons in the substantia nigra pars compacta (SNpc)
through the stimulation of neurotrophic factors, the reduction of astrocyte activation and
the inhibition of injury-induced neuronal depletion [19]. Furthermore, FCE can downreg-
ulate ERK1/2, JNK1/2, p38 phosphorylation and NF-κB activity, thereby reducing NO,
IL-1β, IL-6 and TNF-α in lipopolysaccharide (LPS)-activated macrophages [20].

With the aim of achieving better insight into the pathological mechanisms involved in
PD generation, we further explored the detailed mechanisms implicated in neurodegen-
erative diseases by employing an in vitro model of glial cell activation and mitochondrial
dysregulation induced by LPS and rotenone, as recognized triggers of neuroinflamma-
tion [21,22] and PD pathogenesis [23], respectively. As such, in the present study, we
attempted to estimate: (1) the inhibitory effect of FCE on injury-reactivated proinflam-
matory reaction and oxidative stress and (2) the potentiating effect upon the secretion of
neurotrophic factors in glial cells.

2. Materials and Methods
2.1. Preparation of Freshwater Clam Extract (FCE)

FCE was prepared by the method described in previous papers [20]. Freshwater clams,
Corbicula fluminea, were provided by the LiChuan Aquaculture Farm (Hualien, Taiwan).
The freshwater claim powder of the edible portion of C. flluminea (50 g, dry weight) was
extracted with 500 mL 99.9% ethanol (32221, Sigma, Sigma-Aldrich, St. Louis, MO, USA)
for 16 h. The extract was concentrated and dried to produce ethanol (ECF). ECF (20 g) was
sub-partitioned with 300 mL ethyl acetate (270989, Sigma, Sigma-Aldrich, St. Louis, MO,
USA). The collected sub-fraction was dried and stored at 4 ◦C. The amount of FCE was
expressed in terms of dry weight.
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2.2. Preparation of Primary Glial Cell Cultures

Primary glial cell cultures were prepared completely in accordance with the published
protocols [24]. As a result, cultures of microglia, astrocytes, and oligodendrocytes were
prepared to mimic the microenvironment of the real brain, in which glial cells are col-
lectively, rather than individually, implicated in the pathogenesis of neurodegenerative
diseases. Briefly, P0–P2 neonatal mouse pups were decapitated using sterile large scissors.
The heads were gently placed into a petri dish. Forceps were used to hold the nose por-
tion of the head, while the skin was cut by following the midline. The entire brain was
exposed while keeping the olfactory bulbs and brain tissue intact. The brain was then
placed into a new petri dish containing cold DMEM. Under a dissecting magnifying glass,
the brainstem and cerebellum were removed. The olfactory bulbs were clamped to remove
the meningeal layer from both hemispheres. The hemispheres were carefully opened and
the choroidal plexus covering on the inside removed. The forebrains were transferred to
a Falcon tube containing cold DMEM. The nervous tissue was triturated and dissociated
with a serum-coated Pasteur pipette. The tubes were then centrifuged for 15 min to 200× g.
The supernatant was then discarded and the pellet suspended in 25 mL of warm DMEM
with 10% fetal bovine serum and 10% horse serum per six forebrains. This mixture was
then seeded into Poly-D-Lysine-covered 75 cm2 flasks and incubated at 37 ◦C in 5% carbon
dioxide for 7 to 10 days, without changing the culture medium during this time.

2.3. In Vitro Models for Injury-Induced Neurodegeration

Rotenone is known to produce ROS by inhibiting mitochondrial complex I activ-
ity [25] and triggering inflammatory effects [26]. Rotenone has been shown to readily cross
the blood–brain barrier and accumulate throughout the brain, impairing mitochondrial
function, ultimately leading to neurodegeneration [25,27]. Rotenone administration has
been shown to directly increase ROS production and contribute to dopaminergic neuronal
injury [25,28]. In this study we used a glial cell culture model and rotenone was adminis-
trated to induce inflammation and ROS production with the aim of mimicking the situation
commonly encountered in PD.

2.4. Cell Viability Analysis

Cell viability was determined using an MTT assay. The MTT assay provided a sensitive
measurement of the metabolic status cell, particularly the status of the mitochondria, which
may reflect early redox change. Primary glial cells were seeded in 96 well plates at a density
of 1 × 104 cell/well and incubated for 24 h prior to the experimental treatments. The cells
were then subjected to the required treatments. After 24 h incubation, MTT (0.5 mg/mL)
was added to each well. Following an additional 1 h incubation at 37 ◦C, the supernatant
was then removed. One hundred µL of DMSO was added to dissolve the formazan crystals.
The absorbance was measured at 450 nm using a Bio-Rad iMark™ microplate reader (Bio-
Rad Laboratories, Inc. Hercules, CA, USA). Wells without cells were used as blanks and
were subtracted as background from each sample. Results were expressed as a percentage
of control.

2.5. Measurement of Intracellular ROS

ROS production was measured using an oxidation-sensitive fluorescent probe 2′7′-
dichlorofluorescein diacetate (DCF-DA, D6883, Sigma, Sigma-Aldrich, St. Louis, MO,
USA) method, which is based on the ROS-dependent oxidation of DCF-DA to the highly
fluorescent compound dichlorofluorescein (DCF). Primary glial cells (5 × 105 cells/well)
were seeded in a 6 well plate for 24 h and then exposed to the vehicle, rotenone (200 µM),
or rotenone co-treatment FCE (250 µg/mL, 500 µg/mL). After incubation for 24 h, the
medium was removed and the cells were washed twice with PBS. After washing, the cells
were incubated with DCF-DA (10 µM) for 30 min at 37 ◦C in the dark. The stained cells
were detected using an Accuri C6 cytometer (BD Biosciences, San Diego, CA, USA) and the
data were analyzed using CellQuestPro (BD Biosciences, San Diego, CA, USA).
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2.6. Flow Cytometric Analysis of Cell Cycle Distribution

Primary glial cells (5 × 105 cells/well) were seeded in a 6 well plate for 24 h and
then exposed to the vehicle, rotenone (200 µM), or rotenone co-treatment FCE (250 µg/mL,
500 µg/mL) to analyze the cell cycle phase distribution. After incubation for 24 h, the cells
were washed twice with PBS and then fixed 24 h in 70% ethanol at −20 ◦C. The fixed cells
were then washed twice with PBS and 10 mg/mL RNase A (R6513, Sigma, Sigma-Aldrich,
St. Louis, MO, USA) was added. Propidium iodide (P4170, Sigma, Sigma-Aldrich, St.
Louis, MO, USA) was then added to the tubes at a final concentration of 0.05 mg/mL. The
samples were then incubated at 4 ◦C for 30 min in the dark. The cell cycle was determined
using an Accuri C6 cytometer (BD Biosciences, San Diego, CA, USA) and the data were
analyzed using CellQuestPro (BD Biosciences, San Diego, CA, USA).

2.7. Flow Cytometry Analysis of Cell Apoptosis (Annexin V/Propidium Iodide Assay)

An apoptosis assay was performed using Annexin V/FITC Kit (BD Biosciences, San Diego,
CA, USA), following the manufacturer’s protocol; primary glial cells (5× 105 cells/well) were
seeded in a 6 well plate for 24 h and then exposed to the vehicle, rotenone (200 µM),
or rotenone co-treatment FCE (250 µg/mL, 500 µg/mL). After incubation for 24 h, the
cells were collected and washed twice with PBS. The cells were diluted to 106 cells/mL
in Annexin V binding buffer and stained with fluorescein isothiocyanate Annexin V and
propidium iodide. The stained cells were detected using an Accuri C6 cytometer (BD
Biosciences, San Diego, CA, USA) and the data were analyzed using CellQuestPro (BD
Biosciences, San Diego, CA, USA).

2.8. Nitric Oxide Assay

The quantity of nitrite accumulated in the culture medium was measured as an
indicator of NO production. Briefly, primary glial cells (3 × 105 cells/well) were seeded
in a 6 well plate for 24 h and then exposed to the vehicle, LPS, or LPS (1 µg/mL) co-
treatment FCE (100, 200, 300, 400 µg/mL). After incubation for 24 h, 100 µL of cell culture
medium was mixed with 100 µL of Griess reagent (1% sulphanilamide and 0.1% naphthyl
ethylenediamine dihydrochloride in 2.5% phosphoric acid). The mixture was incubated at
room temperature for 10 min and the absorbance at 550 nm was read using a ELISA reader,
Bio-Rad iMark™ microplate reader (Bio-Rad Laboratories, Inc. Hercules, CA, USA). Fresh
culture medium was used as a blank in every experiment.

2.9. TNF-α Assay

TNF-α were assayed using DuoSet immunoassay kits (DY410, R&D Systems, Min-
neapolis, MN, USA). The ELISA was performed following the instructions provided by the
manufacturer. Briefly, primary glial cells (3 × 105 cells/well) were seeded in a 6 well plate
for 24 h and then exposed to the vehicle, LPS (1 µg/mL), or LPS co-treatment FCE (100,
200, 300, 400 µg/mL). After incubation for 24 h, 96 well ELISA microplates were coated
with a capture antibody and after blocking, the cytokine samples or standards were added
to the coated plates, followed by a biotin-conjugated detection antibody. The antibody
binding was detected with an HRP-conjugated Avidin plus a soluble colorimetric substrate.
The absorbance was taken at 450 nm using a Bio-Rad iMark™ microplate reader (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The cytokine concentrations were calculated based
on absorbance values, cytokine standards and sample dilution factors and expressed as
nanograms per milliliter.

2.10. Real-Time Quantitative RT-PCR Analysis (qRT-PCR) for Primary Glial Cells

Primary glial cells (5 × 105 cells/well) were seeded in a 6 well plate for 24 h and
then exposed to the vehicle, rotenone (200 µM), or rotenone co-treatment FCE (250 µg/mL,
500 µg/mL). After incubation for 24 h, total RNAs from cells were extracted using Trizol
(Invitrogen) following the instructions provided by the manufacturer. Briefly, each cell
was homogenized in 1 mL of Trizol reagent. After 5 min at room temperature, 200 µL



J. Clin. Med. 2022, 11, 553 5 of 18

chloroform was added, shaken vigorously for 15 s and incubated for 3 min, centrifuged
at 12,000× g for 15 min at 4 ◦C. The upper aqueous phase was then collected and 400 µL
isopropanol added, mixed well and then incubated for −20 ◦C overnight. On the second
day, the sample was centrifuged at 12,000× g for 10 min at 4 ◦C; the supernatant was
discarded and 1 mL 75% ethanol was added to wash the precipitated RNA. The sample was
centrifuged at 7500 × g for 5 min at 4 ◦C, the pellet dried and resuspended in 20 µL DEPC
treated water, then preserved at −20 ◦C. For qRT-PCR, first-strand cDNA was synthesized
using PrimeScript RT reagent Kit (RR037A, Takara Bio, Inc., Shiga, Japan) with both oligo
(dT) primer and random hexamers. The qRT-PCR was performed as described in the
method of SYBR premix Ex Taq (RR420A, Takara Bio). The reaction mixtures were initially
heated at 95 ◦C for 10 min and then subjected to 40 thermal cycles (95 ◦C for 15 s and 60 ◦C
for 1 min) with a StepOne Real-Time PCR System thermocycler (Applied Biosystems). The
subsequent primer is presented in Table 1. Actin mRNA levels were used for normalization.
The fold-change for gene expression was calculated using 2−∆∆Ct.

Table 1. Specific primers.

cDNA Target Sequence (5’ -> 3’) Product Size (bp) Sequence Reference

Actin forward GCTACAGCTTCACCACCACA 123 NM_007393.5
reverse TCTCCAGGGAGGAAGAGGAT

BDNF forward TGGCTGACACTTTTGAGCAC 131 NM_001316310.1
reverse CAAAGGCACTTGACTGCTGA

GDNF forward TGGGCTATGAAACCAAGGAG 142 NM_001301357.1
reverse CAACATGCCTGGCCTACTTT

TNF-α forward CAGGGGCCACCACGCTCTTC 371 NM_001278601.1
reverse CTTGGGGCAGGGGCTCTTGAC

IL-1β forward CAGGCTCCGAGATGAACAACAAAA 332 NM_008361.4
reverse TGGGGAACTCTGCAGACTCAAACT

iNOS forward TCACTGGGACAGCACAGAAT 510 NM_001313922.1
reverse TGTGTCTGCAGATGTGCTGA

GPx forward CCTCAAGTACGTCCGGCCTG 197 NM_008160.6
reverse CAACATCGTTGCGACACACC

SOD forward TGGGTTCCACGTCCATCAGTA 151 NM_011434.1
reverse ACCGTCCTTTCCAGCAGTCA

Catalase forward TTCAGAAGAAAGCGGTCAAGAAT 59 NM_009804.2
reverse GATGCGGGCCCCATAGTC

2.11. Statistical Analysis

SigmaStat (version 3.5, 2006, Sigma-Aldrich, St. Louis, MO, USA) was used in the
data analysis. Data are shown as mean ± SD. The significance of differences between the
values was determined by Tukey post hoc test after evaluating differences among treatment
groups by one-way ANOVA; p < 0.05, p < 0.01, and p < 0.001 were taken as significant.

3. Results
3.1. Pharmacological Effect of FCE and Rotenone on Cell Survival in Primary Glial Cells

We first examined whether FCE or rotenone influenced cell survival in mouse primary
glial cells. The cells were treated with different concentrations of FCE 100–1000 µg/mL
(Figure 1A) or rotenone 50–500 µM (Figure 1B) for 24 h. An MTT assay was conducted to
determine the extent of cell survival (Figure 1). FCE enhanced the viability of primary glial
cells in a dose-dependent manner. Upon exposure to FCE concentrations up to 200 µg/mL,
the viability of the primary glial cells was significantly elevated compared to the control cells
(*** p < 0.001, compared to control, Figure 1A). As illustrated in Figure 1B, rotenone evoked
a dose-dependent cytotoxicity in primary glial cells (*** p < 0.001, compared to control).
Only 47% of the cells were viable under the presence of 200 µM rotenone, compared to the
control cells. Hence, in subsequent experiments, cytotoxicity was elicited with 200 µM of
rotenone for 24 h.
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Figure 1. Effect of (A) FCE and (B) rotenone on cell viability. (C) Protective effect of FCE on rotenone-
induced cytotoxicity in primary glial cells. Primary glial cells were co-treated with different concentration
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of FCE with 200 µM rotenone for 24 h. Cell viability was measured by MTT assay and the results
were expressed as a percentage of the control absorbance. Data represent the mean ± SD (n = 8).
Significantly different are *** p < 0.001 compared to control; ### p < 0.001 compared to cells with
200 µM rotenone.

3.2. FCE Protected against Rotenone-Induced Cytotoxicity in Primary Glial Cells

In the next step, we attempted to determine the effect of FCE on neuronal protection
in the MTT reduction assay. The primary glial cells were co-conditioned with 200 µM
rotenone and FCE 100–1000 µg/mL for 24 h to determine the protective effect of FCE
against rotenone-induced loss of cell viability. As indicated in Figure 1C, compared with
control cells untreated with rotenone, the survival rate of the primary glial cells processed
with 200 µM rotenone declined noticeably to as low as 46% (*** p < 0.001, compared to
control). Compared to this, when the rotenone-challenged cells were treated with FCE
(100–500 µg/mL), the survival rate significantly increased, from 46% to 71%, 84%, 91%
and 98%, respectively (### p < 0.001, compared to rotenone). The survival of the rotenone-
challenged cells with 500–1000 µg/mL of FCE displayed no significantly detrimental impact
as compared to control cells (without rotenone toxicity). These results suggest that FCE
protects primary glial cells from the rotenone-induced depletion of cell viability.

3.3. FCE Exerted Promising Anti-Inflammatory Effects against Injury-Induced Neuroinflammation
in Primary Glial Cells

Under the circumstances of neuroinflammation, pro-inflammatory cytokines such
as IL-6, IL-1 β and TNF- α give rise to the overproduction of NO, which accelerates the
neurodegenerative process and ultimately facilitates neuronal death [29].

Under the ELISA assay and Griess reagent system, cytokine levels were analyzed to
examine the anti-inflammatory effects of FCE on the pro-inflammatory cytokines TNF-α
and NO, respectively, in the LPS-challenged glial cells. A total of 1 µg/mL LPS markedly
enhanced TNF-α production by as much as 2.55 ng/mL (*** p < 0.001, Figure 2A) compared
to the control group. The levels of TNF-α production in the LPS-challenged cells with
the FCE treatment (100, 200, 300, and 400 µg/mL) dropped to 1.31 (### p < 0.001), 1.26
(### p < 0.001), 1.13 (### p < 0.001) and 1.06 ng/mL (### p < 0.001), respectively, compared to
the LPS group without FCE (Figure 2A).

While the primary glial cells were treated with LPS, NO production was significantly
higher, up to 4.62 µM, compared to the control group (*** p < 0.001, Figure 2B). Further-
more, the primary glial cells challenged with LPS co-treated with FCE (200, 300, and
400 µg/mL) showed a significant decrease in NO production levels of 3.32 (### p < 0.001),
2.66 (### p < 0.001), and 2.26 µM (### p < 0.001), respectively, compared to the LPS group
(Figure 2B).

These results revealed that FCE exhibited a superior inhibitory effect on neuroinflam-
mation in terms of TNF-α and NO production in primary glial cells following
LPS challenge.
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Figure 2. FCE attenuated the production of nitric oxide (NO) and TNF-α, as well as mRNA expression
of TNF-α, IL-1β and iNOS in LPS-challenged primary glial cells. (A,B) Cells were treated with vehicle
or LPS 1 µg/mL and FCE (0, 100, 200, 300, 400 µg/mL) for 24 h. (A) The effect of FCE on LPS-induced
TNF-α production. (B) The effect of FCE on LPS-induced NO production. (A,B) Data represent
the mean ± SD (n = 8). Significantly different are *** p < 0.001 compared to control; ### p < 0.001
compared to LPS. (C–E) Primary glial cells were treated with vehicle or LPS 1 µg/mL and FCE (0,
250, 500 µg/mL) for 24 h. Expression of (C) TNF-α, (D) IL-1β and (E) iNOS mRNA was quantified
by real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR). (C–E) Data
represent the mean ± SD (n = 6). Significantly different are * p < 0.05, ** p < 0.01 and *** p < 0.001
compared to control; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to LPS.
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3.4. FCE Diminished Pro-Inflammatory mRNA Expression of TNF-α, iNOS and IL-1 Triggered by
LPS in Primary Glial Cells

A qRT-PCR was then conducted to determine the expression of mRNA. Compared
with the control group, the expression levels of mRNA for TNF-α (*** p < 0.001, Figure 2C),
IL-1β (*** p < 0.001, Figure 2D) and iNOS (*** p < 0.001, Figure 2E) and were remarkably
increased in the primary glial cells with the 1 µg/mL LPS treatment.

The LPS-stimulated cells processed with FCE manifested reduced mRNA expression
levels of TNF-α (FCE 250µg/mL, ## p < 0.01; FCE 500 µg/mL, ### p < 0.001, Figure 2D),
IL-1β (FCE 250 µg/mL, # p < 0.05; FCE 500 µg/mL, # p < 0.05, Figure 2D) and iNOS (FCE
250µg/mL, ### p < 0.001; FCE 500 µg/mL, ### p < 0.001, Figure 2E), compared to the LPS
group without FCE treatment. Results confirmed the anti-inflammatory effects of FCE
against LPS-triggered neuroinflammation in primary glial cells.

3.5. FCE Attenuated Rotenone-Induced Oxidative Stress in Primary Glial Cells

There is a significant amount of evidence that ROS are involved in the pathogenesis of
various neurodegenerative diseases, including PD [30]. ROS were shown to be produced
by rotenone through inhibition of mitochondrial complex I activity [31].

To characterize alterations in intracellular ROS in mouse primary glial cells following
rhodopsin-induced cell death and FCE-mediated protection, we measured ROS production
in primary glial cells with the fluorescent dye, DCF-DA.

As shown in Figure 3A,B, the treatment of cells with rotenone led to a significant
increase (2.7-fold) in intracellular ROS levels (*** p < 0.001, Figure 3B). In comparison,
co-treatment with FCE (250, 500 µg/mL) remarkably reduced rotenone-induced ROS
production by only 2.3 and 2.0 fold, respectively (FCE 250 µg/mL, ### p < 0.001; FCE
500 µg/mL, ### p < 0.001, compared to rotenone, Figure 3B). The results clearly disclosed
that the FCE treatment attenuated the oxidative stress induced by rotenone.

3.6. FCE Halted Rotenone-Induced Decrease in mRNA Expression of Antioxidant Enzymes in
Primary Glial Cells

Oxidative stress has been cited in a number of published reports as a cause of Parkin-
son’s disease [32]. Specifically, front-line defense antioxidants, involving superoxide dis-
mutase (SOD), catalase (CAT) and glutathione peroxidase (GPX), are protective against
scavenging toxic free radicals from the human body [33].

A qRT-PCR was used to determine the evolution of the mRNA expression of antiox-
idant enzymes in mouse primary glial cells following rotenone-induced oxidative stress
and an FCE-mediated protection process.

The mRNA expression levels of antioxidant enzymes (SOD, GPx, catalase) were
markedly declined in the primary glial cells with rotenone treatment, compared to the
control group (*** p < 0.001, Figure 3C,D,E, respectively).

In comparison with the rotenone group, the rotenone-challenged cells treated with
250 and 500 µg/mL FCE exhibited augmented mRNA expression levels in SOD (### p < 0.001,
FCE 500 µg/mL, Figure 3C), GPx (## p < 0.01, FCE 500 µg/mL, Figure 3D) and cata-
lase (### p < 0.001, FCE 500 µg/mL, Figure 3E). The results revealed that FCE treatment
significantly attenuated the rotenone-induced decrease in mRNA expression of antioxi-
dant enzymes.
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Figure 3. FCE diminished the production of reactive oxygen species (ROS), and enhanced rotenone-
attenuated antioxidant enzymes and neurotrophic factors in rotenone-challenged primary glial cells.
Primary glial cells were treated with vehicle (rotenone 200 µM) or rotenone + FCE (250, 500 µg/mL)
for 24 h. Intracellular ROS accumulation was measured with a fluorescent probe designated DCF-DA.
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(A) Representative histogram of fluorescence from experimental groups. (B) Mean fluorescence
obtained from the histogram statistics. Data represent the mean ± SD (for A,B, n = 6). mRNA
expression of (C) SOD, (D) GPx, (E) catalase, (F) GDNF, (G) BDNF, as quantified via qRT-PCR in
primary glial cells. (A–G) Data represent the mean ± SD (n = 6). Significantly different are * p < 0.05,
*** p < 0.001 compared to control; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to rotenone.

3.7. FCE Augmented mRNA Expression of Neurotrophic Factors in Primary Glial Cells

The mRNA expression was then measured using qRT-PCR. Compared with the control
group, when the primary glial cells were treated with rotenone, the mRNA expression levels
of GDNF and BDNF were decreased significantly (*** p < 0.001, Figure 3F; *** p < 0.001,
Figure 3G, respectively). In comparison, when rotenone was co-treated with FCE (250,
500 µg/mL), the mRNA expression levels of the neurotrophic factors were significantly
increased, compared with the rotenone group (GDNF, ### p < 0.001, FCE 250 µg/mL,
### p < 0.001, FCE 500 µg/mL, Figure 3F; BDNF, ### p < 0.001, FCE 250 µg/mL, ### p < 0.001,
FCE 500 µg/mL, Figure 3G, respectively).

These results showed that FCE attenuated the rotenone-induced downregulation of
mRNA levels of neurotrophic factors in glial cells, thereby enhancing the benefits of glial
support and the ultimate neuronal survival potential during glial-neuronal cross-talk.

3.8. FCE Protected against Rotenone-Induced Apoptosis in Primary Glial Cells

The effect of FCE upon rotenone-induced apoptosis in the primary glial cells was
determined through sub-G1 assay and Annexin V/propidium iodide assay. Four panels of
cells comprising control, rotenone, and rotenone + 250 and 500 µg/mL FCE were stained
with the DNA-binding dyes, Annexin V/FITC and propidium iodide.

As indicated by flow cytometric assessment, the cells treated with rotenone exhibited
a greater level of sub-G1 phase. The cells treated with 200 µM rotenone showed 18.54% in
the sub-g1 phase (Figure 4B,E) when compared to the basal level of control cells at 5.49%
(*** p < 0.001, Figure 4A,E). In comparison with the rotenone-treated cells, the rotenone-
challenged cells treated with FCE significantly depressed the larger proportion of rotavirus-
induced sub-G1 phase, down to 14.02% (FCE 250 µg/mL, ### p < 0.001, Figure 4C,E) and
10.24% (FCE 500 µg/mL, ### p < 0.001, Figure 4D,E), respectively.

Accordingly, the apoptosis ratios in the 200 µM rotenone-treated cells and control
cells were 18.00 % and 4.07 %, respectively (*** p < 0.001, Figure 4J). The cells treated with
rotenone and co-conditioned with FCE markedly diminished rotenone-induced apoptosis,
significantly reducing it to 9.86% (FCE 250 µg/mL, ### p < 0.001, Figure 4J) and 7.57 % (FCE
500 µg/mL, ### p < 0.001, Figure 4J), respectively.

Taken together, these findings imply that FCE offers therapeutic potential for reducing
injury-triggered neuroinflammation and ROS formation. Moreover, FCE was shown to
potentiate attenuated benefits from injury, at least at the transcriptional level, including the
production of antioxidant enzyme and BDNF in glial cells, a pivotal contributor to neurode-
generative processes. Through these benefits, glial cells were accordingly protected from
injury-induced apoptosis, thus restoring the protective function of supporting neuronal
survival and microenvironmental homeostasis.
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Figure 4. FCE prevented rotenone-triggered apoptosis in primary glial cells. The extent of apop-
tosis was determined as positive cells for subG1 phase (A–E) and annexin V-fluorescein isothio-
cyanate/propidium iodide method (F–J) in flow cytometric analysis. Primary glial cells were treated
with vehicle or rotenone 200 µM and FCE (0, 250, 500 µg/mL) for 24 h. Flow cytometry was conducted
to investigate the following groups. (i) Control group (A,F); (ii) treatment with 200 µM rotenone (B,G);
(iii) treatment with rotenone and 250 µg/mL FCE (C,H); (iv) treatment with rotenone and 500 µg/mL
FCE (D,I). Results for the proportional (%) of sub-G1 phase population and the apoptotic cells (%)
positive for annexin V staining in each group are shown in E, and J, respectively. (A–J) Data represent
the mean ± SD (n = 6). Significantly different are *** p < 0.001 compared to control; ### p < 0.001
compared to rotenone.

4. Discussion

Because of the adverse effects of synthetic pharmaceuticals, the World Health Organi-
zation estimates that more than 80% of the population, as in African and Asian countries,
prefer traditional strategies to chemical drugs [34]. For example, herbal drugs, such as
curcumin, aspirin, quinine, and triphala, were widely found in many modern medicinal for-
mulations [34,35]. To characterize the pharmacological profile of FCE as a complementary
drug to reduce inflammation or increase the neuroprotective effect of glial cells is necessary
for the management of CNS diseases.

The overall protective effects of FCE supplementation can improve endurance and
reduce exercise-induced muscle damage, inflammatory stress and liver damage [36]. In an
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in vitro model, pretreatment with FCE reduced ischemia-reperfusion injury in hepatocytes
and inhibited the release of the pro-inflammatory cytokine TNF-α, while increasing the
anti-inflammatory IL-10 cytokine [37].

In animal models of inflammation and oxidative stress upon the liver, FCE signifi-
cantly reduced the hepatic inflammation (indexed levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT)), decreased the thiobarbituric acid reactive
substances (TBARS) and reduced hydroxyproline collagen synthase in the livers of carbon
tetrachloride (CCl4)-treated rats [18]. FCE attenuated the hepatic oxidative stress induced
by monosodium glutamate, as evidenced by reduced serum amino transaminase activity,
alkaline phosphatase, lipid parameters, hepatic malondialdehyde levels (MDA), and NO
and increased the activity of antioxidant enzymes in the liver, such as SOD and catalase, as
well as reducing glutathione (GSH) [38].

In addition to its hepatic protective effects, FCE has been shown to exert a systemic
anti-inflammatory effect. FCE has been found to inhibit pro-inflammatory TNF-α release
and to reduce the levels of AST, ALT and lactic dehydrogenase (LDH) after hemorrhagic
shock in rats [39]. This critical protective effect deserves to be confirmed in the CNS, as
proposed in the current study.

Neuroinflammation, as a constituent of progressive neurodegenerative processes,
has been increasingly demonstrated to be implicated in the pathogenesis of PD. Injury-
stimulated microglia activation and its subsequent astrocyte reactivation [40], as markers of
neuroinflammation, have been frequently assayed in PD patients and experimental animal
models. It is well known that microglia-mediated neurotoxicity is a crucial molecular
mechanism associated with cell death, damage and functional deterioration of neurons seen
in several neurodegenerative diseases including PD. Glia-activation-mediated neurotoxicity
is known to be a key molecular mechanism linked to cell death, injury and neuronal
functional degeneration in an array of neurodegenerative diseases, including PD [41–43].
Specifically, in the presence of excessive levels of extracellular stimulation, microglia are
most commonly activated by stress and in turn secrete large amounts of pro-inflammatory
cytokines, including TNF-α and IL-1β, which play an important role in the etiology of
PD [41]. Injury-stimulated inflamed glial cells can exacerbate neurodegenerative diseases
by producing and releasing neurotoxins, such as ROS and NO [44]. NO has been shown to
be engaged in the degeneration of oligodendrocytes in multiple sclerosis and the eventual
neuronal death in AD and PD [45]. In the present study, using the model of inflammation
in primary glial cells, FCE was shown to significantly inhibit the expression of the pro-
inflammatory cytokines iNOS, TNF-α and IL-1β mRNA in primary glial cells and suppress
LPS-stimulated NO release and production of the pro-inflammatory cytokine TNF-α. In
the pathogenesis of neurodegenerative diseases, the suppression of the initial inflammatory
response offers the potential to prevent succeeding inflammation-induced mitochondrial
dysfunction and, ultimately, neuronal apoptosis.

Under normal circumstances, the level of free radicals can be modulated through the
cellular antioxidant protective mechanism to restore cellular homeostasis [46,47]. Oxidative
stress has been evidenced to increase the risk of neurodegenerative diseases, including
PD [48,49]. It has been shown that rotenone administration can immediately increase ROS
production and lead to damage to dopaminergic neurons [25,28,48–50]. In the present
study, rotenone-induced cytotoxicity, as implicated in PD, was conducted in an in vitro PD
model. The results indicated that rotenone stimulation induced a significant increase in
ROS levels, reduced the mRNA expression of SOD, catalase and GPx, led to apoptosis and
increased sub-G1 phase levels. FCE treatment was effective at reducing elevated ROS values.
Taken together, our data suggested that FCE attenuated the generation of inflammatory
responses under injury and also attenuated the oxidative damage induced by rotenone,
which illustrates the therapeutic potential of FCE application in neurodegenerative diseases
to alleviate two major etiologies: inflammation and mitochondrial dysfunction.

An alternative and complementary approach to treating this neurological disorder is to
use neurotrophic factors to reduce progressive neuronal loss [51–53]. Specific neurotrophic
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factors, such as GDNF [51,53–55] and BDNF [56–58], have been demonstrated to attenuate
the lesion-induced loss of nigrostriatal dopaminergic neurons in animal models of PD.
Notably, GDNF and BDNF can interfere with apoptotic and necrotic forms of cell death.
GDNF is a valid survival factor for injured nigrostriatal dopaminergic neurons and is
being assessed as a potential treatment for PD [51]. Research in animal models of PD with
intracerebral injection of recombinant GDNF protein has shown that GDNF can effectively
protect injured nigrostriatal neurons and stimulate dopamine turnover/release among
rescued neurons [59,60]. The delivery of GDNF into the brain via a vector has been shown
to protect nigrostriatal neurons in rodent [51,55] and monkey [53,61] PD models.

A similar protective effect on nigrostriatal dopaminergic neurons, in addition to
GDNF, has been investigated in BDNF [56,57]. In a PD animal model, the transplanta-
tion of modified BDNF-expressing fibroblasts into the striatum or midbrain can mitigate
6-hydroxydopamine (6-OHDA)-induced loss of nigrostriatal neurons [62,63]. In addition,
animal data showed that the enhanced expression of BDNF in striatal cells via AAV vectors
could enhance functional recovery from 6-OHDA lesions. [58]. Dopaminergic neurotrans-
mission in nigrostriatal neurons can be modulated by BDNF, as shown in the heightened
rotational behavior and the increased turnover of dopamine in the striatum [57]. In the
present study, using an in vitro glial cell model of rotenone-induced neurotoxicity, FCE
was shown to attenuate the decline in GDNF/BDNF production upon rotenone-stimulated
primary glial cells. The results from the experimental data confirmed that apart from
its typical anti-inflammatory and protective effects against oxidative stress, FCE exerted
complementary benefits in preventing the decline of neurotrophic factors, which help to
combat harmful pathogenic factors in the progression of PD.

There are several experimental limitations that need to be addressed. First, although
exerting anti-inflammatory, antioxidant and anti-aging effects, the exact components of FCE,
as a form of extract, are not likely to be precisely determined for the respective properties.
According to our previous data, from gas chromatography–mass spectrometry [20], the
functional compounds of FCE are campesterol (C28H48O, 5.5%), dousterol (C29H48O, 3.2%)
(belonging to steroids), cis-9-octadecenoic acid (C18H34O2, 5.8%) and Z-11-hexadecenoic
acid (C16H30O2, 3.4%) (belonging to fatty acids), which all exhibited a protective effect
against pro-inflammation [64–67]. A more extensive investigation is needed to further
explore the most effective neuroprotective component of FCE for more detailed protective
molecular signaling in the perspective of FCE-based therapeutic strategies. Moreover, based
on the results of our study, FCE showed positive anti-inflammatory and anti-apoptotic
effects, as well as enhancing the expression of BDNF/GDNF mRNA. These beneficial effects
could explain the protective effect of FCE on glial cell survival. However, as shown in
Figure 1A, glial cell cultures incubated with FCE alone presented cell survival rates higher
than those of control cells. Therefore, the exact protective effect of FCE on cell survival
or enhanced cell proliferation cannot be definitely distinguished in this setting. Further
mechanistic studies are warranted.

In addition, as mentioned earlier, glial cells, including microglia, astrocytes and oligo-
dendrocytes, jointly play a role in the pathological mechanisms of neurodegenerative
diseases, such as PD [41–43]. With excessive immunocompetence during aging or abnor-
mal protein folding/aggregation caused by environmental and genetic factors, microglia
activation remains the initial step towards the neuroinflammatory response. Stimulated M1-
phase microglia have been shown to directly activate astrocytes and reciprocally modulate
the innate immune defenses of the CNS (via microglia-astrocyte crosstalk) [68]. Inflamed
glial cells further exacerbate the neurodegenerative process by producing and releasing
neurotoxins such as NO [44], which is involved in the degeneration of oligodendrocytes
in multiple sclerosis and in the death of neurons in AD and PD [45]. Since immune and
inflammatory responses in the CNS are mainly coordinated by the interaction between
glial cells and neurons in the brain, the current study used cultures of microglia, astrocytes
and oligodendrocytes, i.e., mixed glial cell cultures, which were conducted to mimic the
microenvironment in which glial cells coexist on the pathological basis of neurodegenera-
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tion. The rationale for not isolating individual glial cells in the current study was mainly to
apply mixed primary glial cells to simulate the circumstances of a real brain and to observe
whether FCE was effective in mitigating neuroinflammatory responses on an in vitro model
of glial cell injury. However, the respective roles of microglia or astrocytes involved in
FCE-mediated protection, including the phenotypic changes of astrocytes and microglia
after FCE treatment in the presence of LPS/rotenone could not be completely analyzed.
Further cell-specific experiments were considered to clarify the role played by individual
glial cells in the protective effect of FCE. Finally, attempts to simulate glial cell reactivation
in the microenvironment, neuroinflammation or ROS formation from an insult to the LPS or
rotenone in primary glial cell cultures are unlikely to achieve an approximately equivalent
pathology implicated in neurodegenerative diseases, including PD. However, from the
data we presented, both in our previous publication on MPTP-induced PD animals [19]
and injury-stimulated glial cells, FCE showed an excellent anti-inflammatory response,
which is an important therapeutic landmark for use as pharmacological agents targeting
neurological diseases.

5. Conclusions

In light of neuroinflammation and mitochondrial dysfunction upon glial cell reacti-
vation linked to PD pathogenesis, our previous data from animal models of PD showed
that FCE can attenuate injury-induced neuronal depletion. The present study confirms
the mechanism of FCE protection in details, including anti-inflammation, anti-oxidative
stress, the prevention of neurotrophic factor exhaustion and, eventually, anti-apoptosis
in injury-stimulated glial cells. The results of these in vivo and in vitro studies endorse the
therapeutic potential of FCE in the management of neurodegenerative diseases, including PD.
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33. Strycharz-Dudziak, M.; Kiełczykowska, M.; Drop, B.; Świątek, Ł.; Kliszczewska, E.; Musik, I.; Polz-Dacewicz, M. Total Antioxidant
Status (TAS), Superoxide Dismutase (SOD), and Glutathione Peroxidase (GPx) in Oropharyngeal Cancer Associated with EBV
Infection. Oxid. Med. Cell Longev. 2019, 2019, 5832410.

http://doi.org/10.1016/j.cell.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20303880
http://doi.org/10.1016/S1353-8020(11)70065-7
http://doi.org/10.1016/j.nbd.2009.11.004
http://doi.org/10.1042/BST0351119
http://www.ncbi.nlm.nih.gov/pubmed/17956292
http://doi.org/10.1007/s12035-010-8119-3
http://doi.org/10.1074/jbc.M600504200
http://www.ncbi.nlm.nih.gov/pubmed/16720574
http://doi.org/10.1017/S0007114510004058
http://doi.org/10.1021/jf803308h
http://doi.org/10.1142/S0192415X10008329
http://doi.org/10.1016/j.neulet.2017.01.051
http://www.ncbi.nlm.nih.gov/pubmed/28126590
http://doi.org/10.1177/1934578X1200701108
http://doi.org/10.1089/neu.2011.1768
http://www.ncbi.nlm.nih.gov/pubmed/21529317
http://doi.org/10.1016/j.injury.2015.07.040
http://www.ncbi.nlm.nih.gov/pubmed/26387034
http://doi.org/10.1523/JNEUROSCI.22-16-07006.2002
http://www.ncbi.nlm.nih.gov/pubmed/12177198
http://doi.org/10.1016/j.neuint.2006.02.003
http://doi.org/10.1016/j.brainres.2015.06.008
http://doi.org/10.1007/s11064-008-9656-2
http://doi.org/10.1006/exnr.2002.8072
http://doi.org/10.3389/fncel.2015.00322
http://doi.org/10.3390/antiox10111649
http://doi.org/10.1021/acs.jafc.1c04190
http://www.ncbi.nlm.nih.gov/pubmed/34779196
http://doi.org/10.1038/s41598-021-01000-3
http://www.ncbi.nlm.nih.gov/pubmed/34732784


J. Clin. Med. 2022, 11, 553 17 of 18

34. Ekor, M. The growing use of herbal medicines: Issues relating to adverse reactions and challenges in monitoring safety. Front.
Pharmacol. 2014, 4, 177. [CrossRef]

35. Mukherjee, P.K.; Venkatesh, P.; Ponnusankar, S. Ethnopharmacology and integrative medicine–Let the history tell the future.
J. Ayurveda. Integr. Med. 2010, 1, 100–109. [CrossRef]

36. Huang, K.C.; Wu, W.T.; Yang, F.L.; Chiu, Y.H.; Peng, T.C.; Hsu, B.G.; Liao, K.W.; Lee, R.P. Effects of freshwater clam extract
supplementation on time to exhaustion, muscle damage, pro/anti-inflammatory cytokines, and liver injury in rats after exhaustive
exercise. Molecules 2013, 18, 3825–3838. [CrossRef]

37. Peng, T.C.; Subeq, Y.M.; Lee, C.J.; Lee, C.C.; Tsai, C.J.; Chang, F.M.; Lee, R.P. Freshwater clam extract ameliorates acute liver injury
induced by hemorrhage in rats. Am. J. Chin. Med. 2008, 36, 1121–1133. [CrossRef]

38. Soliman, A.M. Extract of Coelatura aegyptiaca, a freshwater clam, ameliorates hepatic oxidative stress induced by monosodium
glutamate in rats. African. J. Pharmacy. Pharmacol. 2011, 5, 398–408. [CrossRef]

39. Lee, R.P.; Subeq, Y.M.; Lee, C.J.; Hsu, B.G.; Peng, T.C. Freshwater clam extract decreased hemorrhagic shock-induced liver injury
by attenuating TNF-alpha production. Biol. Res. Nurs. 2012, 14, 286–293. [CrossRef]

40. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Munch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]
[PubMed]

41. Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms. Nat. Rev. Neurosci.
2007, 8, 57–69. [CrossRef]

42. Wu, D.C.; Jackson-Lewis, V.; Vila, M.; Tieu, K.; Teismann, P.; Vadseth, C.; Choi, D.K.; Ischiropoulos, H.; Przedborski, S. Blockade
of microglial activation is neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease.
J. Neurosci. 2002, 22, 1763–1771. [CrossRef]

43. Zhang, W.; Wang, T.; Pei, Z.; Miller, D.S.; Wu, X.; Block, M.L.; Wilson, B.; Zhang, W.; Zhou, Y.; Hong, J.S.; et al. Aggregated
alpha-synuclein activates microglia: A process leading to disease progression in Parkinson’s disease. FASEB J. 2005, 19, 533–542.
[CrossRef]

44. Doherty, G.H. Nitric oxide in neurodegeneration: Potential benefits of non-steroidal anti-inflammatories. Neurosci. Bull. 2011, 27,
366–382. [CrossRef]

45. Liu, B.; Gao, H.M.; Wang, J.Y.; Jeohn, G.H.; Cooper, C.L.; Hong, J.S. Role of nitric oxide in inflammation-mediated neurodegenera-
tion. Ann. N. Y. Acad. Sci. 2002, 962, 318–331. [CrossRef] [PubMed]

46. Jezek, P.; Hlavata, L. Mitochondria in homeostasis of reactive oxygen species in cell, tissues, and organism. Int. J. Biochem. Cell
Biol. 2005, 37, 2478–2503. [CrossRef]

47. Zuo, L.; Motherwell, M.S. The impact of reactive oxygen species and genetic mitochondrial mutations in Parkinson’s disease.
Gene 2013, 532, 18–23. [CrossRef] [PubMed]

48. Barnham, K.J.; Masters, C.L.; Bush, A.I. Neurodegenerative diseases and oxidative stress. Nat. Rev. Drug Discov. 2004, 3, 205–214.
[CrossRef]

49. Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 2006, 443, 787–795.
[CrossRef] [PubMed]

50. Alam, M.; Schmidt, W.J. Rotenone destroys dopaminergic neurons and induces parkinsonian symptoms in rats. Behav. Brain Res.
2002, 136, 317–324.

51. Bjorklund, A.; Kirik, D.; Rosenblad, C.; Georgievska, B.; Lundberg, C.; Mandel, R.J. Towards a neuroprotective gene therapy for
Parkinson’s disease: Use of adenovirus, AAV and lentivirus vectors for gene transfer of GDNF to the nigrostriatal system in the
rat Parkinson model. Brain Res. 2000, 886, 82–98. [CrossRef]

52. Gill, S.S.; Patel, N.K.; Hotton, G.R.; O’Sullivan, K.; McCarter, R.; Bunnage, M.; Brooks, D.J.; Svendsen, C.N.; Heywood, P. Direct
brain infusion of glial cell line-derived neurotrophic factor in Parkinson disease. Nat. Med. 2003, 9, 589–595. [CrossRef]

53. Kordower, J.H. In vivo gene delivery of glial cell line–derived neurotrophic factor for Parkinson’s disease. Ann. Neurol. 2003, 53
(Suppl. 3), S120–S132. [CrossRef] [PubMed]

54. Lin, L.F.; Doherty, D.H.; Lile, J.D.; Bektesh, S.; Collins, F. GDNF: A glial cell line-derived neurotrophic factor for midbrain
dopaminergic neurons. Science 1993, 260, 1130–1132. [CrossRef] [PubMed]

55. Kirik, D.; Rosenblad, C.; Bjorklund, A.; Mandel, R.J. Long-term rAAV-mediated gene transfer of GDNF in the rat Parkinson’s
model: Intrastriatal but not intranigral transduction promotes functional regeneration in the lesioned nigrostriatal system.
J. Neurosci. 2000, 20, 4686–4700. [CrossRef] [PubMed]

56. Hyman, C.; Hofer, M.; Barde, Y.A.; Juhasz, M.; Yancopoulos, G.D.; Squinto, S.P.; Lindsay, R.M. BDNF is a neurotrophic factor for
dopaminergic neurons of the substantia nigra. Nature 1991, 350, 230–232. [CrossRef]

57. Altar, C.A.; Boylan, C.B.; Jackson, C.; Hershenson, S.; Miller, J.; Wiegand, S.J.; Lindsay, R.M.; Hyman, C. Brain-derived
neurotrophic factor augments rotational behavior and nigrostriatal dopamine turnover in vivo. Proc. Natl. Acad. Sci. USA 1992,
89, 11347–11351. [CrossRef]

58. Klein, R.L.; Lewis, M.H.; Muzyczka, N.; Meyer, E.M. Prevention of 6-hydroxydopamine-induced rotational behavior by BDNF
somatic gene transfer. Brain Res. 1999, 847, 314–320. [CrossRef]

http://doi.org/10.3389/fphar.2013.00177
http://doi.org/10.4103/0975-9476.65077
http://doi.org/10.3390/molecules18043825
http://doi.org/10.1142/S0192415X08006466
http://doi.org/10.5897/AJPP11.085
http://doi.org/10.1097/01.JNR.0000387588.12340.d1
http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.1038/nrn2038
http://doi.org/10.1523/JNEUROSCI.22-05-01763.2002
http://doi.org/10.1096/fj.04-2751com
http://doi.org/10.1007/s12264-011-1530-6
http://doi.org/10.1111/j.1749-6632.2002.tb04077.x
http://www.ncbi.nlm.nih.gov/pubmed/12076984
http://doi.org/10.1016/j.biocel.2005.05.013
http://doi.org/10.1016/j.gene.2013.07.085
http://www.ncbi.nlm.nih.gov/pubmed/23954870
http://doi.org/10.1038/nrd1330
http://doi.org/10.1038/nature05292
http://www.ncbi.nlm.nih.gov/pubmed/17051205
http://doi.org/10.1016/S0006-8993(00)02915-2
http://doi.org/10.1038/nm850
http://doi.org/10.1002/ana.10485
http://www.ncbi.nlm.nih.gov/pubmed/12666104
http://doi.org/10.1126/science.8493557
http://www.ncbi.nlm.nih.gov/pubmed/8493557
http://doi.org/10.1523/JNEUROSCI.20-12-04686.2000
http://www.ncbi.nlm.nih.gov/pubmed/10844038
http://doi.org/10.1038/350230a0
http://doi.org/10.1073/pnas.89.23.11347
http://doi.org/10.1016/S0006-8993(99)02116-2


J. Clin. Med. 2022, 11, 553 18 of 18

59. Gash, D.M.; Zhang, Z.; Cass, W.A.; Ovadia, A.; Simmerman, L.; Martin, D.; Russell, D.; Collins, F.; Hoffer, B.J.; Gerhardt, G.A.
Morphological and functional effects of intranigrally administered GDNF in normal rhesus monkeys. J. Comp. Neurol. 1995, 363,
345–358. [CrossRef]

60. Gash, D.M.; Zhang, Z.; Ovadia, A.; Cass, W.A.; Yi, A.; Simmerman, L.; Russell, D.; Martin, D.; Lapchak, P.A.; Collins, F.; et al.
Functional recovery in parkinsonian monkeys treated with GDNF. Nature 1996, 380, 252–255. [CrossRef]

61. Eslamboli, A.; Georgievska, B.; Ridley, R.M.; Baker, H.F.; Muzyczka, N.; Burger, C.; Mandel, R.J.; Annett, L.; Kirik, D. Contin-
uous low-level glial cell line-derived neurotrophic factor delivery using recombinant adeno-associated viral vectors provides
neuroprotection and induces behavioral recovery in a primate model of Parkinson’s disease. J. Neurosci. 2005, 25, 769–777.
[CrossRef]

62. Yoshimoto, Y.; Lin, Q.; Collier, T.J.; Frim, D.M.; Breakefield, X.O.; Bohn, M.C. Astrocytes retrovirally transduced with BDNF elicit
behavioral improvement in a rat model of Parkinson’s disease. Brain Res. 1995, 691, 25–36. [CrossRef]

63. Levivier, M.; Przedborski, S.; Bencsics, C.; Kang, U.J. Intrastriatal implantation of fibroblasts genetically engineered to produce
brain-derived neurotrophic factor prevents degeneration of dopaminergic neurons in a rat model of Parkinson’s disease. J. Neurosci.
1995, 15, 7810–7820. [CrossRef]

64. Oh, Y.T.; Lee, J.Y.; Lee, J.; Kim, H.; Yoon, K.S.; Choe, W.; Kang, I. Oleic acid reduces lipopolysaccharide-induced expression of iNOS
and COX-2 in BV2 murine microglial cells: Possible involvement of reactive oxygen species, p38 MAPK, and IKK/NF-kappaB
signaling pathways. Neurosci. Lett. 2009, 464, 93–97. [CrossRef]

65. Guo, X.; Li, H.; Xu, H.; Halim, V.; Zhang, W.; Wang, H.; Ong, K.T.; Woo, S.L.; Walzem, R.L.; Mashek, D.G.; et al. Palmitoleate
induces hepatic steatosis but suppresses liver inflammatory response in mice. PLoS ONE 2012, 7, e39286. [CrossRef]

66. Patel, N.K.; Khan, M.S.; Bhutani, K.K. Investigations on Leucas cephalotes (Roth.) Spreng. for inhibition of LPS-induced
pro-inflammatory mediators in murine macrophages and in rat model. EXCLI. J 2015, 14, 508–516.

67. Montserrat-de la, P.S.; Fernandez-Arche, Á.; Ángel-Martin, M.; Garcia-Gimenez, M.D. The sterols isolated from Evening Primrose
oil modulate the release of proinflammatory mediators. Phytomedicine 2012, 19, 1072–1076. [CrossRef]

68. Kung, W.M.; Lin, M.S. The NFkB Antagonist CDGSH Iron-Sulfur Domain 2 Is a Promising Target for the Treatment of Neurode-
generative Diseases. Int. J. Mol. Sci. 2021, 22, 934. [CrossRef]

http://doi.org/10.1002/cne.903630302
http://doi.org/10.1038/380252a0
http://doi.org/10.1523/JNEUROSCI.4421-04.2005
http://doi.org/10.1016/0006-8993(95)00596-I
http://doi.org/10.1523/JNEUROSCI.15-12-07810.1995
http://doi.org/10.1016/j.neulet.2009.08.040
http://doi.org/10.1371/journal.pone.0039286
http://doi.org/10.1016/j.phymed.2012.06.008
http://doi.org/10.3390/ijms22020934

	Introduction 
	Materials and Methods 
	Preparation of Freshwater Clam Extract (FCE) 
	Preparation of Primary Glial Cell Cultures 
	In Vitro Models for Injury-Induced Neurodegeration 
	Cell Viability Analysis 
	Measurement of Intracellular ROS 
	Flow Cytometric Analysis of Cell Cycle Distribution 
	Flow Cytometry Analysis of Cell Apoptosis (Annexin V/Propidium Iodide Assay) 
	Nitric Oxide Assay 
	TNF- Assay 
	Real-Time Quantitative RT-PCR Analysis (qRT-PCR) for Primary Glial Cells 
	Statistical Analysis 

	Results 
	Pharmacological Effect of FCE and Rotenone on Cell Survival in Primary Glial Cells 
	FCE Protected against Rotenone-Induced Cytotoxicity in Primary Glial Cells 
	FCE Exerted Promising Anti-Inflammatory Effects against Injury-Induced Neuroinflammation in Primary Glial Cells 
	FCE Diminished Pro-Inflammatory mRNA Expression of TNF-, iNOS and IL-1 Triggered by LPS in Primary Glial Cells 
	FCE Attenuated Rotenone-Induced Oxidative Stress in Primary Glial Cells 
	FCE Halted Rotenone-Induced Decrease in mRNA Expression of Antioxidant Enzymes in Primary Glial Cells 
	FCE Augmented mRNA Expression of Neurotrophic Factors in Primary Glial Cells 
	FCE Protected against Rotenone-Induced Apoptosis in Primary Glial Cells 

	Discussion 
	Conclusions 
	References

