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Abstract: Excessive exposure to manganese (Mn), mainly by occupational inhalation, may
cause brain and motor defects that are known as manganism. There are a few pharmacological
studies aimed at treating the symptoms of manganism. The herbal formula B401 may serve as
anew lead in ameliorating Mn-induced neurotoxicity. In this study, we aimed to investigate the
possible protective mechanisms of the herbal formula B401 against Mn-induced neurotoxicity.
Thirty-two ICR mice were divided into four groups that were administered sham treatment,
B401 treatment, Mn treatment, and B401 plus Mn treatment, respectively (n=8 for each group).
Rotarod performance was used in these mice to compare their motor coordination. In addition,
chemiluminescence analysis was used to examine the reactive oxygen species in their blood.
Furthermore, immunostaining and Western blotting techniques were used to examine the
expression of dopaminergic receptors, dopamine, brain-derived neurotrophic factor (BDNF),
and oxidative stress and apoptosis-related protein markers in their brain tissue. We found that
the mice given Mn treatment showed brain and motor defects in comparison to the mice under-
going sham treatment. Immunostaining and Western blotting revealed that the mice given Mn
treatment had reduced dopaminergic and BDNF expressions, but enhanced oxidative stress and
apoptosis-related protein markers in their brain tissue. While the mice administered B401 plus
Mn treatment had significantly improved motor coordination and enhanced dopaminergic and
BDNF expressions, they showed reduced oxidative stress and apoptosis-related protein mark-
ers in their brain tissue in comparison with the mice given Mn treatment. Our findings provide
evidence that oral B401 treatment may alleviate the symptoms of Mn-induced neurotoxicity
in mice by enhancing dopaminergic and BDNF expressions and suppressing oxidative stress
and apoptosis in their brain tissue. Therefore, we suggest that the herbal formula B401 may be
developed as a potential health supplement for ameliorating Mn-induced neurotoxicity.
Keywords: manganism, neurodegeneration, motor disorder, dopaminergic receptor, dopamine,
brain-derived neurotrophic factor, oxidative stress, apoptosis

Introduction
Manganese (Mn) is an essential nutrient that functions as a cofactor in numerous
enzymes that are critical to metabolic homeostasis in the brain. However, excessive
exposure to Mn, mainly through occupational inhalation, may cause brain and motor
defects that are known as manganism or Mn-induced parkinsonism.'* In addition, those
people involved in the manufacturing of dry batteries, steel, aluminum, and welding
metals are at a higher risk of Mn intoxication.>¢

The clinical symptoms of patients with Mn-induced neurotoxicity are monotone
speech, tremor, rigidity, decreased hand dexterity, and gait and balance problem.”’
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As observed in animal and human studies, Mn-induced
neurotoxicity is clearly associated with damage to basal
ganglia structures.!®!? It has been reported that patients
with Mn-induced neurotoxicity show markedly decreased
dopaminergic levels in the striatum.!* In addition, it has
been reported that Mn-induced neurotoxicity is mediated
by enhanced free radical reactive oxygen species (ROS)
formation, NMDA-mediated excitotoxicity, and neuronal
apoptosis.'*!> Although there are many studies exploring the
possible pathology of manganism in humans and animals,
quite a few pharmacological studies focus on the clinical
treatment of Mn-induced neurotoxicity.

In Taiwan, traditional Chinese medicines that are a compos-
ite formula of herbs have been used historically for treating a
wide variety of brain disorders. The herbal formula B401 is a
Taiwan—US patent formula and consists of six herbal ingredi-
ents. Currently, the herbal formula B401 has been widely used
as a health supplement in supporting healthy neurovascular and
cardiovascular functions. The neuroprotective function of the
herbal formula B401 has been reported in Huntington’s dis-
ease, wherein it was found to protect the R6/2 mice from brain
atrophy by enhancing the level of brain-derived neurotrophic
factor (BDNF), but suppressing the expression of markers of
excitotoxicity, inflammation, oxidative stress, and apoptosis. !
In our earlier studies, the herbal formula B401 was shown to
alleviate penile toxicity by enhancing the synthesis of nitric
oxide and angiogenesis, but suppressing the expression of
markers of oxidative stress, inflammation, and apoptosis in
penile corpus cavernosum of Mn-treated mice with erectile
dysfunction.!® In this sense, the herbal formula B401 may serve
as a new lead in treating Mn-induced neurotoxicity.

Therefore, we aimed to study the protective potential of
the herbal formula B401 against brain damage in mice with
Mn-induced neurotoxicity. We used behavioral, immunohis-
tochemical, and biochemical studies to assess the beneficial
effects of the herbal formula B401 in complementary or
integrated therapy for brain and motor defects in manganism.

Materials and methods

Chromatographic fingerprint analysis

A high-performance liquid chromatography (HPLC) fin-
gerprint analysis was performed with acetonitrile from
Burdick & Jackson (Gyeonggi-do, South Korea) and metha-
nol from Avantor (Center Valley, PA, USA). All chemicals
used were of analytical grade and were solubilized in distilled
H,0/MeOH. Moreover, water purified from Milli-Q water
purification system (EMD Millipore, Billerica, MA, USA)
was used to dissolve the ingredients of the herbal formula

B401 (US patent, No 7838048B2, November 23, 2010; Brion
Research Institute of Taiwan, New Taipei City, Taiwan).

Cell viability assay

Human neuroblastoma SH-SYS5Y cells were grown at a
density of 3.0x10* cells/well in 100 uL culture medium in a
96-well plate for 24 hours to reach ~60% confluence. Then
the neuroblastoma SH-SY5Y cells were treated with vehicle,
the herbal formula B401 (5, 10, 20, 40, and 80 mg/mL;
Brion Research Institute of Taiwan). The number of viable
cells was compared between the control and treated condi-
tions. The culture medium was supplemented with 0.5 mg/
mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich Co., St Louis, MO, USA)
for 3 hours, and then 10% sodium dodecyl sulfate/HCl
buffer was added to each well. The number of viable cells
was determined by the measurement of MTT absorbance at
570 nm using a microplate reader (Bio-Tek u-Quant Instru-
ment, Winooski, VT, USA). The half-maximal inhibitory
concentration of the herbal formula B401 was evaluated by
MTT assay. Figure 1B shows that SH-SYSY cells treated
with the herbal formula B401 at a dose of <80 mg/mL had
very less cytotoxicity. The cell viability assay was approved
by the Committee on Biological Research of National Taiwan
Normal University (NTNU) and implemented under the
guidelines of the committee.

Animal preparation and monitoring

In this study, a total of 32 ICR mice at 4 months of age were
divided into sham treatment group (n=8), Mn treatment group
(n=8), the herbal formula B401 treatment group (n=8), and the
herbal formula B401plus Mn treatment group (n=8). All mice
were housed and maintained in a 12:12 hour light—dark cycle
with water and food ad libitum. The mice in sham treatment
group were fed with the same amount of distilled water without
the herbal formula B401 and Mn. The mice in Mn treatment
group were given an intraperitoneal injection of a single high
dose of manganese chloride (100 mg/kg/day, the pH value was
close to 7.0; Sigma-Aldrich Co.) for 5 days without oral B401
treatment. The mice in the herbal formula B401plus Mn treat-
ment group were orally fed with B401 formulation (50 mg/
kg, the pH value was close to 7.0; Brion Research Institute of
Taiwan) twice per day for 5 days and then given an intraperito-
neal injection of single high dose of manganese chloride (100
mg/kg/day, the pH value was close to 7.0; Sigma-Aldrich Co.)
for 5 days. During the intraperitoneal injection of manganese
chloride, these mice were fed with herbal formula B401 con-
tinuously. All doses of the herbal formula B401 were adjusted
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Figure | Chromatographic fingerprint analysis and cell viability assay of Chinese herbal formula B401.

Notes: (A) HPLC fingerprint of the herbal formula B40l. Characteristic peaks of B40l, that is, ginsenoside Rbl from Panax ginseng, formononetin from Astragalus
membranaceus, 5-HMF from Rehmannia glutinosa, ferulic acid from Ligustri fructus, and wedelolactone from Eclipta prostrate, were identified and marked at the corresponding
peaks in the fingerprint. (B) Cell viabilities of RA-induced SH-SY5Y cells in the absence (Ctrl) (n=6) or presence of B40| at the indicated doses (n=6 for each treatment).

Values are mean * SEM (P>0.01, one-way ANOVA).

Abbreviations: 5-HMF, 5-hydroxymethylfurfural; AU, arbitrary perfusion units; Ctrl, control; HPLC, high-performance liquid chromatography; RA, retinoic acid; SEM,

standard error of the mean.
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according to individual weight and water consumption, which
was much lower than the dosage of half-maximal inhibitory
concentration. Following treatments under different condi-
tions, the motor performance was observed, the blood ROS
was measured, and immunohistochemistry (IHC) staining and
Western blotting were performed at the same time for the brain
tissue. All protocols in this study were executed according to
the Association for Assessment and Accreditation of Labora-
tory Animal Care International Animal Care (AAALAC) and
Use Committee Guidebook. Animal experiment and drug tri-
als on animals were approved by the Committee on Research
of National Taiwan Normal University (Authorization NO.
NTNU-104022) and implemented under the guidelines of
the committee.

Rotarod performance

Rotarod performance was used to examine the motor coordi-
nation of the mice subjected to different treatments. The mice
were tested on a rotarod apparatus (Ugo Basile, Varese, Italy)
starting at 5 rpm and accelerating to 10 and 20 rpm over a
period of 2 minutes, and then maintaining a constant speed of 5,
10, and 20 rpm. The mice were rested for 30 minutes between
trials, and they were trained at 5 rpm for 10 minutes per day
for 3 days after they were subjected to respective treatments,
in order to become acquainted with the rotarod apparatus. The
mice were tested three times per day for 3 days, and the latency
period was recorded before the mice fell off the rotating rod.

ROS analysis

For determining the blood ROS levels in the mice undergo-
ing different treatments, lucigenin- and luminol-amplified
chemiluminescence (CL) methods were used to measure
0, radical and H,O, activity. As described previously,'” the
lucigenin-enhanced CL method provides a reliable assay for
ROS. A heparinized 0.2 mL sample of whole blood was taken
from the left femoral artery of each mouse. The blood ROS
levels in mice were measured with a CL analyzer (CLA-ID3
chemiluminescence analyzer; Tohoku Electronic Industrial,
Sendai, Japan) after mixing 1.0 mL of 0.1 mM lucigenin in
phosphate-buffered saline (pH 7.4) into the tested samples.
The assay was duplicated for each sample, and the total CL
counts in 180 seconds were calculated by integrating the
area under the curve.

Histological and IHC stains

For brain histological and IHC stains, the anesthetized mice
from different treatment groups were first cardiac perfused
with phosphate-buffered saline containing 4% formaldehyde.

Then the brain tissues of the mice were removed and fixed
with 4% formaldehyde (EM grade). Brain specimens were
embedded in paraffin and cut into tissue sections of thick-
ness 5 um. These brain tissue sections were then mounted
on slides for histological and IHC stains. Brain morphology
of the mice was assessed by using hematoxylin and eosin
staining with a kit-based approach (Sigma-Aldrich Co.).
By using the heat-induced epitope retrieval method, brain
tissue sections were separately stained at room temperature
for 1 hour with antibodies of D, dopaminergic receptor
(Abcam Cambridge, UK), BDNF (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, USA), superoxide dismutase 2
(SOD2) (Cell Signaling Technology Inc., Danvers, MA,
USA), 3-nitrotyrosine (3-NT) (Cell Signaling Technology
Inc.), B-cell lymphoma 2 (Bcl-2) (Santa Cruz Biotech-
nology Inc.), Bcl-2 associated X protein (BAX) (Thermo
Fisher Scientific, Waltham, MA, USA), and caspase 3 (Cell
Signaling Technology Inc.). As immunostaining controls for
each antibody, serial 5 pm cross-sections were treated with
the unanimous staining protocol. Immunostaining detection
was performed by incubation with biotinylated secondary
antibodies (NovolinkO polymer detection system I; Leica
Biosystems Newcastle Ltd, Newcastle, UK) at room tem-
perature for 30 minutes, and then by incubation with avidin—
biotin—horseradish peroxidase complex (NovolinkO polymer
detection system 1) for an additional 30 minutes. Immunos-
taining visualization was performed with DAB Chromogen
(NovolinkO polymer detection system 1) and counterstained
with hematoxylin (NovolinkO polymer detection system 1).

Western blotting of brain

The removed brain tissue was homogenized in a buffer solu-
tion that was placed on ice for 1 hour and then centrifuged
at 13,000 rpm at 4°C for another 20 minutes, causing the
supernatant solution to separate. The separated solution
was quantified by using a BCA protein assay kit (Thermo
Fisher Scientific). Proteins were separated on 12.5% or 15%
sodium dodecyl sulfate polyacrylamide gels (Bionovas Phar-
maceuticals Inc., Washington, DC, USA) and transferred to
polyvinylidene difluoride membranes (GE Healthcare Life
Sciences, Barrington, IL, USA). The antibodies used in this
study were o-tubulin (Thermo Fisher Scientific), dopamine
and D, dopaminergic receptor (Abcam Inc.), BDNF (Santa
Cruz Biotechnology Inc.), SOD 2 and 3-NT (Cell Signal-
ing Technology Inc.), Bcl-2 (Santa Cruz Biotechnology
Inc.), BAX (Thermo Fisher Scientific), and caspase 3 (Cell
Signaling Technology Inc.). Antibodies were detected using
suitable horseradish peroxidase-conjugated secondary
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antibody (Santa Cruz Biotechnology Inc.). The proteins’
immunoreactive bands were visualized by enhanced che-
miluminescence (EMD Millipore) and the band intensities
were quantified with ImagelJ analysis software (version 1.48t,
Wayne Rasband, Bethesda, Maryland, USA).

Statistical analysis

Statistical analyses were performed with one- or two-way
analysis of variance tests followed by Student—Newman—
Keuls multiple comparisons post-test, and the results are
shown as mean * standard error of mean values. Results were
considered significant at P<0.05. The number of samples was
at least six independent experiments for cell viability assay
and Western blotting analysis.

Results

Chromatographic fingerprint analysis of

the herbal formula B401

The herbal formula B401 is composed of six herbal ingredi-
ents, including the extracts from Panax ginseng, Astragalus
membranaceus, Angelica sinensis, Rehmannia glutinosa,
Ligustri fructus, and Eclipta prostrata in specific ratios.
HPLC charts of the ingredients of herbal formula B401 are
shown in Figure 1A. These charts include ginsenoside Rbl
(molecular formula: C, H,,0,,; molecular weight: 1,109.3
g/mol; extracts from P, ginseng), formononetin (molecular
formula: C, H ,0,; molecular weight: 268.3 g/mol; extracts

from As. membranaceus), 5-hydroxymethylfurfural (molecu-

lar formula: C.H,O,; molecular weight: 126.1 g/mol; extracts

Il Sham

[ B401

201 EB401 + Mn
I Mn

Time to fall (minutes)

from R. glutinosa), ferulic acid (molecular formula: C, H, O,;
molecular weight: 194.2 g/mol; extracts from L. fructus),
and wedelolactone (molecular formula: C, H, O_; molecular

weight: 314.3 g/mol; extracts from E. prostrata).

Oral B401| treatment improves motor

coordination of Mn-treated mice

Effects of the herbal formula B401 on motor coordination
were studied by examining the fall time records of rotorod
test in accelerating mode. In the rotorod test with the speed
accelerated gradually (5, 10, and 20 rpm), the fall time of all
the mice shortened gradually irrespective of the treatment
given. We observed that the fall time of Mn-treated mice was
significantly shorter than that of mice in the sham group,
B401-treated group, and B401 + Mn-treated group (Figure 2)
(Mn vs sham, Mn vs B401, Mn vs B401 + Mn, P<0.01 for
rotorod test speed at 5, 10, and 20 rpm). Also, we observed
that the fall time of B401-treated mice was significantly lon-
ger than that of mice given B401 + Mn treatment (Figure 2)
(B401 vs B401 + Mn, P<0.01-0.05 for rotorod test speed at
5, 10, and 20 rpm).

Oral B401 treatment enhances brain
dopaminergic expressions of Mn-treated
mice

We examined the effects of the herbal formula B401 on brain
dopaminergic expressions of Mn-treated mice (Figure 3).
IHC staining showed that the expression of D, receptors
was obvious in the substantia nigra and the striatum of

5 rpm

10 rpm

20 rpm

Figure 2 Motor coordination of Mn-treated mice was significantly enhanced under oral B40| treatment.

Notes: Fall time of mice under sham, B401, B40| plus Mn, and Mn treatments was compared in the accelerating mode of rotorod test at indicated speeds of 5, 10, and
20 rpm (n=8 for each treatment). Fall time of mice was significantly decreased under Mn treatment (sham vs Mn, P<0.01). In addition, fall time of Mn-treated mice was
significantly increased under B401 treatment (Mn vs B40| + Mn, P<0.01). Values are mean + SEM (**P<0.01, two-way ANOVA followed by a Student-Newman—Keuls multiple

comparisons post-test).

Abbreviations: ANOVA, analysis of variance; Mn, manganese; rpm, revolutions per minute; SEM, standard error of the mean.
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Figure 3 Expression levels of D R and DA were increased significantly in the brain tissues of Mn-treated mice with oral B40| treatment.

Notes: (A) IHC staining shows that the expression of D R was reduced in the substantia nigra and the striatum of Mn-treated mice than in mice given sham treatment, but
was increased in mice administered oral B40| treatment. Scale bar: 30 pm. (B) Western blotting analysis shows the following: (a) the expression levels of D\R and DA in
the whole brain tissues of sham-treated, B401-treated, B401 + Mn-treated, and Mn-treated mice; (b) quantified D R and DA levels were decreased significantly in the brain
of Mn-treated mice than in those given sham treatment (P<0.01), but were increased significantly in mice under oral B401| treatment (P<0.01). The number of sham-treated,
B401-treated, B40| + Mn-treated, and Mn-treated mice was eight for each group. Values are mean + SEM (**P<0.01, *P<0.05, two-way ANOVA followed by a Student—

Newman—Keuls multiple comparisons post-test).

Abbreviations: ANOVA, analysis of variance; DIR, dopaminergic DI receptors; DA, dopamine B hydroxylase; IHC, immunohistochemistry; Mn, manganese, SEM, standard

error of the mean.

mice in the sham, B401, and B401 + Mn treatment groups,
while it was not obvious in the same areas of Mn-treated
mice (Figure 3A). Western blotting analysis showed that the
quantified brain D, receptor expression levels of Mn-treated
mice were significantly lower than those of mice in the sham,
B401, and B401 + Mn treatment groups (Figure 3B) (Mn vs
sham, Mn vs B401, Mn vs B401 + Mn, P<0.01). Also, we
observed that the quantified brain D, receptor expression
levels in B401-treated mice were significantly higher than
those of mice in the sham and B401 + Mn treatment groups
(Figure 3B) (B401 vs sham, B401 vs B401 + Mn, P<0.01).

We further compared the dopamine expression lev-
els in the brain of mice subjected to different treatments
(Figure 3B). Western blotting analysis showed that the
quantified brain dopamine expression levels in Mn-treated
mice were significantly lower than those in mice of sham,
B401, and B401 + Mn treatment groups (Figure 3B) (Mn
vs sham, Mn vs B401, Mn vs B401 + Mn, P<0.01). Also,
we observed that the quantified brain dopamine expression
levels in B401-treated mice were significantly higher than in
mice of sham and B401 + Mn treatment groups (Figure 3B)
(B401 vs sham, B401 vs B401 + Mn, P<0.05).

Oral B401 treatment enhances brain

BDNF expression of Mn-treated mice

We evaluated the effects of the herbal formula B401 on brain
BDNF expression levels of Mn-treated mice (Figure 4). IHC
staining showed that the expression of BDNF was obvious in
the substantia nigra and the striatum of mice in sham, B401, and
B401 + Mn treatment groups, while they were not obvious in
the same areas of mice subjected to Mn treatment (Figure 4A).
Western blotting analysis showed that the quantified brain BDNF
expression levels of Mn-treated mice were significantly lower
than those in mice of sham, B401, and B401 + Mn treatment
groups (Figure 4B) (Mn vs sham, Mn vs B401, Mn vs B401 +
Mn, P<0.01). Also, we observed that the quantified brain BDNF
expression levels of B401-treated mice were significantly higher
than those of mice in sham and B401 + Mn treatment groups
(Figure 4B) (B401 vs sham, B401 vs B401 + Mn, P<0.01).

Oral B401 treatment reduces blood ROS

levels of Mn-treated mice
While comparing the effects of oral B401 treatment
on oxidative stress, we examined blood ROS levels in
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Figure 4 Expression levels of BDNF were increased significantly in the brain tissue of Mn-treated mice with oral B40| treatment.

Notes: (A) IHC staining shows that the expression levels of BDNF were decreased in the substantia nigra and the striatum of Mn-treated mice than in mice given sham
treatment, but were increased in mice under oral B40| treatment. Scale bar: 30 um. (B) Western blotting analysis shows the following: (a) the expression levels of BDNF
in the whole brain tissue of sham-treated, B40|-treated, B40| + Mn-treated, and Mn-treated mice; (b) quantified BDNF levels were decreased significantly in the brain of
Mn-treated mice than in those given sham treatment (P<0.01), but were increased significantly in mice under oral B40| treatment (P<0.01). The number of sham-treated,
B40|-treated, B40| + Mn-treated, and Mn-treated mice was eight for each group. Values are mean £ SEM (**P<0.01, two-way ANOVA followed by a Student—-Newman—Keuls

multiple comparisons post-test).

Abbreviations: ANOVA, analysis of variance; BDNF, brain-derived neurotrophic factor; IHC, immunohistochemistry; Mn, manganese; SEM, standard error of the mean.

Mn-treated mice with oral B401 treatment (Figure 5). We
observed that blood ROS levels were much increased in
Mn-treated mice than in mice of sham, B401, and B401
+ Mn treatment groups (Figure 5A). Furthermore, total
counts of blood ROS were significantly increased in Mn-
treated mice than in mice of sham, B401, and B401 + Mn
treatment groups (Figure 5B) (Mn vs sham, Mn vs B401,
Mn vs B401 + Mn, P<0.01). Also, we observed that total
counts of blood ROS were significantly decreased in B401-
treated mice than in mice of sham and B401 + Mn-treated
groups (Figure 5B) (B401 vs sham, B401 vs B401 + Mn,
P<0.05).

Oral B40| treatment alleviates brain

oxidative stress of Mn-treated mice

Effects of the herbal formula B401 on brain oxidative
stress were studied by comparing the brain SOD2 and
3-NT expressions in Mn-treated mice with and without oral
B401 treatment (Figures 6 and 7). We compared the brain
SOD2 expression levels of mice in the sham, B401, Mn,
and B401 + Mn treatment groups. IHC staining showed that
the SOD2 expression was obvious in the substantia nigra

and the striatum of mice in the sham, B401, and B401 +
Mn treatment groups, while it was not obvious in the same
areas of Mn-treated mice (Figure 6A). Western blotting
analysis showed that the quantified brain SOD2 expression
levels of Mn-treated mice were significantly lower than
those of mice in sham, B401, and B401 + Mn treatment
groups (Figure 6B) (Mn vs sham, Mn vs B401, Mn vs B401
+ Mn, P<0.01). Also, we observed that the quantified brain
SOD2 expression levels of sham- and B401-treated mice
were significantly higher than those of mice given B401 +
Mn treatment (Figure 6B) (sham vs B401 + Mn, B401 vs
B401 + Mn, P<0.05).

We further compared brain 3-NT expression levels of
mice subjected to different treatments (Figure 7). IHC staining
showed that 3-NT expression was obvious in the substantia
nigra and the striatum of mice in Mn treatment group, while
it was not obvious in the same areas of mice belonging to
sham, B401, and B401 + Mn treatment groups (Figure 7A).
Western blotting analysis showed that the quantified brain
3-NT expression levels of Mn-treated mice were significantly
higher than those of mice in sham, B401, and B401 + Mn
treatment groups (Figure 7B) (Mn vs sham, Mn vs B401,
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Figure 5 Expression levels of ROS were significantly decreased in the blood of Mn-treated mice under oral B40| treatment.

Notes: (A) Blood ROS levels were compared in mice under sham, B401, B40| plus Mn, and Mn treatments by chemiluminescence analysis. Blood ROS level was obviously
increased in mice under Mn treatment, but decreased with B40| treatment. (B) The quantified ROS levels were increased significantly in the blood of Mn-treated mice than
in those given sham treatment (P<0.01), but were decreased significantly with oral B401| treatment (P<0.01). The number of sham-treated, B40|-treated, B40| + Mn-treated,
and Mn-treated mice was eight for each group. Values are mean + SEM (**P<0.01, *P<0.05, two-way ANOVA followed by a Student—Newman—Keuls multiple comparisons
post-test).

Abbreviations: ANOVA, analysis of variance; ECL, electrochemiluminescence; Mn, manganese; ROS, reactive oxygen species; SEM, standard error of the mean.
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Figure 6 Expression levels of antioxidative stress-related SOD2 were increased significantly in the brain tissues of Mn-treated mice under oral B401 treatment.

Notes: (A) IHC staining shows that the expression of SOD2 decreased significantly in the substantia nigra and the striatum of Mn-treated mice than in those given sham
treatment (P<0.01), but increased significantly with oral B40| treatment (P<0.01). Scale bar: 30 um. (B) Western blotting analysis shows the following: (a) the expression
levels of SOD2 in the whole brain tissue of sham-treated, B40|-treated, B401 + Mn-treated, and Mn-treated mice; (b) quantified SOD2 levels were decreased significantly
in the brain of Mn-treated mice than in those given sham treatment (P<0.01), but increased significantly with oral B40| treatment (P<0.01). The number of sham-treated,
B40|-treated, B401 + Mn-treated, and Mn-treated mice was eight for each group. Values are mean = SEM (**P<0.01, *P<0.05, two-way ANOVA followed by a Student—
Newman—Keuls multiple comparisons post-test).

Abbreviations: ANOVA, analysis of variance; IHC, immunohistochemistry; Mn, manganese; SEM, standard error of the mean; SOD2, superoxide dismutase 2.

Mn s B401 +Mn, P<0.01). Also, we observed that the quanti- ~ Qral B40| treatment alleviates brain
fied brain 3-NT expression levels of B401-treated mice were apoptosis of Mn-treated mice

signiﬁcantly lesser than those of mice Subjected to sham and We examined the effects of the herbal formula B401 on
B401 + Mn treatments (Figure 7B) (B401 vs sham, B401 vs  apoptosis by comparing the ratio of Bcl-2/BAX and the
B401 + Mn, P<0.05). expression levels of caspase 3 in the brain of Mn-treated mice
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Figure 7 Expression levels of oxidative stress-related 3-NT were decreased significantly in the brain tissues of Mn-treated mice under oral B40| treatment.

Notes: (A) IHC staining shows that the expression levels of 3-NT were increased significantly in the substantia nigra and the striatum of Mn-treated mice than in those
given sham treatment (P<0.01), but were decreased significantly in mice under oral B40| treatment (P<0.01). Scale bar: 30 pm. (B) Western blotting analysis shows the
following: (a) the expression levels of 3-NT in the whole brain tissues of sham-treated, B40|-treated, B401 + Mn-treated, and Mn-treated mice; (b) quantified 3-NT levels
were increased significantly in the brain of Mn-treated mice than in those given sham treatment (P<0.01), but were decreased significantly in mice given oral B401| treatment
(P<0.01). The number of sham-treated, B40|-treated, B40| + Mn-treated, and Mn-treated mice was eight for each group. Values are mean + SEM (**P<0.01, *P<0.05, two-way

ANOVA followed by a Student—-Newman—Keuls multiple comparisons post-test).

Abbreviations: 3-NT, 3-nitrotyrosine; ANOVA, analysis of variance; IHC, immunohistochemistry; Mn, manganese; SEM, standard error of the mean.

(Figures 8 and 9). IHC staining revealed that Bcl-2 expres-
sion was obvious in the substantia nigra and the striatum
of mice of sham, B401, and B401 + Mn treatment groups,
while it was not obvious in the same areas of mice given Mn
treatment (Figure 8A). On the contrary, BAX expression
was obvious in the substantia nigra and the striatum of mice
given Mn treatment, while it was not obvious in the same
areas of mice of sham, B401, and B401 + Mn treatment
groups (Figure 8A). Western blotting analysis showed that
the quantified brain Bcl-2/BAX ratios of Mn-treated mice
were significantly lesser than those of mice in sham, B401,
and B401 + Mn treatment groups (Figure 8B) (Mn vs sham,
Mn vs B401, Mn vs B401 + Mn, P<0.01). In addition, the
quantified brain Bcl-2/BAX ratios of B401-treated mice were
significantly higher than those of mice in sham and B401 +
Mn treatment groups (Figure 8B) (sham vs B401 + Mn, B401
vs B401 + Mn, P<0.01).

We further compared brain caspase 3 expression levels
of mice subjected to different treatments (Figure 9). IHC
staining showed that caspase 3 expression was obvious in
the substantia nigra and the striatum of Mn-treated mice,
while it was not obvious in the same areas of mice in sham,
B401, and B401 + Mn treatment groups (Figure 9A). Western

blotting analysis showed that the quantified brain caspase
3 expression levels of Mn-treated mice were significantly
higher than those of mice in sham, B401, and B401 + Mn
treatment groups (Figure 9B) (Mn vs sham, Mn vs B401,
Mn vs B401 + Mn, P<0.01). In addition, the quantified brain
caspase 3 expression levels of B401 + Mn-treated mice were
significantly higher than those of mice in sham and B401
treatment groups (Figure 9B) (B401 + Mn vs sham, B401 +
Mn vs B401, P<0.05). We further observed that the quantified
brain cleaved caspase 3 expression levels were significantly
higher than those of mice in sham, B401, and B401 + Mn
treatment groups (Figure 9B) (Mn vs sham, Mn vs B401,
Mn vs B401 + Mn, P<0.01). The quantified brain cleaved
caspase 3 expression levels of B401 + Mn-treated mice were
significantly higher than those of mice given B401 treatment
(Figure 9B) (B401 + Mn vs B401, P<0.05).

Discussion

In this study, we demonstrated that chronic exposure to Mn
induced oxidative and apoptotic signaling pathways and
triggered behavioral dysfunction. Moreover, we showed that
the herbal formula B401, a potent antioxidant, significantly
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Figure 8 The ratio of antiapoptosis-related Bcl-2/BAX was increased significantly in the brain tissues of Mn-treated mice under oral B401| treatment.

Notes: (A) IHC staining shows that the expression of Bcl-2 was decreased significantly in the substantia nigra and the striatum of Mn-treated mice than in those given
sham treatment (P<0.01), but was increased significantly in mice under oral B40| treatment (P<0.01). Furthermore, the expression of BAX was increased significantly in the
substantia nigra and the striatum of Mn-treated mice than in those given sham treatment (P<0.01), but was decreased significantly in mice under oral B401 treatment (P<0.01).
Scale bar: 30 ym. (B) Western blotting analysis shows the following: (a) the expression levels of Bcl-2 and BAX in the whole brain tissues of sham-treated, B401-treated,
B401 + Mn-treated, and Mn-treated mice; (b) the ratio of Bcl-2/BAX was decreased significantly in the brain of Mn-treated mice than in those given sham treatment (P<0.01),
but was increased significantly in mice under oral B401 treatment (P<0.01). The number of sham-treated, B401-treated, B40| + Mn-treated, and Mn-treated mice was eight
for each group. Values are mean + SEM (*¥P<0.01, two-way ANOVA followed by a Student—Newman—Keuls multiple comparisons post-test).

Abbreviations: ANOVA, analysis of variance; BAX, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; IHC, immunohistochemistry; Mn, manganese; SEM, standard error

of the mean.

attenuated blood ROS generation, and alleviated oxidative
stress and apoptosis in the substantia nigra and the striatum.
Therefore, our study could be profitably directed to determine
the therapeutic efficacy of this agent in reducing Mn-induced
neurotoxicity.

Mn is an essential metal for living organisms, but exces-
sive Mn may lead to pathological processes characterized by
irreversible damage in the brain.!® Mn is often accumulated in
the basal ganglia, and in adults, it may cause parkinsonism.?
Compared to adults, younger people may accumulate more
Mn in the brain and are more vulnerable to its toxicity.?'

In this study, we found that Mn-treated mice had worsened
motor coordination as shown by reduced fall time of the
rotarod test. It was reported that Mn-induced neurotoxicity
is characterized by extrapyramidal symptoms resembling
idiopathic parkinsonism.?* Our study demonstrated that fol-
lowing Mn exposure, the mice showed a significant reduction
of dopaminergic D, receptors and dopamine levels in the
substantia nigra and the striatum. These findings are consis-
tent with a previous report demonstrating that Parkinson’s
patients showed a significant decrease in dopamine synthesis
and dopamine transporter levels in the substantia nigra.?*
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Figure 9 Expression levels of apoptosis-related Casp 3 were decreased significantly in the brain tissues of Mn-treated mice under oral B401| treatment.

Notes: (A) IHC staining shows that the expression of Casp 3 was increased significantly in the substantia nigra and the striatum of Mn-treated mice than in those given
sham treatment (P<0.01), but was decreased significantly in mice given oral B40| treatment (P<0.01). Scale bar: 30 um. (B) Western blotting analysis shows the following: (a)
the expression levels of Casp 3 and c-Casp 3 in the whole brain tissues of sham-treated, B40|-treated, B40| + Mn-treated, and Mn-treated mice; (b) quantified Casp 3 and
c-Casp 3 levels were increased significantly in the brain of Mn-treated mice than in those given sham treatment (P<0.01), but were decreased significantly in mice under oral
B401 treatment (P<0.01). The number of sham-treated, B401-treated, B40| + Mn-treated, and Mn-treated mice was eight for each group. Values are mean + SEM (**P<0.01,
*P<0.05, two-way ANOVA followed by a Student—Newman—Keuls multiple comparisons post-test).

Abbreviations: ANOVA, analysis of variance; Casp 3, caspase 3; c-Casp 3, cleaved caspase 3; IHC, immunohistochemistry; Mn, manganese; SEM, standard error of the mean.

It has been reported that BDNF has potent effects on sur-
vival and morphology of dopaminergic neurons, and BDNF
loss may contribute to death of dopaminergic neurons in the
substantia nigra of Parkinson’s patients.”> We also observed
that mice with Mn-induced neurotoxicity had significantly
reduced BDNF expression levels in the substantia nigra and
the striatum. Reduction of BDNF expression might be one of
the reasons for reduced dopaminergic D, receptors and dopa-
mine levels in the substantia nigra and the striatum of mice
with Mn-induced neurotoxicity. Reduction of dopaminergic
receptors and dopamine levels in the substantia nigra and the
striatum may cause motor dysfunction. A previous study has
reported that rats with Mn-induced neurotoxicity had motor
impairment as shown by a reduction in fall time of the rotarod
test and enhanced levels of oxidative stress due to increase in
ROS generation.?® Even though the mechanisms are not fully
understood, Mn-induced parkinsonism may be associated
with mitochondrial dysfunction that causes ROS generation
and oxidative stress in dopaminergic cells.?’ In this study,
we observed that mice with Mn-induced parkinsonism had
increased blood ROS generation and reduced SOD2 expres-
sion, but elevated 3-NT expression in the substantia nigra and

the striatum. SOD2 is an important antioxidant enzyme for
oxidative stress, but 3-NT is a marker of oxidative damage.*!
Therefore, oxidative stress is accepted as the critical factor
in the pathogenesis of Mn-induced neurotoxicity.
Mn-induced oxidative stress may cause mitochondrial
permeability transition and then leads to cell death in dopa-
minergic neurons.’? In the present study, we characterized
the apoptotic mechanisms associated with Mn-induced
parkinsonism in the brain tissue. We observed that Mn treat-
ment targets the mitochondria and shifts the balance of Bcl-2
family proteins to favor apoptotic death in the neurons of
the substantia nigra and the striatum. Immunoblotting and
Western blotting analysis revealed that chronic exposure to
Mn causes a decrease in the antiapoptotic Bcl-2 protein, but
an increase in the proapoptotic BAX protein in the substantia
nigra and the striatum. Furthermore, the Bcl-2/BAX ratio was
also decreased significantly. To determine if the mitochon-
drial dysfunction would activate effector caspases, we assayed
the activity of caspase 3 in the brain tissue of mice follow-
ing chronic exposure to Mn. As shown in Figure 9, chronic
exposure of mice to Mn causes a significant increase in
caspase 3 expression in the substantia nigra and the striatum.
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Our results provide evidences that mitochondria-mediated
apoptosis involves caspase cascades in the brain tissue of
mice with Mn-induced parkinsonism. It has been reported
that more active caspase 3—positive neurons were observed
among dopaminergic neurons in Parkinson’s patients.*
Alternative medical applications of traditional Chinese
medicines in neurodegenerative disease remission are
becoming popular because of their reputed safety and clini-
cal efficacy for chronic conditions. The most widely used
type of herbal treatment is formulas that are composed of
specific mixtures of several herbs. It is believed that complex
interactions produce synergistic effects and a reduction in
side effects and toxicity. For example, the herbal formula
B401 contains six herbal ingredients, including the extracts
from P ginseng, As. membranaceus, An. sinensis, R. glu-
tinosa, L. fructus, and E. prostrata in specific ratios. By
MTT assay, we found less cytotoxicity in the herbal formula
B401-containing SH-SYS5Y cell culture at any concentration
(not more than 80 mg/mL). In addition, we also found that
the herbal formula B401 may alleviate excitotoxicity by
increasing the cell viability in B401-containing glutamate-
treated SH-SYSY cell culture. As illustrated in HPLC finger-
print shown in Figure 1A, the active ingredients of the herbal
formula B401 include ginsenoside Rbl from P ginseng,
formononetin from 4. membranaceus, 5-hydroxymethyl-
furfural from R. glutinosa, ferulic acid from L. fructus, and
wedelolactone from E. prostrata. Some of these compounds
have been verified to have neuroprotective properties. For
example, ginsenoside Rb1, which has been widely used as a
traditional herbal medicine, has antioxidative and antiapop-
totic effects in brain function.** Furthermore, formononetin
has been used to protect the brain by suppressing cellular
excitotoxicity.? It is unknown whether mixtures of the herbal

B401

Oxidative stress

formula B401 have more advantages than a single ingredi-
ent. Therefore, further studies are required to clarify the
underlying molecular mechanism of components’ interaction
and develop an appropriate system to allow evaluation of
the ameliorative potential of such a herbal formula against
Mn-induced neurotoxicity.

Conclusion

Here, we used oral treatment with the herbal formula B401
as an alternative medical application in remission of Mn-
induced neurotoxicity. As summarized in Figure 10, we
found that oral administration of B401 in Mn-treated mice
significantly improved the motor coordination, reduced blood
ROS, and enhanced the expression levels of dopaminergic
receptors, dopamine, and BDNF, but suppressed oxidative
stress (by upregulating SOD2 expression and downregulat-
ing 3-NT expression) and apoptosis (by upregulating Bel-2/
BAX ratio and downregulating caspase 3 expression) in the
brain, especially in the substantia nigra and the striatum.
Therefore, we suggest that the herbal formula B401 may be
developed as a potential health supplement for ameliorating
Mn-induced neurotoxicity.

Highlights

1. We found that the herbal formula B401 alleviates neuro-
toxicity in Mn-treated mice.

2. Neurotoxicity is alleviated by B401 in Mn-treated mice
by enhancing the expression of dopaminergic receptor,
dopamine, and BDNE, and suppressing oxidative stress
and apoptosis.

3. The herbal formula B401 can be developed as a poten-
tial health supplement for ameliorating Mn-induced
neurotoxicity.

—> Bopaminerg|o Neuroprotection
/ receptors
<D -

Apoptosis

Mitochondrial dysfunction

Figure 10 The schematic diagram illustrates the possible neuroprotective pathways of B40| treatment in the brain tissues of mice with Mn-induced neurotoxicity.

Notes: Oral treatment of the herbal formula B40l Mn-treated mice enhanced neuroprotection by increasing the expression levels of BDNF, dopaminergic receptors,
antioxidative SOD?2, and antiapoptosis Bcl-2, while suppressing ROS production, the expression levels of oxidation-related 3-NT, and apoptosis-related BAX and caspase 3
in the brain, especially in the substantia nigra and the striatum. It also improved their motor coordination.

Abbreviations: 3-NT, 3-nitrotyrosine; BAX, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; BDNF, brain-derived neurotrophic factor; Mn, manganese; ROS, reactive

oxygen species; SOD2, superoxide dismutase 2.
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