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HIGHLIGHTS

« TBN exerts neuroprotection in
different PD models.

« TBN alleviates oxidative damage and
mitochondrial dysfunction.

« The therapeutic effect of TBN is
associated with activation of PGC-1a/
Nrf2 pathway.

« TBN is safe in Phase I study and could
be a disease-modifying treatment for
PD.
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ABSTRACT

Introduction: Parkinson’s disease (PD) is common neurodegenerative disease where oxidative stress and
mitochondrial dysfunction play important roles in its progression. Tetramethylpyrazine nitrone (TBN), a
potent free radical scavenger, has shown protective effects in various neurological conditions. However,
the neuroprotective mechanisms of TBN in PD models remain unclear.

Objectives: We aimed to investigate TBN's neuroprotective effects and mechanisms in PD models.
Methods: TBN’s neuroprotection was initially measured in MPP*/MPTP-induced PD models.
Subsequently, a luciferase reporter assay was used to detect peroxisome proliferator-activated receptor
v co-activator 1o (PGC-1a) promoter activity. Effects of TBN on antioxidant damage and the PGC-1a/
Nuclear factor erythroid-2-related factor 2 (Nrf2) pathway were thoroughly investigated.

Results: In MPP*-induced cell model, TBN (30-300 puM) increased cell survival by 9.95 % (P < 0.05),
16.63 % (P < 0.001), and 24.09 % (P < 0.001), respectively. TBN enhanced oxidative phosphorylation
(P < 0.05) and restored PGC-1at transcriptional activity suppressed by MPP* (84.30 % vs 59.03 %,
P <0.01). In MPTP-treated mice, TBN (30 mg/kg) ameliorated motor impairment, increased striatal dopa-
mine levels (16.75 %, P < 0.001), dopaminergic neurons survival (27.12 %, P < 0.001), and tyrosine hydrox-
ylase expression (28.07 %, P < 0.01). Selegiline, a positive control, increased dopamine levels (15.35 %,
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P < 0.001) and dopaminergic neurons survival (25.34 %, P < 0.001). Additionally, TBN reduced oxidative
products and activated the PGC-1a/Nrf2 pathway. PGC-1a knockdown diminished TBN's neuroprotective
effects, decreasing cell viability from 73.65 % to 56.87 % (P < 0.001).
Conclusion: TBN has demonstrated consistent effectiveness in MPP*-induced midbrain neurons and
MPTP-induced mice. Notably, the therapeutic effect of TBN in mitigating motor deficits and neurodegen-
eration is superior to selegiline. The neuroprotective mechanisms of TBN are associated with activation of
the PGC-1a/Nrf2 pathway, thereby reducing oxidative stress and maintaining mitochondrial function.
These findings suggest that TBN may be a promising therapeutic candidate for PD, warranting further
development and investigation.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Parkinson’s disease (PD) is the second most prevalent long-term
neurodegenerative disorder. The disease is characterized by both
motor and nonmotor manifestations. Motor symptoms are directly
associated with the degeneration of dopaminergic neurons in the
substantia nigra (SN) [1,2]. Current therapies for PD include dopa-
mine (DA) precursors, DA receptor agonists, monoamine oxidase
inhibitors (MAOIs), catecholamine-O-methyltransferase inhibitors.
These DA replacement strategies provide symptomatic relief in PD
patients but lack neuroprotective or disease-modifying effects [3].
Although the detailed molecular mechanisms underlying the loss
of dopaminergic neurons in PD remain unclear, increasing evi-
dence suggests that oxidative stress and mitochondrial dysfunc-
tion play an important role [4]. Past clinical trials focused on
targeting specific molecular pathways implicated in PD pathogen-
esis have yielded disappointing results [5]. Consequently, an alter-
native and potentially more effective approach is to target co-
regulatory molecules that address multiple facets of PD pathogen-
esis, including oxidative stress and mitochondrial dysfunction.

Peroxisome proliferator-activated receptor y co-activator 1o
(PGC-1a) is a well-known transcriptional co-activator that inter-
acts with nuclear respiratory factors to control the expression of
nuclear-encoded mitochondrial proteins. These proteins play a
crucial role in controlling mitochondrial biogenesis, respiration,
and the antioxidant defense system. In early PD patients, low
expression of PGC-1a was found in dopaminergic neurons of SN
[6]. Sirtuin 1 (SIRT1) activates PGC-1a by deacetylating lysine resi-
dues, thereby promoting the expression of PGC-1a [7]. Conse-
quently, these proteins exhibit neuroprotective effects by
enhancing neuronal activity and reducing neuronal sensitivity to
neurotoxins [8-10]. Overexpression of PGC-1a or application of
small-molecule PGC-1o activators can improve mitochondrial
function and protect dopaminergic neurons in the MPTP mouse
model of PD [6,11-13]. PGC-1a null mice display abnormal mito-
chondria in neurons and are much more sensitive to oxidative
stress. Re-expression of PGC-1a in these mice restores mitochon-
drial functions and oxidative stress detoxification [14]. Addition-
ally, inhibition of the transcriptional activity and protein
expression of PGC-1a leads to alterations in downstream target
gene expression, ultimately resulting in structural and functional
damage to mitochondria [15]. Taken together, activation of PGC-
1o. may be a novel strategy to develop mitochondrial-targeted
therapy for early intervention in PD.

Nuclear factor erythroid-2-related factor (Nrf2) binds to the
antioxidant responsive element (ARE) and exerts an important role
in regulating the expression of detoxification genes and oxidative
stress-inducible enzymes (e.g., heme oxygenase-1 (HO-1) and
NAD(P)H: quinone oxidoreductase-1 (NQO-1)) [16]. Notably, Nrf2
deficiency cooperates in promoting protein aggregation, neuroin-
flammation, and neuronal death in early-stage PD [17]. Nrf2 over-
expression is sufficient to protect against 1-methyl-4-phenyl-1, 2,
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3, 6-tetrahydropyridine (MPTP), and modulation of the Nrf2/ARE
pathway is a promising target for therapeutics aimed at reducing
or preventing neuronal death in PD [16,18]. Studies have also
revealed the phosphoinositide 3-kinase (PI3K)/protein kinase B
(Akt) pathway can activate Nrf2 by phosphorylating it, while glyco-
gen synthase kinase 3 (GSK-3B) can inhibit Nrf2 by promoting its
degradation [19,20]. Targeting Nrf2 may provide a therapeutic
option to mitigate oxidative stress-associated PD [21]. PGC-1a
co-activation with nuclear respiratory factors 1 (Nrfl) and Nrf2
promotes the expression of antioxidant-responsive genes, and reg-
ulates mitochondrial transcription factor A (TFAM) expression,
which plays an important role in mtDNA replication, maintenance,
and transcription [6]. These findings strongly suggest that PGC-1a/
Nrf2 might be a co-regulatory molecule in anti-oxidative stress and
improvement of mitochondrial dysfunction to combat PD.

Dysregulation of myocyte enhancer factor 2D (MEF2D) is impli-
cated in the pathogenic process of PD, which is involved in oxida-
tive stress-induced mitochondrial damage and neuronal death
[22]. Our previous studies have proved that loss of MEF2D function
was associated with increased vulnerability to MPTP- and 6-
OHDA-induced toxicity [23-25]. Prior work had suggested that
PGC-1oo and MEF2 were functionally linked [26]. An isogenic
human iPSC PD model shows nitrosative stress-induced dysfunc-
tion in MEF2-PGC-1a transcription, contributing to mitochondrial
dysfunction and apoptotic cell death [27]. Additionally, it has been
shown that Akt and GSK-38 can lead to an increase in the neuronal
survival factor MEF2D in the nucleus [28]. Phosphorylation of
MEF2D by GSK-3p (the MEF2D inhibitor) promotes neuronal apop-
tosis [24,29]. Apart from the Akt/GSK-3B pathway, cyclin-
dependent kinase 5 (CDK5) has been proposed to inhibit MEF2D.
Increased CDK5 activity promotes the phosphorylation of MEF2D
at Ser444, which leads to the destabilization of MEF2D and its
activity [30]. Collectively, these studies suggest that MEF2D is
involved in the pathogenesis of PD and its dysregulation con-
tributes to mitochondrial dysfunction and cell death.

Our laboratory has synthesized 2- [[(1, 1-dimethylethyl) oxi-
doimino] methyl]-3, 5, 6- trimethylpyrazine (tetramethylpyrazine
nitrone, TBN). TBN is the result of arming one of the most widely
clinically used natural products, 2, 3, 5, 6-tetramethylpyrazine
(TMP), with a powerful free-radical scavenging nitrone group
[31] (Fig. 1A). The nitrone group is the active pharmacophore of
disodium 4-[(tert-butylimino)-methyl] benzene-1, 3-disulfonate
N-oxide (NXY-059, or disufenton sodium, Cerovive), once the sub-
ject of intense clinical investigation [32]. TMP is the major compo-
nent of the medicinal plant Ligusticum wallichii Franchat (Chuan
Xiong), the use of which was first recorded during the Chinese Tang
dynasty. TMP and its derivatives are used for the treatment of
ischemic stroke in China. TMP protects against neuronal damage
in rodent PD models by scavenging free reactive oxidant species
[33-37]. NXY-059 exhibits significant neuroprotective activity in
neurodegenerative diseases [32,38]; unfortunately, however,
NXY-059 failed in Phase III studies for the treatment of ischemic


http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Guo, C. Zheng, J. Cao et al.

Journal of Advanced Research 64 (2024) 195-211

A
SO;Na J< J<
N + N
N =N | N\ \ITI
|
=z 0o ~ o
N — N
NaO;S
T™MP NXY-059 TBN
B 120 C 150+
7z~ 100+ : >‘:\
=T 0 =7 1004& T
"g @) "g Q . # o o
25 o £5 Y
T X 40 T X 50
S o<
0 T T T T 0 T T T T T T
TBN(uM) - 30 100 300 MPP' - + + + + +
TBN (M) - - 10 30 100 300
D MPP* - T + + + E Ctrl MPP*
TBN (uM) - - 30 100 300
TH (G e S b SN |
B-actin I |
= 1504
g TBN G000+ MPPe T @
o 1001 =2 ala oTe 9
4 AL g 40 i
= 2
£ A gzo -
ot <
Z: 01— . . . . 0
" Ctrl TBN 300 WM
MPP* -  + 4+ o+ o+ TMPPT
TBN M) - - 30 100 300

Fig. 1. TBN protects primary midbrain neurons against MPP*-induced toxicity. (A) Chemical structure of TMP, NXY-059, and TBN. (B) TBN has no cytotoxicity on primary
midbrain neurons for 24 h incubation at 30-300 puM. Primary midbrain neurons were pre-treated with indicated concentrations of TBN for 2 h followed by treatment with
20 uM MPP* for 24 h (C and D). (C) Effect on cell viability of MPP*-treated neurons. (D) Western blot for TH expression in MPP*-treated neurons. Data are expressed as
mean + SD of three independent experiments. Data were analyzed using Kruskal-Wallis test followed by Dunn’s multiple comparisons test (B-D). CGNs were pre-treated with
300 uM TBN for 2 h followed by 150 uM MPP* treatment for 24 h. (E, F) Representative graphs and number of apoptotic neurons. Scale bars, 50 pm. Arrows indicate TUNEL-
positive cells. Data are expressed as mean + SD of three random fields. Data were analyzed using one-way ANOVA and Dunnett’s multiple comparisons test (F). P < 0.001
versus untreated control group. *P < 0.05, **P < 0.01 and ***P < 0.001 versus MPP* alone group.

stroke because the drug achieved poor penetration of the blood-
brain barrier (BBB) in patients [39]. In sharp contrast to NXY-
059, TBN efficiently penetrates BBB and delivers the free-radical
scavenging nitrone to the brain to provide neuroprotection [40].
Treatment with TBN attenuates apoptotic cell death of primary
hippocampal neurons upon deprivation of oxygen and glucose
[41]. TBN exhibits significant protective efficacy in preclinical
models of ischemic stroke [40-43], subarachnoid hemorrhage,
retinopathy [44], and traumatic brain injury [45].

In the present study, we tested the hypothesis that activation of
the PGC-1a/Nrf2 signaling pathway by a novel synthetic small
molecule TBN could restore the cellular processes that are per-
turbed in PD and reduce neurodegeneration in cellular and animal
models of PD. Thus, we examined TBN for its ability to preserve
neuronal viability and mitochondrial function, as well as its
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capacity to reduce markers of oxidative stress and improve move-
ment disorders in MPTP-induced rodent parkinsonism mice.

Methods and materials
Cell culture and treatment

Rat pheochromocytoma PC12 cells can synthesize DA and nore-
pinephrine and express DA transporters. Neuro-2a (N2a) cells are a
fast-growing mouse neuroblastoma cell line with neuronal and
amoeboid stem cell morphology. PC12 cells were cultured in
DMEM medium (Gibco, Waltham, MA, USA) supplemented with
10 % horse serum (Gibco, Waltham, MA, USA) and 5 % fetal bovine
serum (FBS, Gibco, Waltham, MA, USA) in a humidified atmosphere
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of 5 % CO, and 95 % air at 37 °C. N2a cells were grown in DMEM
medium supplemented with 10 % FBS, 100 U/mL penicillin, and
100 pig/mL streptomycin (Gibco, Waltham, MA, USA). After treat-
ment, cells were collected and processed for the dual-luciferase
reporter assay, cellular glycolytic function assay, and oxygen con-
sumption assay.

Cerebellar granular neurons (CGNs) were isolated from postna-
tal 8-day-old Sprague-Dawley rat pups (15-20 g) according to the
protocol described previously [46]. Seven days post-culture, CGNs
were processed by terminal deoxynucleotidyl transferase (TdT)
dUTP nick-end labeling (TUNEL) assay (In situ cell death detection
kit, Roche, Mannheim, Germany), MitoCheck mitochondrial com-
plex I activity assay (Cayman Chemical, Ann Arbor, MI. USA), and
ATP assay (Beyotime Biotechnology, Nanjing, China).

Primary midbrain neuronal cultures were prepared from the
ventral mesencephalon dissected from the embryos of E14 preg-
nant Sprague-Dawley rats (Animal care facility of SUN YAT-SEN
University, Guangzhou, China) as described previously [47]. Five
days post-culture, cells were collected and processed for the 3-(4,
5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT)
and Western blot assay, respectively.

MTT assay

The MTT assay was performed according to the specifications of
the manufacturer (Cell Proliferation Kit I; Sigma-Aldrich, St. Louis,
MO, USA). After treatment, the culture medium was removed, basic
medium containing 0.5 mg/mL MTT was then added and incubated
at 37 °C and 5 % CO; for 4 h. The absorbance (OD value) at 570 nm
was measured using a multi-function microplate reader (BioTek
Corporation, Winooski, VT, USA). Cell viability was expressed as a
percentage of the value of the cells without toxin treatment.

Cellular glycolytic function and oxygen consumption

Cellular glycolytic function and oxygen consumption were
monitored according to the manufacturer’s protocol (Agilent Cell
Analysis Technology, Santa Clara, CA, USA) using the Seahorse
XF24 analyzer as previously described [48]. PC12 cells were seeded
in Seahorse XF 24-well utility plates at a concentration of 2.5 x 10°
cells/mL (100 pL/well) and were cultured for 24 h. The cells were
then incubated with the indicated TBN concentration with or with-
out 2 mM MPP* for 24 h. The extracellular acidification rate (ECAR)
and oxygen consumption rate (OCR) parameter values were mea-
sured at the indicated time after automatic injection of load com-
pounds in the corresponding well from the appropriate ports of a
hydrated sensor cartridge into the identical assay medium. Mito-
chondrial function parameters were automatically calculated by
the Seahorse XF Glycolysis Stress or Mito Stress Test Report
Generator.

TUNEL staining

The Click-iT™ plus TUNEL assay was used to detect the apop-
totic cells following the recommendations from the supplier.
Briefly, CGNs were fixed in 4 % paraformaldehyde (PFA) for 1 h at
room temperature and were then incubated in permeabilization
solution with freshly prepared 0.1 % Triton X-100 in 0.1 % sodium
citrate for 2 min at 4 °C. DNA strand breaks were identified by
labeling free 3-OH terminals with modified nucleotides in the
TUNEL reaction mixture for 1 h at 37 °C in the dark. The cell nuclei
were counterstained with DAPI for 10 min and were viewed with a
laser scanning confocal microscope (Leica TCS SP5, Bensheim, Ger-
many). TUNEL-positive cells (%) were calculated from three ran-
dom fields under 100x magnification for each treatment group.
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Mitochondrial complex I activity

Cellular mitochondria were extracted according to the manu-
facturer’s protocol (Beyotime Biotechnology, Beijing, China). The
MitoCheck complex I activity assay (Cayman Chemical, Michigan,
USA) was used to test mitochondrial complex I activity. Primary
CGNs were pre-treated with TBN (10, 30, and 100 puM) for 2 h fol-
lowed by 150 pM MPP* treatment for 24 h. Then, CGNs were
homogenized with mitochondrial separation reagent on ice for
15 min. The precipitate was removed by centrifugation at 600 g
for 10 min at 4 °C. The supernatant was centrifuged at 11,000 g
for 10 min at 4 °C and then resuspended in an isolation buffer.
Mitochondrial complex I activity was quantified by measuring
the reduction of ubiquinone to ubiquinol following the addition
of KCN, NADH, and ubiquinone in the presence and absence of
rotenone. The OD value was immediately measured at 340 nm in
a multi-function microplate reader. Mitochondrial complex I activ-
ity was expressed as a percentage of the value of the cells without
inducer treatment.

ATP determination

ATP levels were determined using a luminescent solution (ATP
Determination Kit, Beyotime Biotechnology) according to the man-
ufacturer’s protocol. Primary CGNs were pre-treated with TBN (10,
30, and 100 puM) for 2 h followed by 150 uM MPP* treatment for
24 h. Then, CGNs were homogenized with lysis buffer at 12,000 g
for 5 min at 4 °C. The supernatant was collected and protein con-
centration was quantitated by BCA assay (Pierce Biotechnology,
Rockford, IL, USA). Luminescence values were measured on a
multi-function microplate reader following the addition of ATP
detection reagents. The ATP luminescence (nmol) was determined
using a standard curve and was normalized to total protein content
(mg) measured by BCA assay.

Luciferase reporter assay of PGC-1a. promoter activity

The PGC-1a Dual-Luciferase® Reporter (DLR™) assay (Promega,
Fitchburg, WI, USA) was carried out as described previously [49].
N2a cells were transiently transfected with 200 ng renilla
luciferase-expressing plasmid (pRL-TK, Promega, Madison, WI),
500 ng PGC-1a-2 kb, 500 ng PGC-1a-ACRE or 500 ng PGC-1a-
AMEF plasmid purchased from Addgene (Watertown, Mas-
sachusetts, USA) using Lipofectamine® 3000 (Invitrogen, Carlsbad,
CA, USA) for 48 h according to the manufacturer’s instructions. The
pRL-TK plasmid was used as an internal control. Then, cells were
pre-treated with 300 pM TBN for 2 h, followed by 2.5 mM MPP*
treatment for 24 h. The firefly luciferase luminescence and renilla
luciferase activity were measured using a multi-function micro-
plate reader at 0.5 s integration and from the bottom of the plate,
respectively. Luciferase values were normalized to the internal
control renilla.

Ethics statement

C57BL/6j mice (10-12 weeks old, male mice: 25 + 1 g weight,
female mice: 19 = 1 g weight, N0.44007200009668 and
N0.44007200012137) were purchased from Guangdong Medical
Laboratory Animal Center (Guangzhou, China). Animals were
housed 3 to 5 per cage with ad libitum access to water and food
during a 12 h light/dark cycle. All animal studies were conducted
according to the guidelines of the Experimental Animal Care and
Use Committee of Jinan University (Guangzhou, China). The exper-
imental protocols were approved by the Ethics Committee for Ani-
mal Experiments of Jinan University (20140506103421).
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MPTP mice model

Following our previously published procedure [50], MPTP
(30 mg/kg) was administered intraperitoneally (i.p.) once daily
for 5 consecutive days to induce experimental Parkinsonism. The
control group received an equivalent volume of normal saline. To
allow for the full conversion of MPTP to its active neurotoxic
metabolite MPP*, a further 3 days were allowed before drug
administration. On day 9, TBN (10, 30, and 90 mg/kg), selegiline
(10 mg/kg), or an equal volume of saline was administered orally
by gavage twice daily for 14 consecutive days.

Footprint test

Before testing, animals were trained for 3 consecutive days.
Each animal conducted 3 successive trials each time, with 1 h
intervals. The average value was calculated for statistical analysis.
A footprint test was used to detect gait abnormalities. The mice
were placed in a corridor that was 5 cm wide, 5 cm high, and
85 cm long. The floor of this corridor was covered with white
paper. After 2 weeks of TBN treatment in the MPTP-induced mice
PD model, the hind paws of each mouse were colored with black
dye, and the animal was then placed in the corridor. The total num-
ber of footsteps was recorded and the average stride length (cm)
was calculated. Additionally, the time (s) taken for the mouse to
cross the wooden corridor was recorded.

Electrochemical HPLC analysis for striatal DA, DOPAC, and HVA

The concentrations of DA, 3, 4-dihydroxyphenyl acetic acid
(DOPAC), and homovanilic acid (HVA) in the striatum were exam-
ined using reverse-phase HPLC with an electrochemical detector
(HPLC-ECD) as previously described [51]. Briefly, striatal tissues
were promptly dissected on ice, immediately frozen in liquid nitro-
gen, and subsequently stored at —80 °C until further biochemical
assessment. The striatum tissue was weighed, sonicated in 0.1 N
perchloric acid (v/w = 10:1), and homogenized by centrifuging at
12,000 g for 20 min at 4 °C. The supernatant was collected, and
20 pL samples were injected into an HPLC-ECD system equipped
with an Agilent Eclipse Plus C18 reverse-phase column (4.6 x 150
mm). The mobile phase composition was composed of 50 mM
NaH,PO4, 0.03 mM EDTA, 0.8 mM sodium octyl sulfate, and
30 mL/L methanol (pH 3.5). A flow rate of 1 mL/min was main-
tained throughout the analysis. The concentrations of DA and its
main metabolite were quantified by extrapolating the peak area
from a standard curve constructed under identical conditions.
The levels of DA and its main metabolite were expressed as ng/
mg tissue weight.

PURE Prep nuclei assay

Nuclear and cytosolic fractions were separated from SN tissue
using the PURE Prep Nuclei assay kit (Sigma-Aldrich, St. Louis,
MO, USA) in accordance with the manufacturer’s protocol. Nuclear
and cytosolic fractions were analyzed by Western blot.

Western blot

Samples were homogenized with RIPA lysis buffer supple-
mented with 1 mM PMSF (Sigma-Aldrich, St. Louis, MO, USA) and
1 % (v/v) halt™ phosphatase inhibitor cocktail (100X, Thermo Fisher
Scientific, MA, USA) on ice. The precipitate was removed by cen-
trifugation at 12,000g for 30 min at 4 °C. The total protein concen-
tration of the supernatant was determined using the BCA protein
assay kit. Subsequently, 30 pg of protein samples were separated
by 10-15 % (w/v) SDS-PAGE and transferred onto PVDF mem-
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branes. The membranes were blocked with 5 % (w/v) bovine serum
albumin in TBST at room temperature for 2 h. The membranes
were then incubated with appropriate primary antibodies over-
night at 4 °C and were then incubated with HRP-conjugated sec-
ondary antibodies in TBST (1:2000 dilution, Cell Signaling
Technology, Danvers, MA, USA) for 2 h at room temperature. After
incubation with secondary antibodies, the reaction product in the
membrane was visualized using an ECL advanced Western blot
detection kit (Amersham, Little Chalfont, UK). Western blot images
and band densities were captured and quantitatively analyzed
using the Care Stream Molecular Imaging Software (Carestream
Health Inc, New Haven, CT). Beta-actin or Lamin A/C was used as
the loading control, respectively. All primary antibodies used in
this study are listed in Table 1.

Immunochemistry or immunofluorescence

Mice in each group were deeply anesthetized with pentobarbi-
tal sodium (100 mg/kg, i.p.) and then underwent transcardial per-
fusion with blood vessel flushing fluid solution (4 % (w/v) PFA in
0.1 M PBS, pH 7.4). The brains were removed and post-fixed for
48 h. The brains were then placed in graded 10 % to 30 % (w/v)
sucrose solution in 0.1 M PBS, pH 7.4 for 6 days at 4 °C. Brains were
embedded in OCT (Tissue-Tek, Miles Inc., Elkhart, IN), and finally
sectioned into 25 pm. Sections were incubated with 3 % (v/v)
hydrogen peroxide (H,0,) for 15 min at room temperature to inac-
tivate endogenous peroxidase activity followed by antigen retrie-
val in sodium citrate buffer (10 mM, pH 6.0) for 15 min at 95 °C.
Afterward, brain sections were incubated with appropriate pri-
mary antibodies overnight at 4 °C. Then, the sections were incu-
bated with appropriate secondary antibodies for 2 h at room
temperature. The secondary antibodies were HRP-linked goat-
anti-rabbit antibody (1:200 dilution, Cell Signaling Technology,
Danvers, MA, USA), Alexa Fluor® 546-conjugated goat anti-rabbit
or mouse (1:200 dilution, Invitrogen, Carlsbad, CA, USA) and Alexa
Fluor® 488-conjugated goat anti-rabbit or mouse (1:200 dilution,
Invitrogen, Carlsbad, CA, USA). Cell nuclei were counterstained
with DAPI for 10 min. Immunohistochemistry (TH-stained sec-
tions) was revealed using diaminobenzidine (DAB). Stained tissue
slides were viewed with a laser scanning confocal microscope
(Leica TCS SP5, Bensheim, Germany). The TH-positive cells in SN
were counted using the optical fractionator method as described
previously [52]. Three randomly selected amplifying fields in each
section were chosen to conduct a semi-quantitative analysis using
Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring,
USA) in the SN or TH-immuno-reactive neurons. The mean fluores-
cence densities of 8-OHdG, 4-HNE, 3-NT, MEF2D, and PGC-1a
expression levels were subsequently calculated. All primary anti-
bodies used in this study are listed in Table 1.

Total RNA extraction and qRT-PCR

RNA was extracted from the SN using Trizol reagent (Thermo
Fisher Scientific, USA). Total RNA (2 pg) was reversely transcribed
using M—MulLv Reverse Transcriptase (New England Biolabs, Bev-
erly, MA, USA). Quantitative PCRs were performed in triplicates
for all samples using the Mx 3005P Real-Time PCR system (Strata-
gene) with SYBR Green Supermix (Thermo Fisher Scientific, USA).
The reaction condition consisted of an initial denaturation step at
98 °C for 30 s, followed by 40 cycles of 98 °C for 10 s, 60 °C for
30s, and 72 °C for 15 s in 20 pL reaction volumes. For normaliza-
tion, AC, values were calculated relative to the levels of 18S rRNA
transcripts. All primers for qRT-PCR were validated based on the
melting curve and C; value before use. All mouse primer sequences
used in this study are listed in Table 2.
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Table 1
Information about primary antibodies used.

Antibody Species Raised Isotype Application, dilution Catalog number Source

TH Rabbit polyclonal IgG WB, 1:1000 T8700 Sigma-Aldrich
HC/IF, 1:500

TH Mouse monoclonal IgGlx IHC/IF, 1:200 MAB318 Millipore

Phospho-Akt (Ser 473) Rabbit monoclonal IgG WB, 1:1000 40608 CST

Akt Rabbit monoclonal IgG WB, 1:1000 4691S CST

Phospho-GSK-38 (Ser 9) Rabbit monoclonal IgG WB, 1:1000 9322S CST

GSK-3B Rabbit monoclonal IgG WB, 1:1000 12456S CST

CDK5 Rabbit monoclonal IgG WB, 1:1000 14145S CST

Nrf2 Rabbit polyclonal IgG WSB, 1:1000 SAB4501984 Sigma-Aldrich
IF, 1:200

MEF2D Mouse monoclonal IgG3 WB, 1:500 sc-271153 Santa Cruz
IF, 1:200

SIRT1 Mouse monoclonal IgG1 WB, 1:1000 8469S CST

PGC-1a Rabbit Polyclonal IgG WB, 1:500 PA5-38022 Invitrogen
IF, 1:50

PGC-1a Rabbit polyclonal IgG IF, 1:250 HPA063136 Atlas

TFAM Rabbit monoclonal IgG WB, 1:1000 8076S CST

HO-1 Rabbit monoclonal IgG WB, 1:1000 43966S CST

8-OHdG Rabbit polyclonal IgG IF, 1:250 orb16710 Biorbyt

4-HNE Mouse monoclonal IgG IF, 1:200 SMC-511D-A594 StressMarq

3-NT Mouse monoclonal IgG IF, 1:200 SMC-154D-STR StressMarq

Lamin A/C Mouse monoclonal IgG2a WSB, 1:1000 4777S CST

B-actin Rabbit monoclonal IgG WB, 1:1000 4970S CST

Abbreviations: WB: Western blot; IF: Immunofluorescence; IHC: Immunohistochemistry; ICC: Immunocytochemistry; CST: Cell Signaling Technology.

Table 2
Mouse primer sequence used for qRT-PCR.

Gene Forward primer (5'-3') Reverse primer (5'-3')
PGC-1a AGCAGAAAGCAATTGAAGAG AGGTGTAACGGTAGGTGATG
MEF2D GCTGCTCAAGTACACCGAGT TCACAGCCGTTGAAACCCTT
Nrf2 TAGATGACCATGAGTCGCTTGC GCCAAACTTGCTCCATGTCC
HO-1 CACAGCACTATGTAAAGCGTCT GTAGCGGGTATATGCGTGGG
TFAM TGCTCTTCAGGGCCTACTCA ACCATGGTGGCAAACTGTCT
18s rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

TBN concentration measurement in plasma and rat brains

Sprague-Dawley (SD) rats (n = 6, male: female = 1:1,200-380 g)
were administered a single intragastric dose of TBN (45 mg/kg) and
were then euthanized 10 or 30 min later. Plasma and whole-brain
homogenates were extracted and TBN’s concentrations were mea-
sured by LC/mass spectrometry (MS) as previously described [53].

TBN tablet pharmacokinetic assessment in healthy Chinese volunteers

The TBN multiple-ascending-dose (MAD) Phase 1 study in
healthy Chinese volunteers was approved by the Ethics Committee
of Haikou People’s Hospital in China. Written informed consent
was obtained from each subject. The TBN MAD Phase I study has
been registered at https://www.chinadrugtrials.org.cn/
(CTR20190583) and conducted following the Good Clinical Prac-
tices and the Declaration of National Medical Products Administra-
tion (NMPA) of China. Twenty-four healthy Chinese volunteers
were divided into two groups, one of which received 600 mg of
TBN (n = 12, male: female = 1:1), and the other 1200 mg of TBN
(n = 12, male: female = 1:1). Subjects were given the desired
amount of TBN in tablet form twice daily (12 h intervals) for seven
consecutive days. Blood samples were collected in blood collection
tubes with EDTA, centrifuged at 1,500 rpm for 10 min, and the
supernatant was transferred into labeled tubes before freezing at
—80 + 10 °C until analysis. TBN’s concentrations in serum were
measured by HPLC-MS/MS (Waters, Massachusetts, USA).
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Statistical analysis

Data analyses were performed with GraphPad Prism software
9.0 (GraphPad, San Diego, CA, USA). Results were expressed as
mean * standard deviation (mean * SD). Differences with
P < 0.05 were considered significant. The distribution of data was
first examined using the Anderson-Darling test, D’Agostino & Pear-
son test, and Shapiro-Wilk test. The independent unpaired two-
tailed Student’s t-test was performed to evaluate the differences
between two groups if the data fit a normal distribution and vari-
ances were similar by F test (P > 0.05). If variances differed accord-
ing to the F test (P < 0.05), a two-tailed unpaired Student’s t-test
with Welch’s correction was used. When the data did not fit a nor-
mal distribution, the Mann-Whitney test was conducted. For mul-
tiple group comparisons, one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s or Dunnett’s multiple comparisons
test was performed if the data fit a normal distribution and vari-
ances were similar by F test (P > 0.05). If variances differed accord-
ing to the F test (P < 0.05), the Brown-Forsythe and Welch ANOVA
test was used. The Kruskal-Wallis test followed by Dunn’s multiple
comparisons test was conducted when the data did not fit a normal
distribution.

Results
TBN protects cultured primary midbrain neurons

The cytotoxicity of TBN was initially tested in cultured primary
midbrain neurons. As shown in Fig. 1B, TBN did not show cytotox-
icity at concentrations of 30-300 puM. The relative cell viability of
TBN (30 to 300 uM) was 97.78 + 2.34 %, 98.08 + 1.46 %, and 97.8
2 +3.93 %, respectively (Fig. 1C). Next, we investigated the neuro-
protective effect of TBN on MPP*-induced neurotoxicity in cultured
primary midbrain neurons. Treatment with MPP* (20 uM) for 24 h
resulted in a dramatic decrease in cell viability (45.92 % decrease,
P < 0.05) and protein expression of tyrosine hydroxylase (TH),
which is a marker of dopaminergic neurons (36.79 % decrease).
This suggests that MPP* treatment can harm the survival and func-
tion of dopaminergic neurons. Interestingly, pre-treatment with
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TBN (10 to 300 uM) for 2 h prior to MPP* exposure resulted in an
increase in cell viability in a concentration-dependent manner. The
relative cell viability of TBN (30 to 300 uM) was 64.03 + 5.23 %
(P < 0.05), 70.71 + 840 % (P < 0.001), and 78.17 + 7.88 %
(P < 0.001), respectively (Fig. 1C). In addition, TBN (30 to
300 uM) increased the TH protein expression level, it was not sta-
tistically significant (Fig. 1D). TBN (300 pM) treatment significantly
mitigated neuronal apoptosis induced by MPP*, as evidenced by
the decrease in TUNEL-positive cells (P < 0.01). The apoptosis (%)
in the TBN group was 31.32 + 3.18 %, while the apoptosis (%) in
the MPP* group was 47.69 + 6.11 % (Fig. 1E, F). These findings indi-
cated that TBN exerted a neuroprotective effect against MPP*-
induced neurotoxicity, potentially offering a therapeutic avenue
for the treatment of PD.

TBN improves mitochondrial function

Next, we assessed the effects of TBN on mitochondrial function
by measuring OCR and ECAR in PC12 cells that were either incu-
bated with or without TBN in conjunction with MPP*. Under basal
conditions (Fig. 2A, B), TBN (300 uM) treatment does not affect the
ECAR of glycolysis (46.26 + 7.96), glycolytic capacity (78.99 +
12.99), and glycolytic reserve (32.73 + 5.36) compared with the
control group (39.05 + 7.09, 72.27 + 10.24, and 33.22 + 5.48,
respectively). As shown in Fig. 2C-E, TBN (300 uM) treatment sig-
nificantly increased the OCR of non-mitochondrial oxygen con-
sumption (72.27 + 25.67, P < 0.05), spare respiratory capacity
(178.4 + 48.60 %, P < 0.01), coupling efficiency (74.90 + 7.09 %,
P <0.001), basal respiration (120.80 + 56.02, P < 0.01), maximal res-
piratory capacity (235.90 + 132.10, P < 0.01), and ATP production

(91.63 + 42.24, P < 0.01) compared with the control group
(49.38 + 19.61, 119.7 + 15.18 %, 59.55 + 8.47 %, 48.72 + 21.05,
60.27 + 30.30, and 29.93 * 13.51, respectively). Under the

MPP*-stressed condition (Fig. 2F, G), MPP" caused a decrease in
basal respiration, maximal respiratory capacity, and ATP produc-
tion (P < 0.01). However, TBN (300 puM) treatment significantly
restored these parameters to levels comparable to those observed
in the control group. Specifically, after TBN treatment, basal respi-
ration increased from 199.80 + 51.83 to 245.10 + 54.81, maximal
respiratory capacity increased from 341.80 + 120.30 to 465.90 +
142.60 (P < 0.05), and ATP production increased from 138.70 *
56.31 to 191.90 + 56.76 (P < 0.05). TBN also increased the ATP con-
tent in MPP*-treated primary CGNs in a concentration-dependent
manner (P < 0.001). Specifically, the results indicated that treat-
ment with 30 pM TBN led to a 27.50 % increase in ATP content,
while treatment with 100 uM TBN resulted in a 36.78 % increase
(Fig. 2H). Moreover, TBN treatment at concentrations of 30 and
100 puM increased mitochondrial complex I activity by 27.23 %
(P<0.05) and 35.64 % (P < 0.01), respectively (Fig. 21). Collectively,
these findings suggested that TBN enhanced cellular mitochondrial
metabolism through oxidative phosphorylation (OxPhos) but not
glycolysis.

TBN activates MEF2D/PGC-1a. signaling pathway in MPP*-induced
neurotoxicity

We further investigated the effects of TBN on the expression of
MEE2D, SIRT1, and PGC-1a, all of which contribute to neuronal sur-
vival. As shown in Fig. 3A and B, TBN treatment increased protein
expression of MEF2D, SIRT1, and PGC-1a in a concentration-
dependent manner. Specifically, the results showed that TBN treat-
ment at 30, 100, and 300 pM increased MEF2D protein expression
by 18.86 %, 48.72 %, and 60.50 % (P < 0.05), respectively (Fig. 3B).
Similarly, TBN treatment increased SIRT1 protein expression by
47.04 %, 85.28 % (P < 0.01), and 100.66 % (P < 0.001), respectively
(Fig. 3B). Additionally, TBN treatment increased PGC-1a protein
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expression by 28.07 %, 37.37 %, and 43.33 %, respectively
(Fig. 3B). By contrast, PGC-1a siRNA resulted in a 91.4 % decrease
(data not shown) in PGC-1a levels and abolished the neuroprotec-
tive effect of TBN. The relative cell viability in MPP" + TBN
(300 pM) group, MPP* + TBN (300 uM) + Scrambled siRNA group,
and MPP* + TBN (300 uM) + PGC-1a siRNA group was 72.85 +
4.49 %, 73.65 £ 5.03 %, and 56.87 * 6.62 %, respectively (Fig. 3C).
The results demonstrated that PGC-1a was involved in the ability
of TBN to protect against neuronal cell death induced by MPP". Fur-
thermore, TBN significantly increased the basal transcriptional
activity of PGC-1ou in N2a cells transfected with a PGC-1a
promoter-driven luciferase reporter plasmid (P < 0.01, Fig. 3D, E).
The relative luciferase activity was 142.09 + 14.72 % compared to
a baseline value of 100.00 + 5.41 %, indicating that TBN enhanced
the normal transcriptional activity of PGC-1o. Moreover, TBN
restored the MPP*-suppressed transcriptional activity of PGC-1a
to 84.30 + 8.22 % compared to the control group (100 %), while
MPP* treatment reduced it to 59.03 + 6.22 %, indicating that TBN
was able to counteract the negative effect of MPP* on the transcrip-
tional activity of PGC-1o. Deletion of the MEF site (PGC-1a-AMEF)
and the cAMP-response element (CRE) site (PGC-1a-ACRE) of the
PGC-1a promoter resulted in decreased basal promoter activity
by 38.21 % and 33.57 %, suggesting that the activation of PGC-1a
by TBN is CRE- and MEF-dependent. These data implied that the
neuroprotective effect of TBN depends on the activation of
MEF2D/PGC-1a signaling pathway.

TBN exerts neuroprotective effects in the MPTP-induced mice PD
model

To determine whether TBN was neuroprotective in animal mod-
els of PD, we firstly examined the effects of TBN on motor behavior
and neurodegeneration in the MPTP-induced mice model. On the
third day after the last MPTP injection, TBN (10, 30, and 90 mg/
kg) or an equal volume of saline was administered orally by gavage
twice daily for 14 days (Fig. 4A). At day 22, the body weight in all
groups have no significant difference (Fig. 4B). The gait abnormal-
ities of mice in the footprint test were reported to be highly corre-
lated with striatal DA content. MPTP injections caused significant
impairment of locomotion. Specifically, the MPTP group exhibited
an increased time to cross the corridor (6.52 + 0.88 s, P < 0.05) com-
pared to the Sham group (5.53 * 0.78 s). Additionally, the MPTP
group had a decreased stride length (6.06 + 0.61 cm) compared
to the Sham group (6.50 + 0.69 cm). However, TBN at doses of 30
and 90 mg/kg and selegiline, the positive control drug, attenuated
these locomotion impairments (Fig. 4C, D), but the effects were not
statistically significant. The brain content (ng/mg striatal tissue) of
striatal DA and its metabolites and the number of TH-positive neu-
rons were examined. As expected, MPTP treatment depleted stri-
atal DA (4.25 £ 0.41, P < 0.001) and its metabolites DOPAC (0.
18 + 0.05, P < 0.001), and HVA (0.36 + 0.20, P < 0.01) compared
to the control group (11.83 = 1.19, 0.49 + 0.10, and 0.94 + 0.38,
respectively). MPTP treatment also resulted in a reduction in the
number of TH-positive neurons, with a decrease of approximately
25.34 % (P < 0.001). Additionally, MPTP treatment resulted in a sig-
nificant decrease in TH expression in the SN, with a reduction of
28.69 % (P < 0.01). However, TBN treatment attenuated these MPTP
toxic effects (Fig. 4E-K). Collectively, these results demonstrated
that TBN decreased MPTP-induced motor behavioral deficits and
neurodegeneration.

TBN decreases oxidative damage products in SN of MPTP-induced mice
MPP* can be sequestered into synaptosomal vesicles, or concen-

trated within the mitochondria of dopaminergic neurons, which
leads to reactive oxygen species (ROS) production and results in
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Fig. 2. TBN increases mitochondrial function. (A) ECAR response curve. (B) Glycolysis, Glycolytic Capacity, and Glycolytic Reserve. (C) OCR response curve. (D) Non-
mitochondrial oxygen consumption, spared respiratory capacity (%), and coupling efficiency (%). Data are mean + SD of two independent experiments. Data were analyzed
using a two-tailed unpaired Student’s t-test or Mann-Whitney test (C, D). (E) Basal respiration, maximal respiration, and ATP production. Data are mean + SD of two
independent experiments. Data were analyzed using the Mann-Whitney test. (F) The response curve of OCR after TBN treatment of MPP*-induced PC12 cells. (G) Basal
respiration, maximal respiration, and ATP production. (H) ATP content (nmol/mg protein, % of Ctrl). (I) Mitochondrial complex I activity (% of Ctrl) in CGNs. Data are mean + SD
of three independent experiments. Data were analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test (G-I). *P < 0.05, “P < 0.01 and ~'P < 0.001
versus untreated control group. *P < 0.05, *¥P < 0.01 and #**#P < 0.001 versus MPP* alone group.

protein oxidation, lipid peroxidation, and DNA oxidative damage.
Three-nitrotyrosine (3-NT), 4-hydroxynonenal (4-HNE), and
8-hydroxy-2-deoxyguanosine (8-OHdG) are oxidative products of
protein, lipid, and DNA, respectively. Imnmunofluorescence staining
was performed to assess the levels of these oxidative products in
the SN. The results showed an increase in the levels of 8-OHdG,
4-HNE, and 3-NT in the SN after MPTP treatment (P < 0.001).
Specifically, the fluorescence intensity of 8-OHdG, 4-HNE, and
3-NT (expressed as a percentage of the sham group) was 234.4 +
5.74, 339.50 + 25.75 %, and 324.60 + 21.59 %, respectively. In con-
trast, TBN (30 mg/kg) treatment significantly reduced the levels of
these oxidative products. After TBN treatment, the fluorescence
intensity of 8-OHdG, 4-HNE, and 3-NT (expressed as a percentage
of the sham group) was 166.00 + 6.84 % (P < 0.001), 294.80 +
16.37 % (P < 0.05), and 216.10 £ 8.27 % (P < 0.001), respectively
(Fig. 5A-D). Taken together, these results demonstrate that TBN
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protected the animals from the neurotoxic effects of MPTP, as mea-
sured by the reduced markers of oxidative damage.

TBN activates PGC-10/Nrf2 signaling pathway in MPTP-induced mice

The in vitro studies showed that TBN protects midbrain neurons
by increasing the expression of PGC-1a (Fig. 1 and Fig. 3). Addi-
tional studies sought to determine its mechanism of action in neu-
roprotection in in vivo PD models. From Western blot analysis of
SN samples from MPTP-treated animals, we found that TBN signif-
icantly increased the cytosol protein expression of MEF2D, PGC-1a,
Nrf2, HO-1, and TFAM (Fig. 6A, B). Specifically, TBN treatment at
10, 30, and 90 mg/kg increased MEF2D protein expression by
26.07 %, 73.01 %, and 63.61 % (P < 0.05), respectively. Similarly,
TBN treatment led to an increase in PGC-1o protein expression
by 27.07 %, 50.09 % (P < 0.01), and 41.32 % (P < 0.05), respectively.
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Fig. 3. TBN activates PGC-1¢/Nrf2 pathway in MPP*-induced primary midbrain neurons injury. Primary midbrain neurons were pre-treated with indicated
concentrations of TBN for 2 h followed by treatment with 20 uM MPP* for 24 h (A and B). (A, B) Western blot for expression of MEF2D, SIRT1, and PGC-1a. in MPP*-treated
neurons. Data are expressed as mean * SD of three independent experiments. Data were analyzed using Kruskal-Wallis test followed by Dunn’s multiple comparisons test
(MEF2D) or one-way ANOVA followed by Dunnett’s multiple comparisons test (SIRT1 and PGC-1a.). (C) Silencing of PGC-1a. by specific siRNA abolished the protective effect of
TBN in MPP*-treated neurons. Data are expressed as mean * SD of three independent experiments. Data were analyzed using the Brown-Forsythe and Welch ANOVA test. (D,
E) TBN increased MEF- and CRE-dependent PGC-1o promoter transcriptional activity. Data are expressed as mean * SD of three independent experiments. Data were analyzed
using two-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05 and ~P < 0.001 versus untreated control group. *P < 0.05, **P < 0.01 and **#P < 0.001 versus

MPP* alone group. ¥&p < 0.001.

Additionally, TBN treatment increased Nrf2 protein expression by
62.41 %, 85.31 %, and 122.61 %, and HO-1 protein expression by
11.28 %, 39.40 % (P < 0.05), and 48.64 % (P < 0.01), respectively.
Furthermore, TBN treatment increased TFAM protein expression
by 7.73 %, 31.68 % (P < 0.01), and 55.18 % (P < 0.001), respectively.
Meanwhile, MPTP decreased the nuclear protein levels of MEF2D,
PGC-1a, Nrf2, and HO-1, while TBN treatment reversed the
changes (Fig. 6C, D). Specifically, TBN treatment at 10, 30, and
90 mg/kg resulted in a respective increase in MEF2D protein
expression by 40.96 %, 93.01 % (P < 0.01), and 84.81 % (P < 0.01),
respectively. Similarly, TBN treatment increased PGC-1a protein
expression by 33.65 %, 42.21 % (P < 0.05), and 50.56 % (P < 0.01),
respectively. Additionally, TBN treatment increased Nrf2 protein
expression by 36.54 %, 45.64 % (P < 0.05), and 41.24 % (P < 0.05),
and HO-1 protein expression by 23.89 %, 25.57 %, and 17.13 %,
respectively. To further confirm the effects of TBN on MEF2D or
PGC-1a expression in dopaminergic neurons, co-localization anal-
ysis of TH with MEF2D or PGC-1a was performed using dual fluo-
rescent immunostaining. The results showed that TBN increased
PGC-1a and MEF2D expression in the dopaminergic neurons of
MPTP-treated mice (P < 0.05, Fig. 6E-H). Specifically, after TBN
treatment, the fluorescence intensity of PGC-1a increased from
37.86 % to 62.95 % (expressed as a percentage of the sham group),
while the fluorescence intensity of MEF2D increased from 76.31 %
to 93.30 % (also expressed as a percentage of the sham group).
Furthermore, mRNA expression analysis of SN samples from
MPTP-induced model mice revealed that TBN increased the mRNA
expression levels of MEF2D (P < 0.05), PGC-1a, Nrf2, HO-1
(P < 0.05), and TFAM (P < 0.05, Fig. 61-M). Specifically, after TBN
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treatment, the mRNA levels of MEF2D, PGC-1a, Nrf2, HO-1, and
TFAM were 1.57-, 1.62-, 1.53-, 1.87-, and 1.59-fold higher than
those of the MPTP group, respectively. Moreover, the upstream sig-
naling pathway of the MEF2D/PGC-1a/Nrf2 pathway was investi-
gated. The results indicated that TBN down-regulated CDK5 and
p-GSK-3B expression, and up-regulated p-Akt expression in the
brain of MPTP-treated mice (Fig. 7). Specifically, TBN treatment
at 10, 30, and 90 mg/kg increased p-Akt protein expression by
84.02 % (P<0.01),90.02 % (P < 0.01), and 54.42 %, respectively. Sim-
ilarly, TBN treatment increased p-GSK-3B protein expression by
54.42 %, 120.32 % (P < 0.05), and 298.82 % (P < 0.05), respectively.
Additionally, TBN treatment decreased CDK5 protein expression by
83.80 %, 113.90 % (P < 0.05), and 125.70 % (P < 0.05), respectively.
Overall, these findings indicate that TBN exerts its neuroprotective
effect by regulating the CDK5 and Akt/GSK-3pB pathways, affecting
MEF2D activity and ultimately activating the PGC-1a/Nrf2 path-
way in the brain of MPTP-treated mice (Fig. 8).

Discussion

Current treatments for PD patients are mainly focused on drugs
that replace DA or DA-like substitutes. While these strategies are
effective in managing the motor symptoms of PD, they do not have
significant neuroprotective effects. Due to the intricate pathophys-
iology, an innovative approach for PD could involve the develop-
ment and utilization of multifunctional neuroprotective or
neurorestorative drugs, serving as disease-modifying agents.
Disease-modifying therapy (DMT) is an intervention that delays
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Fig. 4. TBN improves motor behavior and protects SN neurons in the MPTP-induced mice PD model. (A) Experimental schedule. (B) Body weight (%). Data are mean + SD
of 15 or 16 mice per group. Data were analyzed using two-way ANOVA followed by Tukey’s multiple comparisons test. (C) Time taken to cross the corridor (s). Data are
mean * SD of 15 or 16 mice per group. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (D) Stride length (cm) in the footprint
test. Data are mean + SD of 15 or 16 mice per group. Data were analyzed using one-way ANOVA and Dunnett’s multiple comparison tests. (E-G) Quantification of striatal DA,
DOPAC, and HVA by HPLC. Data are mean + SD of 6 or 7 mice per group. Data were analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test (E, F) or
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (G). (H) Representative photomicrographs of immunohistochemistry staining for TH in the SN of MPTP
mice. Scale bars, 100 pm. (I) Stereological counting of TH-positive neurons from SN. (J, K) Western blot for TH expression in the SN of MPTP mice. Data are mean * SD of 4-7
mice per group. Data were analyzed using one-way ANOVA and Dunnett’s multiple comparisons test (I-K). *P < 0.05, "P < 0.01 and ~"P < 0.001 versus sham group; *P < 0.05,
##p < 0.01 and #***P < 0.001 versus MPTP alone group.
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or stops neurodegeneration, can affect the initial triggers of neu- of DMT in PD is neuroprotection. Although multiple agents
ronal degeneration, prompt neuronal compensatory responses or attempting disease modification of PD have been tested in clinical
reduce the spread and progression of pathology. The primary goal trials, all have failed in the past few decades. The feasibility of
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Fig. 6. TBN activates PGC-10/Nrf2 pathway in MPTP-induced PD mice. (A, B) Western blot for expression of MEF2D, PGC-1a, Nrf2, HO-1, and TFAM in the cytosol of SN
tissue from MPTP mice. Data were mean * SD of 4 mice per group. Data were analyzed using one-way Brown-Forsythe and Welch ANOVA test (MEF2D and Nrf2) or ANOVA
followed by Dunnett’s multiple comparisons test (PGC-1a, HO-1, and TFAM). (C, D) Western blot for expression of MEF2D, PGC-1a,, Nrf2, and HO-1 in the nuclei of SN tissue
from MPTP mice. Data were mean + SD of 3 mice per group. Data were analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test (MEF2D and PGC-1a)
or Kruskal-Wallis test followed by Dunn’s multiple comparisons test (Nrf2 and HO-1). (E) Representative photomicrographs of co-immunofluorescence staining for TH (red),
MEF2D (green), and DAPI (blue). Scale bars, 20 pm. (F) Representative photomicrographs of co-immunofluorescence staining for TH (green), PGC-1a (red), and DAPI (blue) in
the SN of MPTP mice. Scale bars, 25 pm. (G, H) Fluorescence intensity of MEF2D and PGC-1a in the TH-positive neurons. Data were mean * SD of 3 mice per group. Data were
analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test. RNA from SN of PD animals was purified and converted into cDNA, and mRNA expression
levels were determined using qRT-PCR. (I-M) Relative mRNA expression of (I) MEF2D, (J) PGC-1a, (K) Nrf2, (L) HO-1, and (M) TFAM in MPTP mice model. Data were mean + SD
of 5-9 mice per group. Data were analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test (I) or Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (J, K-M). *P < 0.05, P < 0.01 and ~"P < 0.001 versus sham group; *P < 0.05, **P < 0.01 and ***P < 0.001 versus MPTP group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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moving disease modifying agents to market has been shown
through the success of MAO-B inhibitor rasagiline, which has been
shown to have neuroprotective or disease modifying activity and
has made it to the market as a PD therapeutic. Therefore, DMT that
reduces the rate of neurodegeneration or halts disease progress is
still one of the greatest unmet needs for PD therapy. TBN is a novel,
orally bioavailable, multifunctional neuroprotective agent, which
is being developed for the treatment of PD and other diseases. In
this study, TBN proved to be consistently effective in MPP*-
induced primary neurons and MPTP-induced mice (Figs. 1 and 4).
Notably, TBN was administered after the neurodegenerative pro-
cess had been initiated by MPTP (3 days after the last dose) intox-
ication, in which SN dopaminergic neurons continue to die for
weeks. Additionally, we found that TBN exhibited neuroprotective
effects in 6-OHDA-lesioned PD models, and significantly slowed or
even stopped the worsening of motor deficits, apparently modify-
ing the advance of the evolving disease in the hA53T Tg mice (data
not shown). The neuroprotective effects of TBN were associated
with activation of the PGC-10/Nrf2 pathway. In summary, our find-
ings suggest that TBN could be a multifunctional neuroprotective
candidate for PD disease-modifying treatment, warranting further
development and investigation.

MPTP is a neurotoxin that specifically targets and damages SN
dopaminergic neurons. However, its time course and pathological
features may not fully replicate those seen in human disease.
Despite the limitations, current animal models provide a useful
platform to selectively study pathophysiology, and the interactions
of the multiple etiologic factors involved in PD and help in the
development of potential therapeutic strategies for PD. Many early
attempts at translating preclinical findings to clinical trial out-
comes were still based on the widely used MPTP-induced animal
models. In the present study, we found that treatment with MPP*
resulted in a 45.92 % decrease in cell viability and a 36.79 %
decrease in protein expression of TH. In MPTP-induced PD model,
MPTP treatment depleted striatal DA by 64.07 % and its metabo-
lites DOPAC by 62.59 %, and HVA by 61.28 %, respectively. Addi-
tionally, MPTP resulted in a decrease of approximately 25.34 % in
the number of TH-positive neurons and a reduction of 28.69 % in
TH expression in the SN. Thus, reduction in the striatal DA and
the number of TH-positive neurons in MPTP mice observed in
the present study may reflect the actual loss of dopaminergic fibers
and neurons. Those changes further led to significant locomotion
impairment. TBN’s neuroprotective concentration against MPP*-
induced toxicity in cultured primary midbrain neurons ranged
from 30 to 300 uM. When the rats were administered a single
intragastric dose at 45 mg/kg, the plasma concentrations of TBN
were 163.09 uM and 119.13 puM, 10 and 30 min after drug admin-
istration, respectively. At the same time, the TBN brain concentra-
tions reached approximately 127.70 pM and 100.08 pM,
respectively (assuming the volume of 1 g brain tissue is 1 mL)
(Table 3). Most importantly, in the Phase I clinical study, TBN is
safe and well-tolerated in healthy Chinese volunteers at
1200 mg/person orally twice daily for 7 days, the TBN maximum
serum concentration (Cpax) reached 114.35 puM (Table 4). These
results demonstrate that the TBN effective concentrations shown
in in vitro and in vivo models of PD can be achieved in humans.
Selegiline, as an irreversible MAO-B inhibitor, have been developed
and prescribed to the patients with PD in clinics. However, several
studies still have cast doubt on the efficacy and the long-term bal-
ance of benefits and risks. The typical clinical dosage of selegiline
in humans ranges from 5 to 10 mg/day (oral). Based on body sur-
face area conversion, assuming an average adult human weight
of 70 kg, the equivalent dose of selegiline in mice is approximately
0.65-1.3 mg/kg. In contrast, TBN administered at 10 and 30 mg/kg
increased TH-positive neurons by 17.01 % and 27.12 %, respec-
tively, and selegiline administered at 10 mg/kg increased TH-
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positive neurons by 25.34 %. Therefore, we believe that TBN may
be more effective than selegiline. Meanwhile, we cannot exclude
the possibility that the effective dose (10 mg/kg) of selegiline in
MPTP mice is higher than the therapeutic doses for patients with
PD (5-10 mg/day, oral) because of pathological differences
between subacute MPTP mice and PD patients. Therefore, further
research and clinical trials are necessary to validate these findings
and determine the efficacy of TBN for PD treatment.

Although the etiology of PD is complex, mitochondrial dysfunc-
tion and oxidative stress remain important steps in the pathogen-
esis of PD. Agents capable of antioxidation and/or improving
mitochondrial function, including coenzyme Q10, creatine, vitamin
E, etc.,, have been extensively studied in clinical trials. Although
none of these clinical trials have convincingly shown disease-
modifying effects, the failure of these drugs does not dismiss the
major role of oxidative stress and mitochondrial dysfunction in
PD, and thus should not preclude further investigation into
upstream pathways to control mitochondrial function and inhibit
oxidative stress as potential therapeutic targets. Mitochondrial gly-
colysis and OxPhos are the primary energy production pathways in
cells. Oligomycin, an inhibitor of ATP synthase, inhibits aerobic res-
piration and stimulates the maximum glycolysis capacity for ATP
production. Conversely, 2-DG, a competitive inhibitor of hexoki-
nase, hampers glycolysis and consequently reduces ATP production
and cellular metabolic activity. In our study, under basal condi-
tions, treatment with TBN (300 uM) did not alter glycolysis, gly-
colytic capacity, or glycolytic reserve (Fig. 2A, B), suggesting that
TBN may not primarily influence glycolysis for ATP production.
Next, we examined the impact of TBN on OCR. Under the basal
or MPP*-stressed condition, TBN at 100 and 300 puM treatment sig-
nificantly restored basal respiration (Fig. 2E, G), which refers to the
minimum level of oxygen consumption required for basic cellular
functions in the absence of any specific stimulation. TBN also sig-
nificantly increased the maximal respiratory capacity (Fig. 2E, G),
which refers to the maximum rate at which cells can consume oxy-
gen after FCCP injections. This suggests that TBN may interfere
with FCCP, an uncoupling agent disrupting the permeability of
the mitochondrial inner membrane. TBN potentially prevents FCCP
from destroying the proton gradient across the membrane, uncou-
pling ATP synthesis from electron transport, consequently raising
cellular oxygen consumption to compensate for reduced ATP pro-
duction. Moreover, under basal conditions, TBN treatment signifi-
cantly increased the OCR of non-mitochondrial oxygen
consumption (Fig. 2D) after Rotenone/Antimycin A injection, sug-
gesting an influence on complex I and III activities. This effect
may counteract Rotenone/Antimycin A-induced depression of aer-
obic respiration and ATP production reduction. Despite the cellular
attempt to increase glycolysis when ATP production decreases,
TBN did not affect glycolysis, suggesting a potential influence on
mitochondrial complex I and III activities. Additionally, TBN signif-
icantly increased ATP production after oligomycin injection
(Fig. 2E, G). We infer that the reason for this phenomenon is that
TBN increases basal oxygen consumption, which can help to com-
pensate for the decrease in ATP production caused by oligomycin.
While TBN’s potential impact on ATP synthase activity warrants
further investigation, subsequent experiments corroborated our
Seahorse assay findings. TBN concentration-dependently increased
ATP content (Fig. 2H) and mitochondrial complex I activity (Fig. 21)
in MPP*-treated primary CGNs, reinforcing the notion that TBN
enhances mitochondrial OxPhos. This enhancement holds promise
as a therapeutic strategy for conditions linked to mitochondrial
dysfunction.

What is the possible mechanism of the neuroprotective effects
of TBN in PD models? PGC-1a is a transcriptional co-activator that
plays a crucial role in various physiological processes, such as
energy metabolism, mitochondrial biogenesis, and oxidative stress
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Table 3
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TBN concentration in the plasma and brain of rats after a single 45 mg/kg intragastric administration.

Concentration in plasma (ng/mL)

10 min

30 min

Concentration in the brain (ng/g)

10 min 30 min

TBN 36043.72

26327.75

28221.59 22117.40

Table 4

TBN pharmacokinetics in healthy Chinese volunteers after multiple-dose administration for 7 days.

Dose (mg) tip (h)  Timax (h) Crmax (ng/mL) Cmin (ng/mL) Cavg (ng/mL) CLss/F (ng/mL) Vss/F (mL/h) — AUCo.rau (h-ng/mL)
TBN 600 1.89 3.38 9583.79 77.01 1979.82 32593.82 88828.76 23757.87
1200 2.30 2.56 25271.09 524.03 6775.17 17397.63 57710.15 81302.08

ty2 = elimination half-life; Tmax = time to peak concentration; Cmax = maximum serum concentration; Cmin = steady state trough concentration; Cavg = average steady state
concentration; Clss/F = steady state clearance; Vss/F = steady state volume of distribution; AUCy.tay = AUC at steady state during one dose interval.

response. SIRT1 is then thought to deacetylate and activate PGC-
1o. The overexpression of PGC-1a in several in vitro and in vivo
models results in overall protection against neurodegeneration.
However, in MPTP-induced PD model, overexpression of PGC-1a
using AAV results in increased vulnerability to the toxin. This
may be due to extraordinarily high levels of PGC-1a suppressing
the Pitx3/brain-derived neurotrophic factor (BDNF) pathway,
which is involved in the development and maintenance of
dopaminergic neurons. Encouragingly, we recently found that
TBN increased the protein expression of BDNF in a rat model of
ischemic stroke, warranting further investigation of the effect of
TBN in regulating Pitx3. Therefore, the precise levels of PGC-1a
expression and the method of PGC-1a modulation should be given
careful attention to achieve its protective potential while avoiding
its potentially deleterious effects. In this study, we found that TBN
increased protein expression of SIRT1 and PGC-la in a
concentration-dependent manner (Fig. 3A, B). In MPTP-induced
PD model, TBN at 30 mg/kg also significantly increased the cytosol
and nuclear protein expression of PGC-1a, as well as elevated
mRNA levels of PGC-1a (Fig. 6B, D, ]). Notably, silencing PGC-1a
(using specific siRNA) significantly abolished the neuroprotective
effects of TBN in vitro (Fig. 3C). PGC-1a. co-activation with Nrf1
and Nrf2 promotes the expression of antioxidant-responsive genes,
and regulates TFAM expression, which plays an important role in
mitochondrial biogenesis. Our present study demonstrated that
TBN increased Nrf2, HO-1, and TFAM expression in MPTP-
induced PD model (Fig. 6), subsequently improving mitochondrial
function (Fig. 2) and reducing markers of oxidative damage, includ-
ing 8-OHdG, 4-HNE, and 3-NT (Fig. 5). This observation aligns with
existing evidence that underscores the pivotal role of PGC-1at/Nrf2
pathway in mediating neuroprotective effects. Collectively, our
findings strongly suggest that PGC-1a/Nrf2 pathway likely serves
as a key mediator of TBN’s neuroprotective effects. However, the
direct interaction between TBN and PGC-1a, as well as the specific
effects of PGC-1a knockdown on dopaminergic neurons, particu-
larly in MPTP-induced in vivo PD models, are still unclear and
require further investigation in subsequent studies. By doing so,
we can gain a more comprehensive understanding of the intricate
interplay between TBN, PGC-1a, and the neuroprotective pathways
involved in mitigating PD-associated neurodegeneration. These
endeavors would contribute significantly to the elucidation of
TBN’s therapeutic potential and its precise mechanisms of action
in the context of PD.

Additional investigations were conducted to delve deeper into
the regulatory mechanisms preceding the PGC-1a//Nrf2 pathway,
with a specific emphasis on MEF2D. It has been previously estab-
lished that enhancing MEF2D can protect SN dopaminergic neu-
rons from toxicity in animal models of PD. In the present study,
we found that TBN significantly increased the expression of MEF2D
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(Fig. 3B; Fig. 6A-D, E, G, I). To further elucidate the role of MEF2D in
this context, we conducted experiments involving the deletion of
the MEF site from the PGC-1a promoter. The results revealed that
PGC-1a-AMEF resulted in decreased basal promoter activity and
failure to respond to TBN treatment (Fig. 3E). This finding under-
scores the crucial role of the MEF2D in the regulatory cascade, sug-
gesting its involvement in mediating the protective effects on SN
dopaminergic neurons. Moreover, we explored the involvement
of key biochemical pathways, such as CDK5, and Akt-GSK-38, in
phosphorylating MEF2D to regulate its activity. Our findings indi-
cated that TBN down-regulated CDK5 expression, and up-
regulated p-Akt and p-GSK3p expression (Fig. 7), suggesting a
potential pathway through which TBN activates MEF2D. Neverthe-
less, the direct effect of TBN on CDK5, Akt, and GSK-3B remains
unclear, warranting further investigation in future studies. Collec-
tively, the current findings suggest that TBN activates MEF2D
through the Akt/GSK3p pathway while inhibiting CDK5 (Fig. 8).
These intricate molecular interactions underscore the multifaceted
nature of TBN’s neuroprotective mechanisms, offering promising
avenues for future research.

This study further confirms that activation of the PGC-10t/Nrf2
pathway may improve mitochondrial dysfunction, inhibit oxida-
tive stress, and alleviate the degeneration of SN dopaminergic neu-
rons in PD. However, the limitation of this study is that the exact
targets that TBN acts on are not yet clear. We cannot rule out the
possibility that TBN may also act through other pathways.
Acknowledging these existing limitations, conducting a more thor-
ough evaluation of the mechanisms of action of TBN will establish
a robust foundation for devising targeted and efficacious strategies
for PD treatment.

Conclusions

Overall, our results demonstrate that TBN is effective in MPP*-
induced cultured primary midbrain neurons at concentrations of
30 and 100 pM. Extending our investigation to the MPTP-
induced PD model, TBN administered at a dose of 30 mg/kg exhi-
bits superior neuroprotective effects in mitigating motor behav-
ioral deficits and preventing the neurodegeneration of SN
dopaminergic neurons. Moreover, the therapeutic effect of TBN is
superior to selegiline. Notably, the effective concentrations of
TBN shown in in vitro and in vivo models of PD can be feasibly
achieved in humans. TBN exerts neuroprotection via activation of
PGC-1o/Nrf2 pathway, thereby reducing oxidative stress and
maintaining mitochondrial function. Additionally, TBN can inhibit
CDK5 and activate the Akt/GSK-3p pathway, thereby further regu-
lating the PGC-1o/Nrf2 pathway. Our findings provide valuable
insights into the intricate relationship among TBN, the PGC-1a/
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Nrf2 pathway, mitochondria dysfunction, and PD. This study serves
as a foundational reference for forthcoming clinical trials. Hope-
fully, TBN is a promising therapeutic candidate to prevent or slow
the progress of neurodegeneration in PD.
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