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Abstract

Background and Purpose Parkinson’s disease (PD) is the fastest growing neurological disorder. Strong evidence reveals that
oxidative stress and mitochondrial dysfunction play critical roles in the pathophysiology of PD. Rosemary contains a large
number of abietane diterpenoids with antioxidant power and DACA is a modified product from it. The present study revealed
the anti-parkinsonian effects of DACA and its possible mechanisms. Experimental Approach The PD model was established by
treating mice with MPTP and SH-SY5Y cells and primary neurons with MPP+. western blot and immunofluorescence were
used to evaluate the neuroprotective effect of DACA. At the same time, the anxiety-like behavior and motor coordination ability
of mice were detected. In addition, reactive oxygen species (ROS) detection, mitochondrial membrane potential detection and
western blot were used to detect oxidative stress and mitochondrial related signal changes. Key Results DACA improved the
motor dysfunction of mouse and inhibited the decrease of tyrosine hydroxylase (TH) positive neurons in substantia nigra (SN)
and TH protein expression in midbrain and striatum. It also enhanced the expression of nuclear factor erythroid 2-related
factor 2 (Nrf2) and its downstream antioxidant enzymes in midbrain and striatum. DACA prevented MPP+- induced toxicity,
reduced oxidative stress and maintained mitochondrial function. The neuroprotective effects of DACA were associated with its
ability to induce Nrf2 into nucleus and regulate mitophagy. Conclusion and Implications In conclusion, we demonstrated that
DACA exerted significant neuroprotection against through the regulation of Nrf2 signaling, suggesting the use of DACA as a

possible food supplement in the prevention of PD.

1.Introduction

Parkinson’s disease (PD) is the second most prevalent multifactorial progressive neurodegenerative disorder,
following Alzheimer’s disease, with no currently available curative interventions!’ 2. The main pathology
of PD is characterized by progressive degeneration of dopamine neurons in the substantia nigra (SN), a
significant decrease in striatal dopamine levels, and progressive dysfunction of the body’s motor system!? 4.
Accumulating evidence from human studies and various experimental models of PD suggests that oxidative
stress and mitochondrial dysfunction play pivotal roles in this pathological process® 7. Therefore, target-
ing reduction of oxidative stress, enhancement of mitochondrial function, and maintenance of autophagy
homeostasis help devise strategies to prevent or delay the progression of PDI3-11],

Nuclear Factor-Erythroid Factor 2 (Nrf2) is an important transcription factor that regulates the expression
of large number of genes in healthy and disease states!'? 131, Nrf2 regulates oxidative stress, mitochondrial
biogenesis, mitochondrial autophagy, autophagy and mitochondrial function in peripheral nervous system
and central nervous system!** 1°!. In response to conditions of oxidative stress, Nrf2 dissociates from Kelch
- like ECH - associated protein - 1(Keapl) and translocates into the nucleus, where it binds to antioxidant



response elements (AREs), thereby initiating the transcriptional activation of downstream antioxidant en-
zymes such as heme oxygenase 1 (HO-1), superoxide dismutase (SOD), glutamate cysteine ligase (GCL),
and NAD(P)H quinone oxidoreductase 1 (NQO1)['8). The antioxidant enzymes subsequently fulfill an an-
tioxidative function. Recent studies have showed the involvement of Nrf2 in the autophagy pathway*”. The
activation of Nrf2 triggers autophagy through Sequestosome 1 (SQSTM1I, p62), which directly interacts with
Keapl and facilitates its degradation via the autophagic process!'® 19, Interestingly, when Nrf2 is largely
translocated into the nucleus, it also upregulates the transcription of autophagy-related genes, including p62
and PINK1 (PTEN - induced kinase 1), whose promoters ARE included in the ARE nucleotide sequence,
thereby forming a p62 - Keapl - Nrf2 positive feedback loop??. (Fig. 1)
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Fig. 1. The regulatory mechanism of Nrf2. Under normal circumstances, Nrf2 is inhibited by Keap1 in
the cytoplasm. In the presence of oxidative stress, Nrf2 is transferred to the nucleus to trigger the expression
of downstream antioxidase genes. Nrf2 also regulates mitochondrial autophagy and is regulated by it. DACA
is identified as an activator of Nrf2 by inhibiting Keapl, which provides a promising target against PD.

Rosmarinus officinalis L.(rosemary) is one of the most popular perennial culinary herbs cultivated all over
the world®Y). Both fresh and dried leaves of rosemary have been used in food cooking or consumed in small
amount as herbal tea. Rosemary extracts are routinely employed as natural antioxidant to improve the shelf
life of perishable foods?*24). Our team has been engaged in the research and evaluation of phytochemicals
for many years, and found that rosemary is rich in diterpenoids/®® 26, DACA is the product of structural
modification of one of diterpenoids with antioxidant activity and neuroprotective effect. But its therapeutic
potential in PD has not been elucidated. The objective of the current study is to explore the protective
effects of DACA in animal and cell models of PD and to investigate mechanism of its neuroprotection.

2.Materials and methods
2.1 Chemicals and reagents

Antibodies against HO-1 (ab68477), GCLC (abl190685), GCLM (abl126704), p62 (abl109012), Pinkl
(ab216144), Bax (ab32503), Bcl-2 (ab194583), TH (ab137869), PCNA (ab92552), B -actin (ab8226), Tujl
(ab18207), anti-rabbit (ab6721) and anti-mouse (ab6789) were purchased from abcam (USA). Antibod-
ies against Nrf2 (16396-1-AP) and LC3 (81004-1-RR) were purchased from proteintech (Wuhan, China).
GSH/GSSG ratio detection assay kit (ab205811) and reactive oxygen species assay kit (ab113851) were
bought from abcam (USA). RIPA buffer (89900), protease and phosphatase inhibitors (78442), nuclear and



total protein extraction (78833), Bicinchoninic acid (BCA) protein assay kit (23225), the enhanced chemi-
luminescence reagents (34580), the MitoSOX red mitochondrial superoxide indicators (M36008), bovine
serum albumin (BSA) (37520), Alexa Fluor 488(A11001) and Alexa Fluor 546(A10040) were purchased
from Thermo Scientific (USA). 1-methyl-4-phenylpyridine iodide (MPPT) (D048), 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (M0896), and poly-D-lysine hydrobromide (P6407) were bought from Sigma
Aldrich (Shanghai, China). The cell counting kit-8 (CCK-8) assay kit (4483230) was bought from Adamas
Life (Shanghai, China). Total SOD activity detection kit (S0101S) was purchased from Beyotime Biotechnol-
ogy (Shanghai, China). JC-1 staining reagent (D22200-1) was purchased Bridgen (Beijing, China). 4, 6-2-2-
phenyl indole (DAPT) (S2110) was bought from Solarbio (Beijing, China). Trypsin (15050065) and neurobasal
medium (12348017) were purchased from Gibco. (USA). Dulbecco’s Modified Eagle Medium/Nutrient Mix-
ture F12 Ham (DMEM/F12) (C3130-0500), fetal bovine serum (FBS) (C04001), and penicillin and strep-
tomycin (P/S) mixture (C3420-0100) were purchased from VivaCell (Shanghai, China). For information on
DACA, refer to supplementary material. All the other chemicals used were of analytical grade.

2.2 Animals and drug treatment

Pregnant C57BL/6 mice at 16-18 days gestation and adult male C57BL/6 mice were purchased from De-
partment of Laboratory Animal Science, Kunming Medical University. All the animal-related operations
were strictly in compliance with the relevant laws and regulations on the use and care of laboratory animals
in China. The animal experiment part of this project was approved by the animal ethics committee of Kun-
ming Medical University of Technology, and experiment was conducted as per the Guide for the Care and
Use of Laboratory Animals at the Kunming Medical University, Kunming, China. Animals were raised in
an environment temperature of 22 + 2, 60% humidity and 12-hour light/dark cycle, with available food and
water. PD models were prepared using intraperitoneal injection of MPTP. After 1 week of acclimatization
under standard conditions, animals were divided into 5 groups (n=13). Group I, normal control, saline (i.
p.); Group II MPTP (30 mg/kg, i. p.); Group III, MPTP treatment (30 mg/kg, i. p.) + DACA (20 mg/kg,
i. g.); Group IV, MPTP treatment (30 mg/kg, i. p.) + DACA (40 mg/kg, i. g.); Group V, MPTP treatment
(30 mg/kg, i. p.) + DACA (80 mg/kg, i. g.). The trial lasted 7 days.

2.3 Behavioral experiments

The effects of MPTP and DACA drug treatment on motor symptoms in mice were assessed using the pole
test and the open field test, both conducted by the same operator. The baseline behavioral measurements of
mice were recorded one day prior to the experiment. Behavioral assessments were performed one day after
completion of the entire treatment regimen to evaluate the changes in behavior.

(1) Pole test: The experimental apparatus for the mice climbing pole consisted of a sturdy base, an elongated
vertical pole measuring approximately 80 cm in length and 1 cm in diameter, and a spherical object. The
mice were positioned with their heads facing up on the spherical object at the pinnacle of the pole. Timing
commenced upon release of the animal by the experimenter and concluded when one hind-limb made contact
with the floor. Three trials were conducted, and subsequently, an average score was calculated.

(2) Open field test(OFT) :The mice open field reaction box was 50cm x 50 cm x 50 cm with black inner
wall, and the bottom surface was divided into 16 small squares of 12.5 cm x 12.5 ¢cm. Animals were tested
within the first 2-4 h of the dark cycle after being habituated to the testing room for 15 min. Videos were
analyzed for the following parameters: time spent moving, distance traveled, number of times the central
box is encroached (center entries), time spent in central box (center time), and time spent in corner box
(corner time).

2.4 Primary neuron culture

The skull, blood, and meninges were carefully removed from the fetal mice brain. After cortical tissue was
digested with 0.125% trypsin for 12min at 37degC, the cell suspension was passed through a filter with 40pm
mesh size after termination of digestion and then centrifuged at 1000 rpm for 5min. The pellet was then
resuspended in neurobasal medium. The cells were distributed on poly-D-lysine hydrobromide coated plates



and half of the neural basal matrix was renewed every 2 days. After 7 to 8 days of culture, neurons were
subjected to in vitro experiments.

2.5 Cell culture and drug treatment

The human neuroblastoma SH-SY5Y cell line was purchased from Procell Life Science and Technology and
were maintained with DMEM/F12 medium with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin
in a humidified incubator with 5% COy at 37°C. We changed the culture medium every two days and
subcultured the cells when the density reached 80%. To investigate the protective effect of DACA on MPP*-
treated SH-SY5Y cells and primary neuronal cells, we treated cells with PBS, MPP*, or DACA + MPP*
for 24 h. The concentrations of DACA were 5, 10, and 20 pM and the concentrations of MPP* is 1mM.

2.6 Cell viability

The cell viability was assessed using the CCK-8 assay, following the manufacturer’s instructions. 1x 10%
SH-SY5Y cells per well or primary neuronal cells were plated in 96-well plates and incubated for 24 hours.
The cells were then treated with different methods and conditions. Then, 100ul of culture medium containing
10mM CCK-8 was added to each well and incubated at 37°C for 2h. Absorbance was measured at 450nm
using a microplate reader (HBS-1096B, DeTie, Nanjing, China).

2.7 Intracellular reactive oxygen species (ROS) detection

The procedures of ROS measurement were according to manufacturer’s instructions. After drug treatment,
cells were incubated in serum-free medium containing 10 uM DCFH-DA for 20 min at 37°C. After three
washes with serum-free media, the cells were photographed under an inverted fluorescence microscope and
the mean fluorescence intensity was analyzed using the software ImageJ. The fluorescence intensity was also
measured with Ex/Em=485/535nm using a multifunctional microplate reader.

2.8 Superoxide dismutase (SOD) activity assay

The intracellular SOD activity was measured with a total SOD activity detection kit, according to the
manufacturer’s instructions. After drug treatment, the cells were washed once with PBS and collected by
centrifugation. The cells were fully lysed in SOD sample preparation solution, and the supernatants were
collected at 12,000 x g at 4degC for 5 min. The absorbance was detected at 450 nm and 600 nm (reference
wavelength) with a multimode microplate reader, and the SOD activity was calculated.

2.9 GSH/GSSG Ratio Detection Assay

According to manufacturer’s instructions, the GSH/GSSG ratio was determined using a GSH/GSSG Ratio
Detection Assay Kit. The GSH/GSSG assay use a proprietary non-fluorescent water-soluble dye that becomes
strongly fluorescent upon reacting with GSH. Cell samples were prepared after drug treatment,and Its signal
was read by a fluorescence microplate reader at Ex/Em = 490/520 nm.

2.10 Mitochondrial Superoxide assay

Mitochondrial superoxide level was determined using the MitoSOX Red Mitochondrial Superoxide Indicators
according to the protocol provided. Cells were incubated in serum-free medium containing 10 uM red reagent
for 20 min at 37°C. After three washes with serum-free media, the cells were photographed under an inverted
fluorescence microscope and the mean fluorescence intensity was analyzed using the software ImagelJ.

2.11 Mitochondrial membrane potential analysis

Mitochondrial membrane potential was detected by JC-1 staining. Cells were incubated with 10 pg/mL of
JC-1 working solution for 20 min at 37 °C in the dark. The maximum excitation wavelength of JC-1 monomer
was 5l4nm, and the maximum emission wavelength was 529nm. The maximum excitation wavelength and
emission wavelength of JC-1 polymer were 585nm and 590nm. The images were captured by a fluorescence
microscope (ECLIPSE Ts2-FL, Nikon, Janpan).

2.12 Western blotting



Brain tissue and cells were placed in RIPA buffer containing protease and phosphatase inhibitors (1%), and
residual tissue was removed by sonication and centrifugation (13200rpm, 30 min, 4*C). The procedure of
nuclear and total protein extraction was according to the manufacturer’s instructions. Cell/tissue lysates were
prepared, and protein concentrations were quantified using the BCA Protein Assay kit. Samples with equal
amounts of protein were separated by polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes blocked in 5% skim milk for 2 h at indoor temperature. Then, the membranes were
incubated with primary antibodies against Nrf2 (1:2000), HO-1 (1:5000), GCLC (1:5000), GCLM (1:5000),
p62 (1:5000), Pinkl (1:1000), LC3 (1:1000), Bax (1:5000), Bcl-2 (1:1000), TH (1:5000), PCNA (1:5000)
or B-actin (1:5000) overnight at 4 °C. The next day, membranes were washed three times with TBST and
incubated with HRP-conjugated anti-rabbit (1:5000) or anti-mouse (1:5000) secondary antibodies for 2 hours
at room temperature. Blots were visualized using the enhanced chemiluminescence reagents, and images were
analyzed using ImageJ software.

2.13 Immunofluorescence (IF) staining

Immunofluorescence staining was performed on brain sections or cells. Mice perfusion using 0.9% NaCl
solution and 4% paraformaldehyde (PFA), then remove the brain, with 4% paraformaldehyde fixed up for
the night. After gradient dehydration in sucrose solution, brains were embedded and sectioned. The cells
were fixed with 4% PFA at room temperature for 20 to 30 mintures. With 5% bovine serum albumin (BSA)
(containing 0.25% Triton X - 100) blocking buffer in the closed for 1 hour at room temperature and then
incubated with primary antibodies against Nrf2(1:500), TH (1:500) and Tujl (1:1000) overnight at 4 °C. The
cells or brain tissue section were incubated with corresponding secondary antibodies Alexa Fluor 488(1:500)
and/or Alexa Fluor 546(1:500). After the wash three times with PBS, use amino 4, 6-2-2 - phenyl indole
(DAPI) redyeing for 5 minutes. Fluorescence was captured on Confocal laser scanning micros (AX | AX R
with NSPARC, Nikon, Janpan). The ImageJ software was used to measure the inflorescence intensity.

2.14 Statistical analysis
GraphPad Prism 9 Software (San Diego, CA, USA) was used for the

statistical analysis of data. The results were performed by mean + SEM. Compared multiple groups of data
and used one-way ANOVA followed by Tukey’s post hoc test. A two-sided P value was used for all tests,
andp < 0.05 was considered statistically significant.

3.Results
3.1 Discovery of a small molecule DACA against MPP*-induced neuronal cells

The potential protective effects of rosemary diterpenes, namely carnosic acid (CA), carnosol (CS), and ros-
marinol (RO), were investigated in SH-SY5Y cells. Our results demonstrated that CS significantly enhanced
the viability of MPP*-induced SH-SY5Y cells, surpassing CA and RO (Fig. 2B). Consequently, we synthe-
sized a carnosol derivative named DACA through a simple structural modification of carnosol (Fig. 2C-D).
Notably, DACA exhibited superior anti- MPP™ activity compared to carnosol alone without any apparent
cytotoxicity towards cells (Fig. 2E). To further validate the neuroprotective effect of DACA, we used MPP*
to stimulate primary neurons to evaluate its impact. Our findings revealed that DACA effectively inhibited
MPP™-induced injury in primary neurons while exhibiting no influence on primary neuron survival when
administered alone (Fig. 2E). Collectively, these findings highlight DACA as a valuable small molecule
capable of safeguarding against MPP - induced neuronal cell injury.



A B O sum

oM
| 20uM
OH OH oH 150
HO HO HO =
% o o O £ 100 = -
noo¢ | = = Z w o NSNSz NS 2NS ng o &
o o, Z
: L on B S
-l "R A o !
- ) - & R & s &
Carnosie acid (CA) Rosmarinol (RO} Carnesel (CS) & ) & & &
o ¥ & S S
& & <
o
(o4 D

Carnosol (CS)

S1-§Y5Y i Primary neurons

130 H 150- 150

140-

2

50

H
Cell vishility (%)
»

Cell viabilicy (%)
H

Cell viability (%)
Cell viability (%)

o E o- o
DACA(UM) - - § 10 20 DACA@M) - 5 10 20 40 | DACA@) - - 5 10 20 DACA@M) - 5 10 20 40

MPP (b - ¢+ o+ DOMPP'GOM) -+t 4 4

Fig. 2. Discovery of a small molecule DACA against MPPt-induced neuronal cells. (A)
Chemical structure of Carnosic acid (CA), Rosmarinol (RO), Carnosol (CS). (B) Effects of CA, RO and
CS and MPP*on SH-SY5Y cells (n = 5 per group). (C) Chemical structure of DACA. (D) The chemical
equation for preparing DACA. (E) Effects of different concentrations of DACA on the viability of SH-SY5Y
cells and primary neurons (n = 5 per group). (F) Effects of DACA on the viability of MPP*-treated SH-
SY5Y cells and primary neurons (n = 5 per group). Data shown are mean + SEM; #p < 0.05, ##p < 0.01
vs. control; *p < 0.05, **p < 0.01 vs. MPP™. NS. not significant.

3.2 DACA alleviates motor dysfunction in MPTP-induced PD mice

The MPTP-induced model serves as a well-established experimental paradigm for investigating molecules
associated with Parkinson’s diseasel?”]. To explore the impact of DACA on motor dysfunction and behavioral
changes, we conducted a series of fundamental behavioral experiments, including the open field test and pole
climbing test. As depicted in Fig. 3B-C, compared to the control group, MPTP treatment significantly decre-
ased the total distance traveled by mice within the open field box. However, this reduction was ameliorated
in all DACA dosage groups. Similarly, MPTP-treated mice exhibited reduced dwell time in the central region
and a notable increase in corner time. In contrast, DACA treatment effectively enhanced dwell time in the
central region while reducing corner time (Fig. 3B-C). In the climbing pole test, the MPTP-treated group
exhibited a significant increase time in falling to the floor and turning head compared with the control group,
whereas mice treated with DACA showed a decrease in these parameters (Fig. 3C). These data suggest that
DACA mitigates MPTP-induced impairments in muscle control and motor function in mice.
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Fig. 3. DACA alleviates motor dysfunction and protects dopamine neurons in mice. (A)
Schematic representation of the protocol used for MPTP and DACA treatments. (B-C) Behavior test analy-
sis. Open filed test and pole test were recorded and analyzed (n =12 per group). (D-E) Immunofluorescence
analysis of dopamine neurons in brain SN tissue. Scale bar 100 mm. Data are shown as representative
pictures(D) and mean fluorescence intensity(E) (n = 5 per group). (F-G) Immunofluorescence analysis of
dopamine neurons in striatum tissue. Scale bar 1000 mm. Data are shown as representative pictures(F)
and mean fluorescence intensity(G) (n = 5 per group). (H-I) Immunoblot analysis of tyrosine hydroxylase
(TH) in midbrain tissue. Data are shown as representative pictures (H) and quantified relative expression
(I) (n = 5 per group). (J-K) Immunoblot analysis of tyrosine hydroxylase (TH) in striatum tissue. Data are
shown as representative pictures (J) and quantified relative expression (K) (n = 5 per group). Data shown
are mean + SEM;#p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. MPP*. NS. not significant.

3.3 DACA protected dopaminergic neurons by preserving the TH level in the substantia ni-
gra(SN) and striatum

The expression of tyrosine hydroxylase (TH), a critical regulator involved in the maintenance and regulation
of midbrain neurons, is found to be reduced in patients with PD. Immunofluorescence and Western blot
were used to detect the changes of TH levels in the brain of mice to explore the therapeutic effect of DACA.



Immunofluorescence labeling of TH showed that MPTP provokes a marked degeneration of dopaminergic
neurons in the SNc and dopaminergic fibers in the Str, which was largely prevented by DACA (Fig. 3D-G).
Meanwhile, western blot analysis revealed that DACA significantly attenuate the MPTP-induced decrease
of TH levels in the midbrain and striatum (Fig. 3H-K). These results suggest that DACA protects against
MPTP-triggered dopamine neurodegeneration in the SN and striatum.

3.4 DACA increased the expression of Nrf2 and its downstream antioxidant enzymes in the
midbrain and striatum

Studies conducted over the years have consistently demonstrated that oxidative stress and mitochondrial
dysfunction play pivotal roles in the pathological progression of PD. Nrf2 has been identified as an essen-
tial antioxidant defense mechanism, safeguarding cells against abnormal levels of ROS. Activation of Nrf2,
along with other antioxidant defense systems, is believed to confer protection to dopaminergic cells against
MPTP-induced oxidative stress. Consequently, we assessed the impact of DACA on Nrf2 activation in brain
homogenates obtained from mice treated with MPTP. Our western blot analysis revealed that MPTP admi-
nistration led to a reduction in Nrf2 levels within both the striatum (Fig. 4A-B) and midbrain (Fig. 4C-D).
Downstream proteins of Nrf2 including HO-1, GCLC, and GCLM exhibited a downward trend. However,
following treatment with DACA, the expression levels of these proteins were increased.
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(D) (n = 5 per group). Data shown are mean + SEM;#p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p <
0.01 vs. MPTP. NS. not significant.

3.5 DACA attenuates oxidative stress by regulating Nrf2 in cells.

We have previously shown that DACA enhances the MPP-induced decrease in cell viability. The measure-
ment of reactive oxygen species (ROS) serves as the most direct evaluation index for detecting oxidative free
radicals. A reduction in superoxide dismutase (SOD) activity amplifies the increase in free radicals. When
cells are exposed to high levels of oxidative stress, oxidized glutathione (GSSG) accumulates and leads to
a decrease in the glutathione (GSH)/GSSG ratio, which has become a valuable tool for assessing cellular
damage caused by free radicals and evaluating oxidative stress in cells and tissues. According to the results
shown in Fig. 5A-C, it is evident that SH-SY5Y cells and primary neurons treated with MPP™ exhibited a
significant elevation in ROS levels compared to the control group, accompanied by decreased SOD levels and
a reduced GSH/GSSG ratio. However, DACA effectively lowered intracellular ROS levels, prevented SOD
dissipation, and increased the GSH/GSSG ratio.

Western blot analysis revealed that treatment with DACA at concentrations of 5uM, 10uM, and 20uM signif-
icantly augmented the translocation of Nrf2 to the nucleus and upregulated the expression of its downstream
proteins HO-1, GCLC, and GCLM (Fig. 5D-G) in both SH-SY5Y cells and primary neurons. Immunofluo-
rescence staining corroborated the western blot results by demonstrating that DACA facilitated the translo-
cation of cytosolic Nrf2 into the nucleus (Fig. 5H). These findings suggest that activation of Nrf2 leads to an
enhancement in cellular antioxidants, which may be responsible for mitigating the toxic effects induced by
MPP™. Furthermore, immunofluorescence staining using tujl demonstrated that MPP™ significantly altered
neuronal cell morphology, synaptic shortening, and induced round-shaped cells. However, these changes were
markedly reversed upon treatment with DACA (Fig. 5H).
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Fig. 5. DACA attenuates oxidative stress by regulating Nrf2 in cells. (A-C) The fluorescence
analysis of DCFH-DA and GSH/GSSG in SH-SY5Y cells and primary neurons on a fluorescence plate reader
at Ex/Em = 485/535 nm and Ex/Em = 490/520 nm (AC) (n = 5 per group). The analysis of SOD in SH-
SY5Y cells and primary neurons is used with ELISA(AC) (n = 5 per group). Representative micrographs
of DCFH-DA staining in SH-SY5Y cells (B). Scale bar 100 mm. (D-G) Immunoblot analysis of Nrf2, HO-1,
GCLC and GCLM in SH-SY5Y cells and primary neurons. Data are shown as representative pictures (D, E)
and quantified relative expression (F, G) (n = 5 per group). (H) Representative image of immunofluorescence
staining of Nrf2 in primary neurons. Scale bar 10 mm. Data shown are mean + SEM (n = 5); *p < 0.05,
*¥p < 0.01 vs. control; #p < 0.05,7#p < 0.01 vs. MPP*. NS. not significant.

3.6 The role of DACA in mitochondrial function and autophagy

Mitochondria, a highly adaptable and dynamic organelle, play a crucial role in neuronal apoptosis. We in-
vestigated the potential protective effect of DACA on mitochondria. JC-1 staining was employed to assess
mitochondrial membrane potential (MMP) in SH-SY5Y cells and primary neurons, mitochondrial superoxi-
de localization was used to evaluate mitochondrial redox potential. Our findings demonstrate that MPP™
significantly increased the number of cells with mitochondrial depolarization (green), which was effectively
reversed by DACA treatment (Fig. 6A). Furthermore, DACA treatment successfully restored the imbalance
in mitochondrial REDOX potential caused by MPP* exposure (Fig. 6B). MPP*induces neuronal cell death
through regulation of pro-apoptotic members within the Bcl-2 protein family. To investigate this further, we
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performed Western blot analysis to examine changes in Bcl-2 and Bax expression following DACA treatment.
The results revealed that DACA counteracted the decrease in Bcl-2 levels and attenuated the increase in Bax
induced by MPP*, thereby enhancing the ratio of Bcl-2/Bax. These findings suggest that Nrf2 activation
mediated by DACA not only preserves mitochondrial health but also prevents cellular apoptosis (Fig. 6E-H).

Mitophagy is a selective cellular process that eliminates senescent, damaged, or redundant mitochondria
through autophagy, serving as a crucial pathway for maintaining mitochondrial quality control. Previous
studies have demonstrated the regulatory role of Nrf2 activation in autophagy, potentially mediated by p62-
Nrf2 interaction. To investigate the impact of DACA on autophagy, we assessed the expression levels of p62,
PINK1, and LC3 proteins. Our results (Fig. 6E-H) revealed decreased levels of p62 and PINK1 proteins along
with an increased LC3II/LC3I ratio in MPPT-treated cells. As hypothesized, DACA activated Nrf2 signaling
pathway and subsequently upregulated p62 and PINK1 expression (Fig. 6E-H). Consistently observed in
both SH-SY5Y cells and primary neurons, these findings suggest that DACA plays a regulatory role in
modulating normal autophagic flux to safeguard cellular homeostasis.
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Fig. 6. DACA maintains mitochondrial homeostasis by regulating mitochondrial autophagy.
(A-B) Representative micrographs of JC-1 staining in SH-SY5Y cells. Scale bar 100 mm. (B). The fluores-
cence analysis of JC-1 in SH-SY5Y cells on a fluorescence plate reader at Ex/Em = 514/529 nm and Ex/Em
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= 585/590 nm(B) (n = 5 per group). (C-D) Immunofluorescence analysis of mitochondrial superoxide in
SH-SY5Y cells. Scale bar 100 mm. Data are shown as representative pictures(C) and mean fluorescence
intensity(D) (n = 5 per group). (E-H) Immunoblot analysis of p62, PINK1, LC3, Bax and Bcl-2 in SH-
SY5Y cells and primary neurons. Data are shown as representative pictures (E, G) and quantified relative
expression (F, H) (n = 5 per group). Data shown are mean + SEM (n = 5); *p < 0.05, **p < 0.01 vs.
control;#p < 0.05, ##p < 0.01 vs. MPP*. NS. not significant.

3.7 DACA exerts neuroprotective effects by regulating Nrf2.

We conducted experiments to evaluate the dependence of DACA-induced neuroprotection on Nrf2 activation
and the involvement of p62 in the pathway of Nrf2 activation by DACA. ML385, a specific NRF2 inhibitor,
and K67, a competitive binder of p62 to Keapl that restores Keapl-driven degradation of Nrf2 ubiquitina-
tion, were employed to investigate the mechanism underlying DACA-mediated Nrf2 expression!?8-3% The
use of Nrf2 inhibitors (ML385) in cell viability tests revealed that the protective effect of DACA against
MPPT toxicity was abolished, indicating that Nrf2 activation is essential for DACA’s neuroprotective ef-
fects. Additionally, in the presence of K67, there was a reduction in the neuroprotective capacity of DACA
(Fig. 7TA).

To further validate the involvement of DACA in Nrf2 activation, we assessed the intracellular levels of
p62, Nrf2, and their downstream proteins. Western blot analysis revealed that ML385 effectively attenuated
DACA-induced Nrf2 activation while concurrently reducing the expression of HO-1, GCLC, and GCLM
(Fig. 7B-D). Conversely, K67 failed to impede Nrf2 activation (Fig. 7B-D), suggesting that p62 is not a
prerequisite for DACA-mediated Nrf2 activation.

A B Ko7y - - - - c
MLISS(EEM) - - -+ -

DACAUORM) - -+ o+ 4+

MPF(IWM) -+ b 4+

)

~ee [ 5

P62 [ -

Cell Viaility (%4)

[
DACA(L0uM)

fractin | e ————

P62 level of conteol

MEP'(ImM)
HO-1 | — - - - 3
MLMSENM) - - - - - DACAUOM) - -+ + o+ DACAUNIN) - -+ 4+

MLISGRM) - - -+ - ML3SSIM) - - -+

KOG - - - -+ KOT(sM)

CLM lovel

HO- level of control (%)

s =
DACAUOMY - -+ v+ DACANTEM)

MPP'{LinM) N MPP'{LmM) MPPOmM) -+

MLIBSEM) - - -+ - MIISEMY - - -+ - MBS - - -

KoT(S) -+ K67(5uM) i ow o= ow b KOPERY) - - - -

Fig. 7. DACA exerts neuroprotective effects by regulating Nrf2.(A) Effects of K67 and ML385 on
DACA treated cell viability (n = 5 per group). (B-D) Immunoblot analysis of Nrf2, p62, HO-1, GCLC and
GCLM in SH-SY5Y cells. Data are shown as representative pictures (B) and quantified relative expression
(C-D) (n = 5 per group). Data shown are mean + SEM (n = 5); *p < 0.05, **p < 0.01 vs. control; #p <
0.05, ##p < 0.01 vs. MPP*. NS. not significant.

4. Discussion

Rosemary, an herb of economic and gustatory repute, is employed in traditional medicines in many
countries®. Rosemary contains CA, CS and abietane-type phenolic diterpenes2 33! which account for
most of its biological and pharmacological actions®* 35, In our previous study, we identified DACA as an
abietane type diterpene with antioxidant effects. However, no investigations have explored the role of DACA
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in PD. The present study demonstrates that: (1) DACA ameliorates MPTP-induced motor dysfunction and
decrease of TH level, and induces the upregulation of Nrf2 and its downstream antioxidant enzymes in
the midbrain and striatum; (2) DACA alleviate MPP*-induced oxidative stress, mitochondrial damage and
autophagy abnormalities. (3) The neuroprotective mechanism of DACA operates via the activation of Nrf2.

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by resting tremor, bradykinesia,
myotonia, postural and gait disturbances as the primary motor manifestations!®). The behavioral disorders
associated with Parkinson’s disease are attributed to the degenerative demise of dopaminergic neurons, and
alterations in TH expression exhibit a close correlation with dopaminergic neuronal death®” 381, In this study,
DACA treatment effectively mitigated MPTP-induced motor dysfunction and significantly elevated TH
levels in the midbrain and striatum. Nrf2 is the master regulator of cellular redox status/*®!. Overexpression
of its downstream proteins under neurotoxic conditions prevents hydrogen peroxide accumulation, lipid
peroxidation, and, consequently, neuronal loss!*?!. The findings of our study demonstrate that DACA has
the potential to enhance the expression levels of Nrf2, HO-1, GCLC, and GCLM in both the midbrain and
striatum.This demonstrates that Nrf2 activation using DACA might be able to help brain tissue repair and
promote functional recovery.

Accumulating evidence from human studies and various experimental models of PD suggests that oxidative
stress plays a pivotal role in both the initiation and progression!*!l. The data obtained from our study de-
monstrated that DACA exhibited a protective effect against MPPT-induced oxidative stress in cells, thereby
suggesting its potential as a potent antioxidant compound. The generation of ROS is intricately associated
with oxidative stress-induced damage and the pathophysiology underlying neurological dysfunction and neu-
ronal cell death processes. SOD serves as the primary line of defense against free radicals, exhibiting robust
and efficient scavenging activity by utilizing free radicals as substrates. GSH, an indispensable antioxidant,
effectively mitigates oxidative stress instigated by ROS. Notably, DACA significantly attenuated MPP*-
induced ROS production and concurrently enhanced the levels of SOD and GSH. Simultaneously, DACA
facilitated nuclear translocation of Nrf2 and upregulated the expression of HO-1, GCLC, and GCLM.

Excessive oxidative stress selectively targets and impairs mitochondria, resulting in their functional im-
pairment. The preservation of mitochondrial integrity and bioenergetic functions is crucial for cellular
homeostasis!*?l. To maintain mitochondrial and cellular homeostasis while preventing the detrimental effects
of damaged mitochondria on cells, a process known as mitophagy occurs wherein cells selectively sequester
and degrade dysfunctional or impaired mitochondrial*® 44, The results demonstrated that DACA effectively
reversed the decline in mitochondrial membrane potential and the elevation of mitochondrial reactive oxygen
species induced by MPP™. Additionally, DACA exerted regulatory effects on intracellular apoptosis-related
proteins Bax and Bcl-2, leading to a significant increase in the Bcl-2/Bax ratio, thereby inhibiting MPP*-
induced apoptosis. Interestingly, DACA modulated mitophagy through modulation of p62, PINK1, and L.C3
expression.

A plethora of studies have demonstrated that Nrf2 not only governs oxidative stress, but also exerts a
pivotal role in preserving mitochondrial function and regulating mitophagy®!l 451 In order to elucidate the
localization of Nrf2 in mediating the neuroprotective effects of DACA, we employed a selective inhibitor
targeting Nrf2. Intriguingly, treatment with this specific Nrf2 inhibitor abrogated the protective efficacy of
DACA against MPP*-induced cellular damage. However, with the presence of a specific p62-Nrf2 inhibitor,
substantial levels of Nrf2 were still observed within the cellular milieu. This suggests that the neuroprotective
effect of DACA is through Nrf2. And unlike most natural small molecules of Nrf2 activators, Nrf2 activation
by DACA is not via p62.

4. Conclusion

In summary, the study demonstrates the protective effects of DACA against MPTP-induced motor dys-
function, neurological deficit, and neurodegeneration in a manner consistent. Additionally, DACA exhibits
antioxidant properties and plays a crucial role in maintaining mitochondrial health and regulating mito-
phagy through Nrf2 activation (Fig. 1). These findings significantly contribute to our understanding of the
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intricate relationship between Nrf2 and Parkinson’s disease (PD). Consequently, DACA holds great promise
as a potential anti-PD drug for further therapeutic interventions aimed at preventing PD occurrence and
progression. However, it is imperative to conduct future investigations to explore other potential protective
effects of DACA as well as its multi-target mechanism of action.
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