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ABSTRACT

Objective: Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons in substantia
nigra (SN). Our previous study demonstrated kukoamine A (KuA) to exhibit strong neuroprotective
effects through antioxidative stress, and autophagy in MPTP/MPP*-induced PD models in vivo and
in vitro. It is necessary to evaluate the efficacy of the anti-PD effects under various models.

Methods: In the present study, total chemical synthesis was used to obtain KuA, which performed low
content in Lycii Cortex. Then, 6-OHDA-induced PD model of PC12 cells was used to investigate the effects
of KuA on PD.

Results: Our results demonstrated that KuA ameliorated cell loss and mitochondrial membrane potential
(MMP) loss, and inhibited Bax/Bcl-2 ratio increase that were induced by 6-OHDA. Iron accumulation in
SN is thought to participate in neuronal death in PD, which subsequently resulted in oxidative stress
and overexpression of a-synuclein caused by iron metabolism protein disorder. In our study, KuA could
chelate cellular iron content and decrease iron influx. Moreover, KuA could upregulate the expression of
ferroportin1 and Hephaestin, downregulate the expression of DMT1, TfR, and Ferritin to maintain cellular
iron homeostasis avoiding neuronal death from cellular iron deposition. Moreover, KuA could decrease
the expression of a-synuclein in cells. All the results indicated that KuA protected against neurotoxin-

induced PD due to the apoptosis inhibition and iron homeostasis maintaining.
Conclusion: KuA treatment might represent a neuroprotective treatment for PD.
© 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parkinson’s disease (PD) is associated with the degeneration of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc). One of the pathological hallmarks of PD is the presence
of intracellular inclusions called Lewy bodies that consist of aggre-
gates of the presynaptic soluble protein called a-synuclein (Jomova
et al., 2010). Clinical manifestations of PD include motor impair-
ments involving resting tremor, a slowing of physical movement
(bradykinesia), postural instability, gait difficulty, and rigidity
and non-motor impairments including cognitive deficits, emo-
tional changes, sleep and sensation disturbances and autonomic
dysfunction (Afshin-Majd et al., 2017). Although the exact mecha-
nisms underlying PD are largely unknown, extensive evidences
show that selective high levels of iron, and oxidative stress, mito-
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chondrial dysfunction, and abnormal protein aggregation resulted
from iron accumulation in the SNpc contribute to the pathogenesis
of PD (Xu et al., 2010; Jung et al., 2017), leading to the dopaminer-
gic neuronal loss.

Iron is a highly redox-reactive metal, which is needed for
numerous catalytic and metabolic processes including as a cofactor
for tyrosine hydroxylase (TH), a biomarker of normal neuronal
function, and disturbance of intracellular Fe homeostasis results
in impairment of critical functions in biological systems and neuro-
logical disorders, including Parkinson’s disease and Alzheimer’s
disease (Zhou et al., 2014). There is consistent evidence of a regio-
nal increase of iron in the SNpc of PD patients as well as rapid accu-
mulation of nigral iron in animals following intoxication with the
Parkinsonian agents 6-hydroxydopamine (6-OHDA) and 1-methy
1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Finkelstein et al.,
2017). Many proteins are involved in cellular Fe influx, Fe efflux
as well as storage to maintain Fe homeostasis. Iron could be trans-
ported into mammalian cells via the transferrin (Tf)-Tf receptor
(TfR) and non-transferrin-bound iron (NTBI) pathways. Divalent
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metal transporter 1 (DMT1) is one of the iron transporters involved
in NTBI pathway (Xu et al., 2010), and increased DMT1 expression
was found in the SN of PD model, such as 6-OHDA. Ferroportinl,
also known as SLC11A3, is a multiple transmembrane domain pro-
tein identified in several cell types involved in the export of cellular
iron, and evidence has indicated that iron exit is dependent only on
ferroportinl (Zhou et al., 2014). Due to the suggested involvement
of iron trafficking proteins and iron accumulation in PD, some com-
pounds that could regulate iron transporting proteins and then /or
directly alleviate iron deposition might have pharmaceutical value
in the treatment of PD, which supported by the case of the high
affinity iron chelator deferiprone being reported to provide benefit
in a phase 2 randomized clinical trial in PD patients (Devos et al.,
2014).

Lycii Cortex, a traditional Chinese herb, was generally used as a
tonic and reported to exhibit hypotensive, hypoglycemic, antipyre-
tic and anti-stress ulcer activity in animal experiment (Funayama
et al., 1980). Kukoamine A (KuA) is a major bioactive component
in Lycii Cortex and the chemical structure was shown in Fig. 1,
whose content just <0.1% in Lycii Cortex. Our previous study
showed that KuA could block the oxidative-stress and excitotoxic-
ity induced by NMDA (Hu et al., 2015), and could also attenuate the
brain damage and neuroinflammation induced by radiation and
PMCAO (Zhang et al., 2016a, 2016b, 2016¢; Liu et al., 2017). Fur-
thermore, we found that KuA showed the anti-PD activity against
MPTP/MPP" in vivo and in vitro through activation of autophagy
(Hu et al., 2017). However, whether KuA showed the same effects
on other more PD models are still unknown.

Neuroblastoma PC12 cells treated with 6-OHDA are widely used
as a valuable cell model of dopaminergic neuronal cell death to
mimic the pathophysiologic degeneration. In this study, we firstly
synthesized KuA on the basis of previous studies (Piletska, Burns,
Terry, & Piletsky, 2012; Vassis et al.,, 2001), and then evaluated
the effect of KuA on PC12 cells in vitro. To find the mechanism
inside protective effect of KuA, expressions of mediators involved
in the mitochondrion-mediated apoptotic pathway and MAPK
pathway were investigated in this research. In addition, KuA alone
was used to testify its iron chelation, and the decrease of iron accu-
mulation and regulation of iron regulatory protein. All the results
indicated that KuA may be a promising agent for PD treatment.
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Fig. 1. Structure of kukoamine A.
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2. Materials and methods
2.1. Materials

3,4-Dihydroxyhydrocinnamic acid was purchased from
HEOWNS (China, Tianjin). Spermine (SPM) was purchased from
Aladdin (China, Shanghai). MTT, 6-hydroxydopamine hydrochlo-
ride (6-OHDA) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Calcein AM was purchased from Abcam (Cambridge, UK).
Deferoxamine mesylate (>98%) was purchased from MedChemex-
press (New Jersey, USA). LDH Cytotoxicity Assay Kit, Annexin V-
FITC Apoptosis Detection Kit, Reactive Oxygen Species Assay Kit,
Lipid Peroxidation MDA Assay Kit, Total Superoxide Dismutase
Assay Kit with WST-8, JC-1staining Kit were purchased from Bey-
otime (Nanjing, China). Hoechst 33,342 was purchased from Invit-
rogen (Carlsbad, CA, USA). Rabbit antibodies to Bcl-2, Bax,
cytochrome C, Transferrin Receptor, Ferritin were purchased from
Abcam (Cambridge, UK). Tyrosine hydroxylase (TH) and o-
synuclein were purchased from Cell Signaling Technology (Beverly,
MA, USA). Caspase-3, Caspase-9, PARP were purchased from Wan-
leibio. (China, Beijing). Ferroportinl was purchased from Novus
Biologicals (SanDiego, California, USA). B-Actin, o-tublin, hep-
haestin, DMT1 and HRP-conjugated goat anti-rabbit (mouse) IgG
were purchased from Proteintech. (Rosemont, USA). Other chemi-
cals and regents available were purchased form local commercial
sources. PC12 cell line was gifted by professor Lu Ke at China Med-
ical University.

2.2. Synthesis of KuA

Using 3, 4-dihydroxyhydrocinnamic acid and spermine as raw
materials, the synthetic route in the literatures (Piletska, Burns,
Terry, & Piletsky, 2012; Vassis et al., 2001) was improved, then a
yellow amorphous solid precipitated had gained. The synthesized
KuA was dissolved in deuterated DMSO and analyzed using a Bru-
ker ARX-300 NMR spectrometer (Bruker, Germany) operating at
400 MHz. The purity was detected by LC-16 (SHIMADZU, Japan),
suggesting more than 98% (supplement figure).

2.3. Cell culture

The PC12 cell line was cultured in DMEM/F12 medium with 5%
FBS and 5% Horse Serum (Gibco, USA) at 37 °C in a humidified (5%
C0,) incubator. Cells were seeded in different kinds of plates at dif-
ferent proper density and continued to culture for 24 h. KuA, 6-
OHDA and deferoxamine mesylate (DFO) were respectively dis-
solved in DMSO, 9% NaCl with 0.2% vitamin C and ddH,O as a con-
centrated stock and further diluted to their final concentration.
Then, the stock solution of 6-OHDA and DFO were stored at —20 °C.

2.4. Cell viability assay

The cell viability was determined by the MTT assay. PC12 cells
were seeded in 96-well plates (7 x 10 cells/well) and cultured for
24 h. Then the cells were treated with different concentration (0,
25, 50, 100 pmol/L) of 6-OHDA for 6, 8, 12 or 24 h to confirm the
proper condition of cell injury. After that, cells were pretreated
with KuA (5, 10, 20 pmol/L) or vehicle for 4 h and exposed to 6-
OHDA. After incubation, cells in per well were added with MTT (fi-
nal concentration: 0.5 mg/mL) and incubated for 4 h, then dis-
carded them, and the formazan crystals were lysed with DMSO.
The absorbance was detected at 490 nm. Cell viability was
expressed as a percentage of control.
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2.5. Lactate dehydrogenase (LDH) release assay

The cells were incubated as mentioned above. Then the LDH
level was measured according to the manufacturer’s instructions.
The absorbance at 490 nm was measured by a microplate reader
(Elx 800 Bio-Tek, USA).

2.6. Hoechst 33342 staining

A fluorescent DNA-binding dye, Hoechst 33342, was used to
measure apoptosis (Zhang et al., 2016a, 2016b, 2016c¢). Cells were
seeded in 6-well plates (20 x 10 cells/well) and treated as men-
tioned above. The nuclei were stained with Hoechst 33,342
(10 pmol/L) for 15 min at 37 °C in the dark. Images were obtained
using a fluorescence microscope (IX71, Olympus, Japan).

2.7. Annexin V and PI double staining

Apoptosis rate was measured by flow cytometric analysis
according to the protocol provided by the Annexin V-FITC apoptosis
detection kit. Briefly, cells were treated as mentioned above, and
then, were harvested and washed three times with cold PBS. The
cells were centrifuged at 1000 g/min for 5 min, the supernatant
was discarded and the pellet was resuspended in 195 pL binding
buffer at a density of 1 x 10° cells, loaded with 5 pL Annexin V-
FITC and 10 pL PI for 20 min at room temperature in the dark and
detected by flow cytometer (Becton Dickinson, NJ, USA).

2.8. Detection of mitochondral membrane potential (MMP)

The MMP was measured using the fluorescent dye, JC-1. JC-1
can penetrate cells and healthy mitochondria. At low membrane
potentials (apoptotic cells), JC-1 exists as a monomer which emits
green fluorescence, which maximum emission wavelength is
529 nm. JC-1 aggregates and emits red fluorescence at higher
membrane potentials (normal cells), which maximum emission
wavelength is 590 nm (Luo et al., 2017). Cells were seeded in 6-
well plates (20 x 10* cells/well) and treated as mentioned above.
The cells were incubated with JC-1 staining solution (1 x ) for
20 min at 37 °C in the dark. Afterward, the cells were washed with
JC-1 staining buffer (1 x ) twice, and then were captured by
inverted fluorescence microscopy (IX71, Olympus, Japan).

2.9. Intracellular reactive oxygen species (ROS) assay

The level of intracellular ROS was measured by fluorescence
with 2',7’-dichloroflurescein diacetate (DCF2-DA) (Zhang et al.,
20164, 2016b, 2016c¢). The dye DCFH2-DA can penetrate into cells
and becomes hydrolyzed to non-fluorescent dichlorofluorescin
(DCF). DCF then reacts with “ROS” to form the highly fluorescent
dichlorofluorescein. The fluorescence intensity reflects the ROS
generation inside cells. Cells were seeded in 6-well plates
(20 x 10* cells/well) and treated as mentioned above. Then, cells
were stained with DCH2-DA in serum-free medium (5 pmol/L)
for 20 min at 37 °C in the dark. After incubation, the fluorescence
from the DCF was analyzed using an inverted fluorescence micro-
scopy (IX71, Olympus, Japan) at excitation and emission wave-
lengths of 488 nm and 525 nm.

2.10. SOD and MDA levels

The superoxide dismutase (SOD) and malondialdehyde (MDA)
were measured according to the technical method of the detection
kits. Protein concentration was determined by using BCA protein
kits. The enzyme activities were then normalized to the corre-
sponding protein concentration for each group, and expressed as
the percentage of control.
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2.11. Calcein loading of cells

Calcein AM is a non-fluorescent molecule which can permeate
cell membrane. It has high stabilization not affected by the pH of
the solution. In the living cells, calcein emits strong green fluores-
cence (excitation: 495 nm, emission: 515 nm) after the remove-
ment of AM group by the cytoplasm esterases. However, calcein
is highly sensitive to metal ions and can be combined with intra-
cellular iron to convert to non-fluorescent substances, leading to
the quenching of fluorescence. The cell iron level can be estimated
by the change of fluorescence intensity (Jia et al., 2015).

2.11.1. Iron chelation assay

Cells were seeded into 6-well plates (25 x 10* cells/well) and
cultured for 24 h. Then the cells were pretreated with KuA
(20 pmol/L) for 4 h, washed with cold PBS for three times, and then
incubated with calcein AM (1 pmol/L) for 30 min at 37 °C in dark.
After incubation, the cells were washed with PBS for three times,
and then incubated with 100 pmol/L ferrous iron (ferrous sulfate
in ascorbic acid solution, 1:44 M ratio) for 30 min. Finally, the cells
were washed with cold PBS for three times, and incubated with
DFO (50 pmol/L) for 30 min, and then washed with PBS for three
times, and lastly resuspended in 1 mL PBS. The fluorescence inten-
sity was measured by flow cytometer (BD FACSCalibur, USA).

2.11.2. Ferrous iron influx assay

Cells were seeded into 6-well plates (20 x 10* cells/well) and
cultured for 24 h. Then the cells were incubated with 6-OHDA
(10 pmol/L) for 24 h after pretreatment with KuA (20 pmol/L) for
4 h, washed with cold PBS for three times, and then incubated with
calcein AM (1 pmol/L) for 30 min at 37 °C in dark. After incubation,
the cells were washed with PBS for three times, and then incubated
with 100 pmol/L ferrous iron for 30 min. And the cells were then
washed with cold PBS for three times, and lastly resuspended in
1 mL PBS. The fluorescence intensity was measured by flow
cytometer (BD FACSCalibur, USA).

2.11.3. Iron accumulation assay

Cells were seeded into 6-well plates (20 x 10* cells/well) and
cultured for 24 h. Then the cells were incubated with 6-OHDA
(10 pmol/L) for 24 h after pretreatment with KuA (20 pmol/L) for
4 h. And then the cells treated as above. The fluorescence intensity
was measured by flow cytometer (BD FACSCalibur, USA).

2.12. Western blot assay

The potential mechanism of KuA on 6-OHDA were investigated
by western blot assay, the method was the same as previously (Hu
et al., 2015). The cells were cultured as above. Then the RIPA lysis
buffer was used to crack the cells for collecting the cytosolic pro-
teins, which concentration was determined by BCA assay kit. The
samples containing 50 pig of protein from each treatment condition
was separated by SDS/PAGE and transferred to PVDF membranes
(Millipore Corporation). Total proteins were blocked with 5%
non-fat milk or 5% BSA at room temperature for 2 h, and then incu-
bated with individual primary antibodies (Bax, Bcl-2, cytochrome
C, Bad, PARP, tyrosine hydroxylase, a-synuclein, and ferroportin
at 1:1000; Caspase-3, Caspase-9, hephaestin at 1:500; DMT1 at
1:800; transferrin receptor at 1:5000; Ferritin at 1:1500) shaking
overnight at 4 °C. After three times of washing with TBST buffer,
the membranes were incubated with the anti-rabbit of anti-
mouse IgG secondary antibody (1:12,000) in TBST for 1 h at room
temperature, followed by three times of washing. At the end of
each treatment the binding of antibody was detected with BeyoECL
Plus. The results were expressed as the percentage of control,
which was deemed to be 100%.



X. Li, Xiao-wen Jiang, Hai-xiao Chu et al.
2.13. Statistical analysis

The data were expressed as means * S.E.M. using the software
of GraphPad Prism 7.0. Statistical significance was values and eval-
uated with one-way analysis of variance followed by a Tukey’s
HSD-post hoc test. Differences with P < 0.05 were considered as
statistically significant.

3. Results
3.1. Effect of 6-OHDA on cell viability in PC12 cells

After PC12 cells being cultured for 24 h, they were treated by
25, 50, and 100 pmol/L 6-OHDA for 6, 8, 12, and 24 h, respectively.
The cell viability was examined by MTT assay, as shown in Fig. 2A,
which was shown in time- and dose-dependent manner. After
treatment with 6-OHDA (25, 50, and 100 pmol/L) for 24 h, the cell
viability was decreased to (59.84 + 0.70) % (Fig. 2B). One-way
ANOVA revealed a significant difference between groups
(P < 0.0001). Therefore, 100 pmol/L 6-OHDA for 24 h was chosen
for the following experiments.

3.2. Effects of KuA on 6-OHDA-induced PC12 cell injury

In order to investigate the effect of KuA on neuronal injury
induced by 6-OHDA in PC12 cells, different concentrations of
KuA were exposed to cells. The results showed that lower than
80 pmol/L of KuA had no significant cytotoxicity (Fig. 2C). As
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shown in Fig. 2D, pretreatment with KuA (5, 10, and 20 pmol/L)
could significantly increase the cell viability to (76.91 £ 2.71)%,
(83.56 + 2.16)%, and (87.28 + 2.03)%, respectively. Moreover, the
cell morphology was also improved compared with 6-OHDA injury
group (Fig. 2E). Furthermore, the results were supported by LDH
release (Fig. 2F) that KuA (5, 10, and 20 pmol/L) respectively
reduced the LDH release to (22.45 + 0.22)%, (4.54 + 2.58)%, (3.74
1.52)% compared with 6-OHDA-treated group (40.33 t 1.34)%.
These results suggested that KuA had the protective effects on 6-
OHDA-induced PC12 cells injury.

3.3. Effects of KuA on 6-OHDA-induced PC12 cell apoptosis

In order to investigate the anti-apoptotic effect of KuA on 6-
OHDA-induced nerve injury, Hoechst 33,342 staining and Annexin
V-PI double staining were used. As shown in Fig. 3A, treatment
with 100 pmol/L 6-OHDA for 24 h, the blue fluorescence intensity
of PC12 cells increased, which meant DNA condensation and
nuclear fragmentation were occurring, while pretreatment with
KuA (5, 10, and 20 pmol/L) could inhibit these apoptotic
characteristics.

Annexin V-PI double staining assay was used to further distin-
guish the features of apoptotic and necrotic cells in response to
6-OHDA and with or without KuA. As shown in Fig. 3B and C, with
100 pwmol/L 6-OHDA for 24 h treatment significantly increased in
total apoptotic cells (41.54% + 2.58%, P < 0.0001) and late apoptotic
cells (37.27% + 1.56%, P < 0.0001). However, pretreatment with KuA
(5, 10, and 20 pumol/L) significantly decreased the cell numbers of
total and late apoptosis induced, which were total apoptosis
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Fig. 2. Neuroprotection of KuA in PC12 cells. (A) Cytotoxic effect of different times of 6-OHDA in PC12 cells. (B) Cytotoxic effect of different concentrations of 6-OHDA in PC12
cells. (C) KuA (5-80 umol/L) treated alone has no effect on cell viability. (D) Dose-dependent protective effect of pretreatment with KuA against 6-OHDA-induced cytotoxicity
in PC12 cells. (E) Morphology of PC12 cells followed by above treatments with an inverted microscope (200 x ). (F) Protective effect of plasma membrane damage determined
by LDH release. The data were represented as mean + S.EM. (n = 3). *P < 0.05, *P < 0.01, &P < 0.001 vs control group; *P < 0.05, "P < 0.01, "'P < 0.001 vs 6-OHDA-treated

group.
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Fig. 3. Effects of KuA on 6-OHDA-induced apoptosis and MMP change in PC12 cells. (A) Morphological changes of nuclear chromatin by Hoechst 33,342 staining were
observed using a fluorescence microscope (200 x ). (B) Distribution of viable (lower left, Annexin V- PI-) necrotic (upper left, Annexin V- PI + ) late apoptotic (upper right,
Annexin V + PI + ) and early apoptotic (lower right, Annexin V + PI-). (C) Quantitative analysis of bar graphs showed percentage of late apoptotic and total apoptotic cells. (D)
MMP fluorescence images visualized by a fluorescence microscope (200 x ). Data were represented as mean * S.E.M. (n = 3). %P < 0,001 vs control group; *P < 0.05, "P < 0.01

and "'P < 0.001 vs 6-OHDA-treated group.

(26.28% + 1.25%, P < 0.01) and late apoptosis (22.90% + 2.62%,
P < 0.01); total apoptosis (28.26% + 2.49%, P < 0.05) and late apop-
tosis (24.34% £ 2.77%, P < 0.05); total apoptosis (21.90% + 1.15%,
P < 0.001) and late apoptosis (18.45% + 2.58%, P < 0.001), respec-
tively. These results indicated that KuA could effectively reduce
the apoptosis of PC12 cells induced by 6-OHDA, especially the late
apoptosis of cells.
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3.4. Effects of KuA on mitochondrial membrane potential (MMP)

To characterize the changes in mitochondrial events induced by
6-OHDA and / or KuA treatment, the collapse of MMP in PC12 cells
was monitored using the JC-1 staining. As shown in Fig. 3D, the flu-
orescence intensity of high green and low red (low MMP) was pre-
sented in 6-OHDA treated group, while pretreatment with KuA (5,
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10, and 20 pmol/L) could decrease the fluorescence intensity of
green and increase the fluorescence intensity of red (high MMP).
These results indicated that KuA could improve the function of
mitochondria.

3.5. KuA attenuated ROS production and MDA level and improved SOD
activity in PC12 cells

6-OHDA-treated PC12 cells induce reactive oxygen species
(ROS) production and cause oxidative stress injury. Therefore, in
order to investigate the effect of KuA on the generation induced
by 6-OHDA, the ROS-sensitive fluorescence dye, DCFH-DA was per-
formed by flow cytometry. As shown in Fig. 4A, exposure to 6-
OHDA could cause an elevation of the intracellular ROS, which
could suppress by KuA pretreatment (5, 10, and 20 pmol/L). The
results indicated that KuA had the ability to eliminate 6-OHDA-
induced accumulation of intracellular ROS.

Increased ROS levels are known to induce MDA. As shown in
Fig. 4B, 6-OHDA significantly increased MDA content (383.34% +
63.08%) in PC12 cells, which was significantly ameliorated to
(202.90% + 2.89%), (133.82% + 50.44%) and (82.13% + 35.86%),
respectively by KuA (5, 10, and 20 pmol/LM). SOD could be
regarded as an antioxidant defense in response to the oxidative
stress. KuA markedly increased SOD activity (90.17% * 5.54%,
99.77% + 6.32%, 112.48% + 4.87%) compared with that in the 6-
OHDA treated group (64.43% + 2.98%), suggesting that KuA could
alleviate the oxidative damage induced by 6-OHDA (Fig. 4C).

3.6. KuA restored Bcl-2/Bax ratio, decreased cl-casp-9, cl-casp-3 and cl
PARP expression

The mitochondrial apoptosis pathway is mainly involved in the
apoptosis of dopaminergic neuronal cells. The results showed that
6-OHDA treatment alone caused a significant increase in the pro-
apoptotic proteins Bad, Bax, cytochrome C, cleaved Caspase-9,
cleaved Caspase-3 and cleaved PARP, as well as a dramatic
decrease in the levels of the anti-apoptotic protein Bcl-2,
Caspase-9, Caspase-3 and PARP (Fig. 5). However, pretreatment
with KuA significantly increased the ratio of Bcl-2/Bax, and the
expression of Caspase-9, Caspase-3, and PARP, while suppressed
the expression of Bad, cytochrome C, cleaved Caspase-9, cleaved
Caspase-3, and cleaved PARP in PC12 cells induced by 6-OHDA
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(Fig. 5). These results suggested that KuA could inhibit the mito-
chondrial apoptosis to prevent cell injury.

3.7. KuA attenuated iron overload induced by 6-OHDA via chelating
iron and alleviating ferrous iron influx

Several lines of evidence showed a rapid accumulation of nigral
iron in animals following intoxication with the Parkinsonian
agents 6-OHDA (Finkelstein et al., 2017). To measure the content
of iron in cytosol, the specific fluorescence probe calcein AM, which
binds iron specifically, and iron chelator deferoxamine mesylate
(DFO) were used. As shown in Fig. 6A, 10 pumol/L 6-OHDA for
24 h could significantly increase the iron content compared to con-
trol group, presumably because of the rapid release of iron from
various intracellular sources and the increase of the ferrous iron
influx. However, pretreatment with 20 pmol/L KuA could improve
the fluorescence intensity compared with 6-OHDA/Fe?* group.
Moreover, we investigated the changes of fluorescence intensity
to evaluate the effect of KuA on the ferrous iron influx. As shown
in Fig. 6B, the fluorescence intensity in the cells was decreased
after incubation with 100 pmol/L Fe** for 30 min, and it was fur-
ther reduced after pretreatment with 10 pmol/L 6-OHDA for
24 h, while 20 pmol/L KuA could increase the fluorescence inten-
sity, suggesting that KuA could decrease the enhancement of iron
uptake induced by 6-OHDA. As shown in Fig. 6C, KuA could signif-
icantly increase the fluorecence intensity compared with the Fe?*
group, demonstrating that KuA may be the potential iron chelator.

3.8. Regulation of KuA on expression of iron-related proteins with 6-
OHDA treatment

To clarify the mechnisms of KuA in regulating intracellular iron
homeostasis and the consequent neuroprotective roles in neuronal
cells, the iron proteins involving in iron uptake (DMT1, TfR), trans-
port (ferroportin and hephaestin), and storage (Ferritin) were stud-
ied with the treatment of 6-OHDA. As shown in Fig. 7A, 6-OHDA
elevated the levels of DMT1 and TfR, indicating 6-OHDA increase
the iron influx, which could downregulate after pretreatment with
KuA. Meanwhile, expression of ferroportin and hephaestin, respon-
sible for the iron exportation from cells, was decreased in 6-OHDA
treatment, indicating that iron release in those cells may be
reduced, which were reversed by pretreatment with KuA

5 umol/L KuA+6-OHDA 10 pmol/L KuA+6-OHDA 20 pmol/L KuA+6-OHDA

-
o
E=1

SOD / (% of Control)
(3.
o

[~

5 10 20
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—100 pmol/L 6-OHDA——

Fig. 4. Neuroprotection of MDCQA on attenuating ROS generation (A), decreased MDA level (B), and improved SOD activities (C) in PC12 cells induced by 6-OHDA. Data were
showed as mean + S.EM. (n = 3). ¥*P < 0.01 vs control group; *P < 0.05, "P < 0.01, and ""P < 0.001 vs 6-OHDA-treated group.
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(Fig. 7B). However, there was an interesting result, which showed a
significant up-regulation of Ferritin induced by 6-OHDA, and pre-
treatment with KuA could down-regulate the expression of Ferritin
(Fig. 7C).

3.9. KuA decreased neuron loss and overexpression of «-synuclein in
PC12 cells

Tyrosine hydroxylase (TH) is the rate-limiting enzyme responsi-
ble for dopamine synthesis, as a specific index of dopamine neu-
rons. Aggregation of o-synuclein was characterized in Parkinson’s
disease, which was reported that iron deposition and oxidative
stress are demonstrated to be involved in the aggregation of o-
synuclein (Needham et al.,, 2018). Hence, the expression of TH
and o-synuclein in cytosol were determined by Western blot
method. As showed in Fig. 8A, treatment with 6-OHDA for 24 h
induced about 50% (P < 0.05) loss of TH expression compared to
the control group. Pretreatment with KuA (5, 10, and 20 pmol/L)
for 4 h could significantly increase the expression of TH by (120.
43 +2.20)%, (116.01 £ 9.50)%, and (136.45 + 24.75)%, respectively.
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Moreover, exposed to 6-OHDA, the expression of a-synuclein in
cytosol was significantly increased to 3-fold compared with control
group, while the overexpression could be blocked by the pretreat-
ment with KuA (5, 10, and 20 pmol/L) (Fig. 8B). These results sug-
gested that KuA could protect the neuronal cells.

4. Discussion

Several lines of evidence have indicated that there is an accu-
mulation of iron in the neurons of the SN in PD (Zucca et al.,
2017), which is a potent generator of free-radicals and causes
mitochondrial disfunction (Mastroberardino et al., 2009), as well
as accelerates the aggregation of a-synuclein (Kozlowskia et al.,
2012). Our previous study demonstrated that KuA could provide
neuroprotective effects through mitochondrial pathway, autop-
hagy activation from MPTP/MPP" induced Parkinsonian model
in vitro and in vivo (Hu et al., 2017), which reminded that KuA
might have anti-PD bioactivity. It is widely accepted that MPP*
impairs mitochondrial respiration by inhibiting the multi-subunit
enzyme complex I of the mitochondrial electron chain that triggers
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a transient reduction in midbrain ATP levels and increase of ROS
production, whereas, it could not form a classical and stable motor
behavior in vivo (Bové and Perier, 2012). Moreover, MPTP was
harm to laboratory staff, causing neurotoxin in brain after inadver-
tently smoking. Therefore, we adapted another common Parkinso-
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nian toxin agent, 6-OHDA to further investigate the therapeutic
potential of KuA to prevent progressive neurodegeneration in PD.

6-hydroxydopamine (6-OHDA) is a selective neurotoxin that
was first reported to cause lesions in nigrostriatal DA neurons in
rats (Ungerstedt, 1968). 6-OHDA being hydrophilic cannot cross
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the blood brain barrier (BBB), which need to be injected to Sub-
stantia Nigra pars Compacta (SNc) and Medial Forebrain Bundle
(MFB) causing progressive retrograde DA neuronal degeneration
(Jagmag et al., 2016). The neurotoxicity of 6-OHDA occurs through
a two-step mechanism involving accumulation of the molecule
into catecholaminergic neurons by the DA and noradrenaline
membrane transporters, followed by its inhibitory action on mito-
chondrial complex I (Blum et al., 2001) and the auto-oxidation to
form semiquinone and superoxide anions that are subsequently
converted to hydroxyl radicals through interaction with H,0,
(Yin, Cao, & Xie, 2010). In this study, we found that 100 pmol/L
6-OHDA for 24 h caused about 40% loss of cells (Fig. 2B) and signif-
icant increase of LDH release (Fig. 2D) through MTT and LDH
assays. LDH is a stable cytoplasmic enzyme that can be found in
all cells, which could be another indicator of cell toxicity and could
be rapidly released into the extracellular milieu when the plasma
membrane is damaged (Ji & Min, 2016). Therefore, LDH is used fre-
quently as a reliable indicator of neuronal plasma membrane dam-
age. The results of our study indicated that pretreatment with
different concentrations of KuA markedly attenuated both the
decrease in cell viability and the increase in LDH release (Fig. 2C D).

Previous study showed that apoptosis played a vital role in pro-
grammed cell death induced by 6-OHDA (Afshin-Majd et al., 2017).
We also studied apoptotic cell death in this system, which was typ-
ically characterized by cell shrinkage and nuclear condensation.
Pretreatment with KuA significantly attenuated these apoptotic
features, which was verified by Hoechst and Annexin V-PI staining
(Fig. 3). These data proved that KuA had a strong anti-apoptotic
effect against 6-OHDA.

Previous study had found that appropriate concentration of 6-
OHDA can completely inhibit the activity of NADH dehydrogenase
and cytochrome C oxidase in the mitochondrial respiratory chain
(Hoglinger et al., 2003), which could be seen that 6-OHDA can
cause mitochondrial respiratory chain block and selective DA neu-
rons toxicity. 6-OHDA selectively enters catecholamine neurons
through catecholamine reuptake and reversibly inhibits mitochon-
drial complex I and complex IV from impairing mitochondrial
metabolism, leading to mitochondrial dysfunction and eventually
cell death (Henze et al., 2005; Jia et al., 2005). Our experimental
result regarding the ability of 6-OHDA decreasing MMP are consis-
tent with previous findings, where showed that KuA effectively
attenuated this adverse effect, as seen in Fig. 3D. Therefore, to
determine the mechanism by which pretreatment with KuA
against 6-OHDA-induced apoptosis, Western blot was used to
investigate whether mitochondrion mediated apoptotic pathway
involved or not. According to previous reported studies, the Bcl-2
family proteins are involved in the regulation of neuronal apop-
totic cell death. The results showed that 6-OHDA significantly
decreased Bcl-2/ Bax expression ratio and up-regulated cyto-
chrome C in cytosol, which subsequently activated Caspase-9 and
Caspase-3 (Fig. 5). However, pretreatment with KuA exerted anti-
apoptotic effects against 6-OHDA-induced caspase dependent
apoptosis, actually being embodied in the up-regulation of Bcl/
Bax ratio, the down-regulation of cytochrome C, PARP, Caspase-9
and Caspase-3 (Fig. 5).

Oxidative stress, a disturbance of the balance between the
antioxidant defense system and the generation of ROS, is closely
associated with the dopaminergic neurodegenerative process of
PD (Cui et al., 2016). MDA, a byproduct of lipid peroxidation, is pro-
duced under conditions of oxidative stress, which reflects the
oxidative injury of plasma membrane, and the resulting thiobarbi-
turic acid reactive substances are associated with oxidant stress
and lipid peroxidation (Xiao et al., 2008). In the contrast, an impor-
tant antioxidant enzyme, called SOD has been indicated to directly
catalyze the transformation of peroxides and superoxides to non-
toxic species (Jin, Liu, Jia, Li, & Wang, 2015). Therefore, we tested
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the levels of intercellular ROS production, MDA content, and SOD
activity after treated with 6-OHDA, results showed that 6-OHDA
could induce cell oxidative injury and pretreated with KuA can
attenuate these changes, appearing on the decrease of ROS and
MDA production and increase of SOD activity (Fig. 4).

The PC12 cell line belongs to an adrenergic neural tumor
pheochromocytoma cell line and has the ability to proliferate and
differentiate, implying that this cell line is different from mature
neurons in some aspects of cell metabolism, such as iron needs
(Zhang, Song, Jiang, Bi, & Xie, 2014). Iron is essential for many cel-
lular functions, including energy production, DNA synthesis and
repair, phospholipid metabolism, myelination and neurotransmit-
ter synthesis (Dusek et al., 2016). A significant body of evidence
from post mortem PD brain studies point to ongoing iron depen-
dent oxidative stress may be involved in the pathology of nigrostri-
atal dopamine neuron degeneration, which also occurs in the
substantia nigra pars compacta of rats and monkeys exposed by
6-OHDA (Shachar et al., 2004; Ganguly et al., 2020). Studies have
demonstrated that intraventricular pre-injection of desferral (a
selective iron chelator) in rats attenuates 6-OHDA-induced lesions
of nigrostriatal dopamine neurons (Linert et al., 1996; Zhao, 2019).
From the chemical structure, KuA is a linear spermine alkaloid with
a large molecule flexibility and two adjacent phenolic hydroxyl
groups (Fig. 1), which indicates KuA may have ability of iron chela-
tion. As expected, KuA exhibited some iron chelation ability
(Fig. 6C), as well as the decrease of iron accumulation induced by
6-OHDA (Fig. 6A). These results suggested that KuA may be a
potential iron chelator, which protected neurons from iron deposi-
tion induced by 6-OHDA.

Neuronal iron homeostasis is maintained by regulation of intra-
cellular iron uptake, transport, and storage, because high iron
levels can be detrimental to brain function (Rhodes & Ritz, 2008).
Accordingly, Fe influx involves transferrin (Tf)-bound Fe uptake
and the influx transporter DMT1. DMT1 is one of the proteins
responsible for cell iron uptake, which can be upregulated by 6-
OHDA, resulting in excess iron influx and neurodegeneration
(Chen, Kanthasamy, & Reddy, 2015). In our study, we also found
that 6-OHDA increased the expression of DMT1 and TfR, which
directly caused the increase of iron influx (Fig. 6B and 7A), while
could significantly inhibited by KuA. Ferroportin and hephaestin
are proteins that responsible for the iron exportation from cells
and furthermore, ferroportin1 is the only known mammalian cellu-
lar iron exporter, facilitating iron export process in the presence of
hephaestin (Wang, Bi, & Xie, 2015). In our study, we found that
KuA could upregulate the expression of ferroportinl and hep-
haestin and, in turn, facilitate iron export and decrease cellular iron
content (Fig. 6C and 7B). It has been reported that 6-OHDA could
release iron from ferritin and subsequently increase iron content
(Chen, Kanthasamy, & Reddy, 2015). Interestingly, it was noticed
that 6-OHDA significantly increased the expression of Ferritin
(Fig. 7C), which meant iron storage was increased, and iron content
was decreased. We supposed that 6-OHDA induced a sharp
increase on iron content, causing a cell stress response, leading
to the upregulation of ferritin. Meanwhile, KuA could downregu-
late the expression of DMT1 and TfR, upregulate the expression
of ferroportin1 and Hephaestin, and in turn, decrease the cellular
iron content, which did not cause the occurrence of cell stress
response and overexpression of Ferritin induced by 6-OHDA.

Accordingly, brain regions that have a high burden of iron accu-
mulation are likely to be more susceptible to oxidative stress. The
situation is further aggravated in DA neurons as iron can promote
the oxidation of dopamine and facilitate the formation of dopa-
mine quinone as well as the neurotoxic 6-OHDA (Hare and
Double, 2016), which could show a significantly TH* cell loss. It
has been reported that the binding of Fe (III) with a-synuclein
accelerated the amyloid formation of o-synuclein, which is
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Fig. 9. Mechanism of KuA against 6-OHDA-induced PC12 cells injury.

particularly toxic to DA neurons. In our study, we found KuA could
decrease the overexpression of o-synuclein and increase the
expression of TH, preventing neuron loss from 6-OHDA exposure
(Fig. 8).

5. Conclusion

In summary, it was the first time that we found that KuA may be
a potential iron chelator. In addition, our results suggested that
KuA protected against 6-OHDA-induced injury in PC12 cells
through direct chelating cellular iron, inhibiting iron overload,
scavenging of intracellular ROS induced by 6-OHDA and blocking
classic mitochondrial apoptotic pathway as well as maintaining
iron homeostasis (Fig. 9). Thus, KuA is potentially a novel thera-
peutic compound for the treatment of early PD.
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