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Oxidative stress is an important cause of neurodegenerative diseases. Antioxidant is an potential important
method to treat such diseases. The aim of this study is to discover new and effective antioxidants and their
mechanism. The neuroprotective effect of six curcumin pyrozole compounds were first evaluated on sodium
nitroprusside (SNP) - induced PC12 cell injury by testing cell viability and LDH release. The results showed that
four compounds (C1-C4) have more significant protective effects compared to curcumin and edaravone.

Furthermore, compounds C1-C4 can attenuate the intracellular ROS, and compound C3 is the most effective one
which can preservate the mitochondria function by inhibiting the mitochondrial membrane potential loss and
enhance nuclear translocation of Nrf2 in PC12 cell. These results indicated that C3 may be a potential candidate
drug for treating neurodegenerative diseases.

1. Introduction

Neurodegenerative diseases (NDs) such as Alzheimer's disease (AD),
Parkinson's disease (PD) and Huntington's disease (HD) are diseases
associated with injury of neurons in the brain. As aging progresses, the
prevalence of neurodegenerative diseases has steadily increased
(Kinlay, 2011). There is no ideal drug for neurodegenerative disorders,
and it's urgent to find an effective remedy (Firuzi et al., 2011; Yang
et al., 2017). Accumulating evidence indicates that oxidative stress
plays a significant role during the occurrence and development of NDs.
Excessive reactive oxygen species (ROS) can cause irreversible damage
in brain via attacking DNA, RNA and protein (Cheignon et al., 2017). It
has been reported that usage of antioxidant is an promising strategy for
neurodegenerative treatment (Dumont and Beal, 2011; Zaidun et al.,
2018).

In the central nervous system (CNS), mitochondria is the energy-
generating center and provides energy necessary for neuronal survival
and normal physiological processes (Covill-Cooke et al., 2018). The
brain is more susceptible to injury during mitochondrial dysfunction
(Citi et al., 2018) which is associated with excessive ROS production.
Such behavior is the basis of several NDs (Pérez et al., 2018). In recent
years, mitochondria has been used as target for neurodegenerative
drugs (Covill-Cooke et al., 2018).

Nuclear factor E2-related factor 2 (Nrf2), a transcription factor, is
closely related to the regulation of antioxidant protein expression (Lee
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et al., 2018). If antioxidant system is unbalanced, antioxidant enzymes
such as superoxidedismutase (SOD) and glutathione (GSH), will be up-
regulated to remove excess free radicals. Transferring Nrf2 from the
cytoplasm to the nucleus is a prerequisite for inducing expression of
antioxidant genes (Hou et al., 2018). Recent studies proposed that Nrf2
has gained increasing interest in the treatment of neurodegenerative
disorders (Dinkova-Kostova et al., 2018).

Curcuma longa L. is a traditional Chinese medicine that has a
therapeutic effect on stroke. Curcumin is Curcuma longa L's main active
component and is used to study neuroprotective effect in recent years
(Taylor et al., 2011). However, the structural instability and low
bioavailability of the compound are two defects that hinder its use in
clinic (Yallapu et al., 2015; Bonferoni et al., 2017). It's been reported
that the instability of the B-keto structural fragment (shown in Fig. 1) in
the curcumin structure is the cause of its low bioavailability and rapid
metabolism in vivo (Liang et al., 2009). Curcumin pyrazole derivatives
have been documented as having multiple pharmacological functions,
such as antioxidation, anticancer and inhibiting gluconeogenesis. In
this study, we synthesized six curcumin pyrazole derivatives and eval-
uated their neuroprotective effect, mechanism and signal pathway.
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Fig. 1. Curcumin and curcumin pyrazole derivatives.

2. Experimental
2.1. Materials

Curcumin was purchased from Beijing Hengye Zhongyuan Chemical
Co., Ltd (Beijing, China). Sodium nitroprusside (SNP) was purchased
from Sigma, and edaravone from Aladdin (Shanghai China). PC12 cells
were generously provided by Researcher, J. K. Chen. Nrf2 primary
antibody was from Abcom. Lactate dehydrogenase (LDH) assay Kit,
Methythiazolydiphenyl-tetrazolium  bromide  (MTT), Hoechst,
Rhodamin, LDH, ROS, JC-1 and NO assay kit were purchased from
Beyotime. Other Culture medium were purchased from Hyclone and
Gibco (USA). All other chemicals are from commercial sources.

2.2. Synthesis

Compounds C1-C6 were prepared according to the previous proce-
dure (Sherin and Rajasekharan, 2015). Curcumin, phenylhydrazine
hydrochloride, anhydrous methanol (20 ml), and water (20 ml) were
added to a 250 ml three-necked flask. Reaction was stirred over night at
80 °C. The reaction process were monitor by TLC until the reaction was
completed and stopped the reaction. After evaporating off the solvent,
the reaction solution was diluted with water and then extracted with
ethyl acetate (100 ml x 3). The organic phase was dried over anhy-
drous magnesium sulfate, and the solvent was evaporated under re-
duced pressure to obtain the aim compounds.

2.3. Cell cultures

PC12cells were cultured in DMEM medium containing 10% FBS,
5% HS, 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C and
5% CO,. When the cell coverage rate was about 90%, the cells were
digested and passaged by 0.25% trypsin —0.02% EDTA.

2.4. Cell viability

PC12 cells were cultured in 96-well plates for 24 h. The cells were
then pre-treated with compounds for 24 h, and then incubated with
300 uM SNP for another 24 h. Cells without the compound treatment
were set as the control or SNP group. 10 pl of 5 mg/ml MTT was added
to previous treated cells for 3h at 37 °C and 5% CO,. Discarded the
supernatant, 100 ul of DMSO was added to 96-well pates and the so-
lutions were mixed thoroughly. The absorbance was measured at
570 nm. The experiments were repeated at least 3 times. All % cell
viability were normalized to the control group.

2.5. Measurement of lactate dehydrogenase (LDH) release

PC12 cells were cultured in 96-well plates for 24 h. The cells were
then pre-treated with compounds for 24 h, and then incubated with
300 uM SNP for another 24 h. Cells without the compound treatment
were set as the control or SNP group. The LDH release amount of
treated-cells in 96-well pates was determined by LDH assay kit
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according to the instructions. All % LDH release values were normal-
ized to the SNP group.

2.6. Observation of PC12 cell morphologic changes

Differentiated PC12 cells were cultured in DMEM containing 10%
FBS, 5% HS for 24 h. The cells were then pre-treated with C1-C4 for
24 h respectively and then incubated with 300 uM SNP for another 24 h.
Cells without the compound treatment were set as the control or SNP
group. Then the cells were co-incubated with Rhodamin (5pM) and
Hoechst 33258 (10 ug/ml) for 30 min in cell incubator. The medium
was removed, and washed with DMEM 2 times.

2.7. Determination of ROS level

Differentiated PC12 cells were cultured in DMEM containing 10%
FBS, 5% HS for 24 h. The cells were then pre-treated with C1-C4 for
24 h respectively and then incubated with 300 uM SNP for another 9 h.
Cells without the compound treatment were set as the control or SNP
group. Then 10 uM DCFH-DA was co-incubated for 30 min. The medium
was removed, and washed with DMEM 2 times.

2.8. Change in mitochondrial membrane potential

Differentiated PC12 cells were cultured in DMEM containing 10%
FBS, 5% HS for 24 h. The cells were then pre-treated with C1-C4 for
24 h respectively and then incubated with 300 uM SNP for another 9 h.
Cells without the compound treatment were set as the control or SNP
group. Then JC-1 was co-incubated for 20 min. The medium was re-
moved, and washed with JC-1 buffer 2 times.

2.9. SOD, GSH-px, and GSH assay

PC12cells were cultured in 6-well plates for 24 h. The cells were
then pre-treated with C3 (5, 2.5 1.25 uM) for 24 h, and then incubated
with 300 uM SNP for another 24 h. The cells were lysed on ice, then the
lysates were centrifuged at 12,000 g for 5-10 min. The supernatant was
collected to measure the levels of SOD, GSH-px (Beyotime, China) and
GSH (Nanjing Jiancheng Bioengineering Institute, China) according to
the instructions and quantified protein concentration at the same time.

2.10. Western blot analysis

PC12 cells were seeded in six-well plates and treated with different
concentrations of C3 (1.25, 2.5, 5uM) for 12h or 24 h. Cells lysate,
nuclear and cytoplasmic protein extraction kit (containing 1 mM PMSF)
were used to lyse cells to prepare whole cell extracts, nuclear and cy-
toplasmic proteins, respectively. Protein was quantified using BCA
protein quantification kit, and then separated and transferred by gel
electrophoresis as previous methods. The membrane was blocked with
5% skim milk for 2 h at room temperature and then incubated overnight
at 4°C with Nrf2 primary antibody (1:1000). Thereafter, they were
further incubated with the corresponding secondary antibody (1:5000).
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The membrane was incubated with the chemilumines cent kit for 2 min
and the signal was obtained by a developing device. Next, used Image J.
to quantify the bands.

2.11. Inhibitor treatment

PC12cells were incubated with C3 or LY294002 (PI3K/AKT
pathway inhibitor) or co-incubated with LY294002 and C3 for 12 h. The
level of Nrf2 was determined by Western blotting. And incubated with
C3 or LY294002 or co-incubated with LY294002 and C3 for 1 h, drug-
treated cells were further treated with or without 300 uM SNP for 24 h.
Then the cell viability of PC12 cells was determined by MTT assay.

3. Results and discussion
3.1. Primary screening of protective effect of curcumin pyrazole derivatives

NO-mediated oxidative stress has been considered as an important
pathology in many neurodegenerative diseases (Castillo et al., 2000;
Calcerrada et al.,, 2011). NO excessive release will directly lead to
neurotoxicity, participating in a series of neuropathological processes.
Sodium nitroprusside (SNP), is widely used as a NO donor in experi-
mental studies. NO release is caused by reduction of Fe(CN)sNO, anions
in SNP (Wang et al., 2015). Rat pheochromocytoma PC12cells are
commonly used in the study of neurodegenerative diseases (Zheng
et al., 2016). In this study, the SNP-induced cell death model was first
established through optimizing concentration to PC12. Different con-
centration of SNP from 100 to 800 M were incubated with cells for
24 h. As shown in Fig. 2A and 300 uM SNP causing 60% cell death will
be used for the subsequent experiments.

As shown in Fig. 2B and C, compounds with different substituents
behave differently in this assay. The protective effect of 5uM C1-C6 on
SNP-induced cell death was examined by MTT assay as the preliminary
screening. Edaravone and curcumin were used as positive control
agents (Edaravone is known as a free radical scavenger (Lee and Xiang,
2018; Satoh et al., 2002) and used to treat stroke in Japan). The result
showed that C1-C4 can effectively protect cell from death, and have
better activity than both curcumin and edaravone. Among these het-
erocycle derivatives, compounds containing substituent of methoxy
(C1), fluorine (C2), cyano (C3), and chlorine (C4) showed more sig-
nificant effects. In contrast, C5 and C6 showed lower protective effect.

3.2. Cytotoxicity experiment of curcumin pyrazole derivatives

The cytotoxicity experiment then showed that (Fig. 3A and Fig. 3B),
10 uM of C5 and C6 were able to reduce the survival of PC12 cell. These
two compounds didn't show protection in the preliminary experiment.
Such result may be related to the toxicity.

3.3. C1-C4 improved PC12 cells survival against SNP-induced apoptosis

We further evaluated the protective effect of C1-C4 at different
concentrations. As shown in Fig. 4A, these four compounds all showed a
dose-dependent protective effect. Cell vitality was significantly im-
proved at 5uM. Compartively, the cell survival rate of SNP group de-
creased significantly and the low concentration (1.25uM) had no sig-
nificant protection. The potency of 5uM C1-C4 was similar to the
performance of 100 M edaravone. If cells were pretreated with 5 uM of
C1-C4, the cell viability increased to 94.50 * 3.77, 90.37 * 5.26,
93.75 = 1.14, 90.53 + 4.37 (SNP group 58.41 + 1.75). The results
showed that pretreatment with C1-C4 significantly prevented the
PC12cell against SNP-induced apoptosis. There was no obvious dif-
ference between the four compounds.
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3.4. C1-C4 decreased intracellular lactate dehydrogenase (LDH)

It was reported that destruction of the cell membrane structure re-
leases lactate dehydrogenase (LDH), an indicator of cell death (Perez
et al., 2010), from the cytoplasm into the culture fluid. The release rate
of LDH was examined to determine the level of cell injury. Fig. 4B
presents when pretreated with 5puM of C1-C4, the LDH release rate of
cells were distinctly reduced by 32.54 = 0.80, 31.83 + 1.54,
51.67 * 6.44, 41.36 *= 4.60 in contrast to SNP group. The potency of
5uM C1-C4 was similar to the performance of 100 uM edaravone,
which is consistent with MTT assay. From this experiment, C3 was more
active.

3.5. C1-C4 blocked SNP-induced PC12 cell morphological changes

In order to examine the cell morphology change more intuitively,
Hoestch and Rhodamin were performed. The result in Fig. 5 showed
that the cell number, cell density, and morphology were clear in control
group. In contrast, the number of damaged group was less than control
group. Degeneration of cytoplasm (atrophy and round shape) were
obsd, besides nucleus disappeared or were densely stained. Although
the drug groups had some degree of damage, the number of cells were
significantly higher compared to injury group and the morphology was
more clearer. This further proved that these compounds can antagonize
SNP-induced PC12 cells injury. The cell number in the C3 group was the
highest and the morphology was also significantly improved. This result
was consistent with the LDH assay.

3.6. C1-C4 attenuated oxidative damage induced by SNP

Evidence showed that overproduction of reactive oxygen species is
one of the major causes of neurodegenerative diseases. Increased ROS
levels would lead to neuronal cell death through lipid peroxidation and
DNA degradation (Gill et al., 2017). DCFH-DA was used to determine
ROS levels. DCFH-DA can be hydrolyzed into DCFH by intracellular
esterase. DCFH does not penetrate the cell membrane. Active oxygen
can oxidize non-fluorescent DCFH to green-fluorescence DCF and the
green fluorescence intensity is proportional to the level of reactive
oxygen species. As shown in Fig. 6, after 9h of incubation with SNP,
green-fluorescence-enhanced cells were clearly observed in the SNP
group compared to control cell. C1-C4 at 5 uM significantly reduced the
fluorescence intensity. C3 had the significant effect among C1-C4. This
was consistent with the result of the LDH assay.

3.7. Protection of mitochondrial membrane potential of C1-C4

Several aspects of neuronal function are particularly dependent on
cellular energy donated from mitochondria. Excess ROS can destroy the
mitochondrial membrane potential and cause neurodegenetive dis-
eases. Based on that research, more and more neuroprotective agents
target at mitochondrial. We used the JC-1 to detect SNP-induced mi-
tochondrial damage in PC12 cell. In Fig. 7, the red fluorescence of the
normal group was more noticeable than the green fluorescence, in-
dicating that the cell mitochondria was in a healthy state. After treat-
ment with SNP for 9h, green-fluorescence enhanced cells were ob-
served in the SNP-treated cell, suggesting that the mitochondrial
membrane potential (MMP) were destroyed. Pretreated with 5uM C1-
C4, the red fluorescence intensity of cells significantly increased, sug-
gesting MMP had been significantly restored. C1-C4 may enhanced its
neuroprotection through MMP recovery. Among them, C3 was the most
obvious, which is consistent with results above.

3.8. Involvement of Nrf2 for the protection of C3

Transferring of Nrf2 from the cytoplasm to the nucleus is a pre-
requisite for inducing expression of antioxidant genes. We next
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Fig. 2. PC12 cell viability (A) PC12 cells were treated with different doses of SNP followed by incubation for 24 h. (B) PC12 cells were pretreated with 5 pM
edaravone, curcumin and its derivations for 24 h followed by treatment with 300 uM SNP for another 24 h. (C) Cell morphology changes in (B). (Data are expressed as
the mean =+ SD of three replicates ***p < 0.001,**p < 0.01 and *p < 0.5 compared to SNP group).

explored the induction of Nrf2 nuclear translocation of C3. After
treatment with C3 for 12 h and 24 h, we obtained the total cell extracts,
nuclear proteins, and proteoproteins, respectively. The results showed
that the level of nuclear Nrf2 protein was increased while the cytosolic
Nrf2 level decreased, and the change of total Nrf2 was not obvious
between 12h and 24h of C3 treatment (Fig. 8A and Fig. 8E). The
quantitative results were shown in Fig. 8B-D and Fig. 8F-H. These re-
sults indicate that C3 promotes the translocation of Nrf2 to the nucleus.
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To confirm whether Nrf2 is involved in the neuroprotective effects
of C3, PI3K inhibitor LY294002 was used to down-regulate Nrf2 ex-
pression. As shown in Fig. 9A, LY294002 decreased the expression of
total Nrf2. While, western blotting showed that the down-regulation of
LY294002 on Nrf2 expression were reversed by C3. MTT analysis
showed that 5puM C3 showed approximately 25% neuroprotective ac-
tivity compared to the SNP group, which is similar to the results shown
in Fig. 2B. However, the addition of LY294002 resulted in a decrease in
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Fig. 3. The cytotoxicity of curcumin and its derivatives. (A) PC12 cells were co-incubated with 10 uM compounds for 24 h. (B) PC12 cells were co-incubated with

20 uM compounds for 24 h.
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Fig. 4. Effect of C1-C4 and edaravone at three doses on SNP-induced PC12 injury. PC12 cells were pretreated with C1-C4 and edaravone for 24 h followed by

treatment with 300 pM SNP for another 24 h and measured by MTT(A) and LDH (B) assay (Data are expressed as the mean +
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Fig. 5. Confocal images of SNP-induced PC12 cells by 5uM C1-C4 (60X). Cell were pre-treated with 5uM C1-C4 or 10% FBS, 5% HS DMEM for 24 h and then
incubated with or without 300 pM SNP for another 24 h at 37 °C. 10 ug/ml Hoechst and 5pM Rhodamin were co-incubated for 30 min, then detected by Laser
confocal. Rhodamin stained cells showing cytoplasm location. Hoechst stained cells showing nucleus location. Scale bar = 50 pm.

the neuroprotective capacity of C3 for SNP-induced cell death com-
pared to co-treatment with the C3 and SNP groups. These results in-
dicate that the Nrf2 pathway is at least partially involved in the neu-
roprotective effects of C3 on PC12 cells.

Nrf2 is involved in the regulation of antioxidant enzymes and non-
enzymatic antioxidants (Liu et al., 2018; Sha et al., 2015). Antioxidant
defense system is essential for scavenging free radicals, and protecting
protein and DNA from damage. As the main intracellular nonenzymatic
antioxidant, GSH was measured. In addition, GSH-px and SOD (enzy-
matic antioxidants) were also determined. Results form Table 1 show
that the content of GSH-px, SOD and GSH were reduced with the SNP
treatment. However, C3 can improve that concentrations to some ex-
tent. The above results indicated that C3 possessed anti-oxidant activ-
ities in PC12 cells exposed to SNP possibly by regulating Nrf2.

4. Discussion

Neuroprotection is an important strategy for the treatment of NDs,
and the use of neuroprotective agents is a potential approach (Enogieru
et al., 2018). The pathogenesis of NDs is a complex process, and exact
biomarkers and mechanisms are not fully understood (Ning et al., 2014;
Wang et al., 2017). Clinical drugs that are currently widely used are
very limited (Butterfield and Boyd-Kimball, 2018; Fachel et al., 2019)
and have some adverse effects (Enogieru et al., 2018). For example,
memantine hydrochloride, a glutamate receptor antagonist for mod-
erate to severe AD, potentially increase the risk of adverse effects,
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including dizziness, headache, vomiting or agitation (Francois et al.,
2018; Deardorff and Grossberg, 2016). Donepezil hydrochloride is a
palliative medication used to improve the cognitive and behavioral
symptoms of AD patients, with common side effects such as loss of
appetite, gastrointestinal upset, diarrhea, or vomiting (Ruela et al.,
2015). Rasagiline, a novel MAO-B inhibitor for treatment of idiopathic
early PD, may also cause headache, dizziness or orthostatic hypotension
(Solis-Garcia del Pozo et al., 2013; Poewe et al., 2015). In addition,
these drugs are now mainly focused on the symptoms and not the ideal
drugs. (Enogieru et al., 2018).

Previous studies have reported the neuroprotective effects of cur-
cumin (Maiti and Dunbar, 2018), but its clinical application is limited
due to its low in vivo bioavailability (Sun et al., 2017; Bisceglia et al.,
2018). Carbonyl is believed to be the key to reducing the bioavailability
of curcumin (Liang et al., 2009; Zhao et al., 2013), so subsequent stu-
dies have focused on the structure modification including hydroxy
etherification and modification of the B-diketone structure. Studies on
the neuroprotective effects of curcumin and its derivatives have been
reported, and its mechanism of action includes scavenging free radicals,
anti-oxidation (Marta et al., 2018), and anti-inflammatory (Sorrenti
et al., 2018), yet research on signaling pathways has rarely been re-
ported.

Evidence shows that mitochondrial damage and oxidative stress are
the early pathogenesis of various NDs (Elfawy and Das, 2019). In this
work, The neuroprotective effects of compounds were explored from
these two perspectives. We synthesized six curcumin pyrozole
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Control

Fig. 6. Changes in ROS levels (20X). (A) C1-C4 inhibit SNP-induced increase in ROS levels. Pretreated with 5 uM C1-C4 for 24 h, SNP (300 pM) was added for another
9 h. Then 10 uM DCFH-DA was incubated for 30 min. The excitation and emission wavelength was 488 nm and 525 nm respectively. Scale Bar = 50 pm.

compounds and evaluated their neuroprotection on sodium nitroprus- Oxidative stress has been a crucial pathophysiological factor re-
side (SNP) - induced PC12 cell injury by testing cell viability and LDH sulting in nerve cell death in neurodegenerative diseases and free ra-
release, and investigated the pathway of action by preserving mi- dicals are recognized as the main attackers (Losada-Barreiro and Bravo-
tochondria function and Nrf2 signal in PC12 cell. Diaz, 2017). Free radicals include reactive oxygen (ROS) and nitrogen

Control

Fig. 7. C1-C4 restored SNP-induced Mitochondrial Membrane Potential in PC12 Cells (20X). After pretreated with 5uM C1-C4 for 24 h, SNP (300 pM) was added for
another 9 h. Mitochondrial membrane potential was determinated using JC-1 dye. Scale Bar = 50 um.
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Fig. 8. C3 promoted Nrf2 nuclear translocation. PC12 cells were treated with C3 (5, 2.5, 1.25 uM) for 12 or 24 h. Nuclear Nrf2, cytosolic Nrf2, and total Nrf2 were
analyzed by Western blots. (A) PC12 cells were treated with C3 for 12 h. (E) PC12 cells were treated with C3 for 24 h. Quantification of the blots is shown in panels
B-D and F-H. Results from three independent experiments are expressed as means = SD. ***p < 0.001,**p < 0.01 and *p < 0.5 vs the control group.
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Fig. 9. Nrf2 is involved in the cytoprotection of C3. (A) Validation of Nrf2 levels of LY294002 in PC12 cells. (B) Quantification of the blot in A. (C) PI3K inhibitor

LY294002 attenuated C3 neuroprotection in PC12 cells.

Table 1

Effect of C3 on GSH, GSH-px and SOD on SNP-treated PC12 cells
(Mean * S.D.). Cells were pre-treated with C3 (5, 2.5 1.25 uM) for 24 h, and
then incubated with 300 uM SNP for another p24 h. The cells were lysed on ice
and the supernatant was collected to measure the levels of SOD, GSH-px and
GSH according to the instructions and quantified protein concentration at the
same time. Results from three independent experiments are expressed as
means + SD. **p < 0.01 and *p < 0.5 vs the control group;**p < 0.01 and
#p < 0.5 vs the SNP group.

GSH(nM/mg) GSH-px (mU/mg) SOD (U/mg)
Control 88.82 = 0.70 50.46 + 0.68 34.47 + 1.45
SNP (300 puM) 49.22 + 1.18**  38.15 + 1.80%* 19.58 + 1.15%
SNP + C3 (1.25 uM)  54.02 * 3.16 38.97 + 2.57 20.37 + 0.51
SNP + C3 (2.5 uM)  61.86 * 4.62 41.70 + 3.72 28.14 + 2.97
SNP + C3 (5 uM) 67.04 = 1.86% 48.21 + 0.76"* 28.23 + 1.24%

88

(RNS) species (Li et al., 2015; Satta et al., 2017). Nitric oxide (NO), a
RNS, has been considered as an important neuromodulator and in-
volved in many pathological processes (Li et al., 2013). NO is associated
with brain damage and early neurological deterioration, including
acute ischemic stroke or other neurologically related diseases (Zheng
et al., 2016; Chung, 2010). Excessive free radicals can cause damage to
protein and DNA, which ultimately leads to cell death. Therefore,
searching for antioxdant candidates is becoming a promising approach
to recover neurodegenerative disorder (Panahi et al., 2017; Velusamy
et al., 2017). In this study, after SNP treatment, ROS production was
augmented and more PC12 cells were dying. However, MTT and LDH
assays showed C1-C4 can reversed the effects of SNP on PC12 in a
concentration manner. 5 pM of C1-C4 treatment improved cell viability
by about 30% which are better than curcumin, and could decrease ROS
intensity distinctly.
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Mitochondria plays a key role in cell life cycle by providing suffi-
cient energy for cellular activity (Chien et al., 2018). It's an electron
transport center that is susceptible to oxidative damage which can
cause mitochondrial dysfunction. Mitochondrial dysfunction also con-
tributes to NDs pathology (Chan et al., 2016). Mitochondrial ROS in-
tensifys lipid peroxidation, DNA and protein damage in the substantia
nigra cells, finally resulting in loss of DA neurons in PD (Kim et al.,
2016). MMP directly reflects the condition of mitochondria (Lv et al.,
2017). Our result showed ROS-mediated damage during SNP treatment
is able to impair MPP, which could be repaired by C1-C4 pretreatment.
Results indicates that curcumin pyrozole compounds protect damaged
neuron by scavenging free radicals and stabilizing mitochondrial
membranes by targeting mitochondria. The result provides a new proof
for the novel neuroprotective agents that exert neuroprotective effects
by targeting mitochondria.

Nrf2 is a transcription factor and is taken for regulating the ex-
pression of antioxidant genes. When cells were activated by oxidative
stress, Nrf2 would translocate to the nucleus. Nrf2 is involved in the
protection of neurons, which is detected abnormal or insufficient in
NDs. Activation of Nrf2 has been an interest in protecting against
neurodegenerative diseases. Endogenous antioxidants such as GSH-px,
SOD (enzymatic defense) and GSH (non-enzymatic defense) activities
can be boosted by activating Nrf2 signaling pathway (Liu et al., 2018;
Sha et al., 2015). SOD which is an important antioxidant enzyme in
living organisms, is a naturally occurring superoxide radical scavenger.
GSH-px enable to eliminate peroxides in cells and plays a key role in
protecting cells from free radical attack. GSH can bind to peroxides and
free radicals to protect thiols and thiolase from damage. These enzymes
and non-enzymatic antioxidant defense systems play key roles in the
development of oxidative stress. In our results, C3 significantly in-
creased the levels of Nrf2 in nucleus at 12h and 24 h and it can also
reverse the effect by PI3K inhibitor LY294002 to some extent. The
concentrations of GSH, GSH-px and SOD were remarkably decreased by
the treatment of SNP, but C3 can increase them. These results suggested
that curcumin pyrozole compound could protect damaged neuron via
the Nrf2 pathway. It also provides evidence that novel neuroprotective
agents activate Nrf2 pathway and enhance the antioxidant defense
system to provide neuroprotection.

5. Conclusions

In this work, we evaluated the neuroprotective effects of six cur-
cumin pyrazole derivatives on their antioxidant effect in SNP-induced
PC12 neuron. Results showed that 5puM C1-C4 can antagonize SNP-
mediated PC12 cell death and effectively reduce reactive oxygen spe-
cies (ROS) levels. Additionally C1-C4 are more effective compared to
curcumin and edaravone, and C3 is the most active compound which
may be related to electron-withdrawing substituent. Our results also
revealed that the protective effect of C3 is related to the protection of
mitochondria and Nrf2 signaling pathway. In conclusion, C3 may be a
potential candidate compound for neuroprotectant in the future.
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