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Abstract. Oxidative stress is a pathophysiological condition 
resulting in neurotoxicity, which is possibly associated with 
neurodegenerative disorders. In this study, the antioxidative 
effects of the antioxidant astaxanthin (AXT) in combination 
with huperzine A (HupA), which is used as a cholinesterase 
inhibitor for the treatment of Alzheimer's disease, were 
investigated. PC12 cells were treated with either tert‑butyl 
hydroperoxide (TBHP), or with the toxic version of β‑amyloid, 
Aβ25‑35, to induce oxidative stress and neurotoxicity. Cell 
viability, morphology, lactate dehydrogenase (LDH) release, 
intracellular accumulation of reactive oxygen species (ROS), 
superoxide dismutase (SOD) activity and malondialdehyde 
(MDA) content were determined, while neuroprotection was 
also monitored using an MTT assay. It was found that combining 
AXT with HupA significantly increased the viability of PC12 
cells, prevented membrane damage (as measured by LDH 
release), attenuated intracellular ROS formation, increased 
SOD activity and decreased the level of MDA after TBHP 
exposure when compared to these drugs administered alone. 
Pretreatment with HupA and AXT decreased toxic damage 
produced by Aβ25‑35. These data indicated that combining an 
antioxidant with a cholinesterase inhibitor increases the degree 
of neuroprotection; with future investigation this could be a 
potential therapy used to decrease neurotoxicity in the brain.

Introduction

Oxidative stress reflects a disruption in the balance between 
antioxidant defences and the production of reactive oxygen 
species (ROS) (1). These ROS are produced by cell metabolism, 
and affect systemic and tissue immunity, and signal transduc-
tion  (2). The accumulation of ROS instigates cell damage 
and death, thus contributing to neuropathology  (3). This 
can lead to neurodegenerative diseases, such as Alzheimer's 
disease (AD) and Parkinson's disease (4‑7). One of the major 
symptomatic treatments of AD is to downregulate acetylcho-
linesterase (AChE), thereby increasing acetylcholine in the 
brain (8). The drugs employed are AChE inhibitors, including 
donepezil and tacrine. However, these are linked to a number 
of side effects such as diarrhea, nausea and anorexia  (9). 
Huperzine A (HupA), as shown in Fig. 1A, has been isolated 
from the herb Lycopodium serratum, which is widely used 
in traditional Chinese medicine (10). HupA has been shown 
to alleviate oxidative stress and improve cognitive function 
in the elderly (11‑19). Oxidative stress impairs cholinergic 
neurotransmission, therefore potentially accelerating cogni-
tive decline (20). Thus, antioxidants may add to therapeutic 
strategies to attenuate neurotoxicity, improving neurological 
outcomes in neurodegenerative pathologies. Astaxanthin 
(AXT; C40H52O4; Fig. 1B) is an antioxidative carotenoid found 
in a variety of species, including crustaceans, fish, algae, yeast 
and bird feathers (21). The antioxidant capacity of AXT is 
~1.5X that of vitamin E (22). This study reports on previously 
unknown findings concerning the synergistic antioxidative 
effects of combining AXT and HupA, using a previously 
established screening system to characterize therapeutic 
agents that can scavenge free radicals and protect cells from 
tert‑butyl hydroperoxide (TBHP) (23).

Materials and methods

Chemicals. HupA and AXT (>98% in purity) were purchased 
from Sichuan Weikeqi Biological Technology Co., Ltd. 
TBHP solution was purchased from Shanghai Macklin 
Biochemical Co., Ltd. Dulbecco's modified Eagle's medium 
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(DMEM), fetal bovine serum (FBS) and 0.25% (w/v) 
trypsin solution were purchased from Gibco; Thermo Fisher 
Scientific, Inc. Aβ25‑35 was purchased from BIOSS. MTT 
and 2,7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA) 
were purchased from Sigma‑Aldrich; Merck KGaA. Kits for 
superoxide dismutase (SOD; cat no. A001‑1), lactate dehydro-
genase (LDH; cat no. BC2025) and malondialdehyde (MDA; 
cat no. A 003‑1) were purchased from Nanjing Jiancheng 
Bioengineering Institute Co., Ltd. All other chemicals were of 
analytical grade.

Cell culture and drug treatment. PC12 cells obtained from 
the Shanghai Institute of Cell Biology, Chinese Academy of 
Sciences were cultured in DMEM supplemented with 10% 
FBS, 1% antibiotics (penicillin and streptomycin) at 37˚C 
in a humidified atmosphere of 95% air and 5% CO2. HupA 
and AXT were dissolved in dimethyl sulfoxide (DMSO) and 
diluted to 1 mM with serum‑free DMEM.

TBHP‑induced cell injury model. PC12 cells were seeded 
in 96‑well plates at a density of 5x103 cells/well for 24 h. 
TBHP was freshly prepared from 30% stock solution prior to 
each experiment. Seeded cells were incubated with different 
concentrations (25, 50, 100, 200, 300, 400 and 500 µM) of 
TBHP for 24 h at 37˚C. Subsequently, 20 µl MTT solution 
(5 mg/ml) was added for 4 h at 37˚C. Finally, the supernatant 
was removed and the formazan crystals were dissolved in 
150 µl DMSO. The amount of formazan was measured at 
570 nm in a microplate reader (BioTek Instruments, Inc.), 
with the formula: Cell viability (%)=absorption value experi-
mental group/absorption value of control group x100%. Cell 
viability in the control cells was expressed as 100%. The 
protective effect of HupA and AXT was quantified in the 
same conditions while cells were incubated with different 
concentrations of HupA (0.625, 6.25, 62.5, 125, 250, 500 
and 1,000 µM) or AXT (0.01, 0.1, 1 and 20 µM) for 24 h at 
37˚C. The cell viability was determined by an MTT assay as 
described above.

Cells in the TBHP‑induced injury model were incubated 
in separate groups: Control group (culture medium), model 
group (culture medium), HupA group (0.625, 6.25, 62.5, 125, 
250 and 500 µM) and AXT group (0.01, 0.1, 1 and 10 µM) for 
24 h at 37˚C. Subsequently, 100 µM TBHP was added to all 
groups, except the control group which contained only culture 
medium, for 24 h. Finally, cell viability was determined via 
an MTT assay. Subsequently, the optimal effective concentra-
tions of HupA and AXT were selected. PC12 cells were then 
incubated in separate groups with different conditions: Control 
group (culture medium), model group (culture medium), HupA 
group (500 µM), AXT group (0.1 µM) and HupA + AXT 
group (500 + 0.1 µM) for 24 h at 37˚C. This was followed by 
the addition of 100 µM TBHP to all groups, except the control 
group, for 24 h. Finally, the cell viability was determined via 
an MTT assay.

Morphological assay. The cells were incubated at 37˚C in 
separate groups: Control group, model group, HupA group 
(500 µM), AXT (0.1 µM) group and HupA + AXT group 
(500 µM + 0.1 µM). After processing, the cells were fixed by 
paraformaldehyde for 15 min at room temperature. The cellular 

morphological changes were stained by hematoxylin‑eosin 
staining for 15 min at room temperature and were examined 
under an inverted phase contrast microscope at a magnifica-
tion of x400 (Nikon Corporation).

LDH content in supernatant of culture medium. PC12 cells 
were seeded into 6‑well plates, with 2.5x105 cells/well. After 
treatment as described above in the Morphological assay 
section, supernatant of the culture medium was collected 
to evaluate the LDH content. All samples were detected 
according to the manufacturer's protocols.

Measurement of ROS production. Intracellular accumulation 
of ROS was measured using DCFH‑DA. PC12 were seeded 
into 6‑well plates with 2.5x105 cells/well. After treatment, 
DCFH‑DA (10 µM) was added at 37˚C for 30 min in the 
dark. Thereafter, the cells were washed twice with PBS and 
harvested. The intracellular ROS levels were measured by 
flow cytometry. The mean fluorescence intensity was analyzed 
using NovoExpress 1.2.1 data analysis software (ACEA 
Biosciences). All experiments were performed at least three 
times.

Total SOD (T‑SOD) and MDA content assays. After treat-
ment, PC12 cells were harvested and washed with ice‑cold 
PBS twice. The T‑SOD content and MDA activity in cell 
homogenates were determined according to the manufacturer's 
protocols.

Ah25‑35‑induced cell injury. Aβ25‑35 was dissolved in sterilized 
PBS at a concentration of 1 mM and incubated for 7 days 
at 37˚C for aggregation. The solution was diluted in culture 
medium prior to each experiment. PC12 cells were seeded in 
96‑well plates at a density of 5x103 cells/well for 24 h. Then, 
cells were incubated with different concentrations (5, 10, 20 
and 40 µM) of Aβ25‑35 for 24 h at 37˚C. Subsequently, MTT 
(20 µl) solution (5 mg/ml) was added to each well for 4 h at 
37˚C. Finally, the supernatant was removed and the formed 
formazan crystals were dissolved in 150 µl DMSO, and the 
plate was shaken for 10 min. Afterwards, the amount of the 
formazan was measured spectrophotometrically at 570 nm.

PC12 cells were cultured on 96‑well plates and pretreated 
with HupA (0.625, 6.25, 62.5, 125, 250 and 500 µM) or AXT 
(0.01, 0.1, 1 and 10 µM) for 24 h before the introduction of 
Aβ25‑35 (20 µM). Cell viability was determined using an MTT 
assay. Subsequently, the optimal effective concentrations 
of HupA and AXT were selected. Cells were incubated and 
separated in groups with different conditions: Control group 
(culture medium), model group (culture medium), HupA group 
(250 µM), AXT group (0.1 µM) and HupA + AXT group (250 
+ 0.1 µM) for 24 h at 37˚C. Subsequently, Aβ25‑35

 (20 µM) 
was added to all groups, except the control group, for 24 h. 
Finally, the cell viability was determined via an MTT assay as 
aforementioned.

Statistical analysis. All results were expressed as the 
mean ± SEM and analyzed by SPSS 17.0 (SPSS, Inc.). The 
statistical significance of the differences between groups was 
analyzed by one‑way ANOVA followed by Tukey's post hoc 
test. P<0.05 was considered significant.
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Figure 1. Chemical structure and cytotoxicity on the cell viability of PC12 cells. (A) Chemical structure of HupA and (B) Chemical structure of AXT. 
(C) Effect of the cytotoxicity of TBHP and (D) HupA on the cell viability of PC12 cells. Data are presented as the mean ± SEM; n=6/group, ***P<0.001 vs. 
control group. HuPA, huperzine A; AXT, astaxanthin; TBHP, tert‑butyl hydroperoxide.

Figure 2. Cytotoxicity or neuroprotective effect on PC12 cells. (A) Effects of the cytotoxicity of AXT on PC12 cells. (B) Neuroprotective effect of HupA, 
(C) AXT and (D) HupA + AXT on PC12 cells after 24 h exposure to TBHP. Data are presented as the mean ± SEM; n=6/group, *P<0.05, **P<0.01, ***P<0.001 
vs. model group; &&P<0.01 vs. HupA + AXT group. AXT, astaxanthin; HupA, huperzine A; TBHP, tert‑butyl hydroperoxide.
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Results

HupA and AXT have protective effects in the TBHP injury 
model. Incubation of PC12 cells with TBHP (100 µM) for 
24  h reduced cell survival to 59.35±1.22% of the control 
value (Fig. 1C). In subsequent experiments, PC12 cells were 
pretreated with HupA or AXT for 24 h, with a subsequent 
addition of TBHP (100  µM) for 24  h. Exposure of PC12 
cells to different concentrations of HupA (0.625, 6.25, 62.5, 
125, 250 and 500 µM) and AXT (0.01, 0.1, 1 and 20 µM) in 
control conditions had no significant effect on cell survival 
(Figs.  1D  and  2A), but a significant effect was observed 
at 1,000 µM HupA (Fig. 1D). This is due to DMSO being 
cytotoxic at certain concentrations. As presented in Fig. 2B, 
90.75±1.67% (86.86±1.66%) of the cultured cells survived 
after 24 h treatment with 500 µM (250 µM) HupA, which 

meant that 250‑500 µM HupA had protective effects against 
TBHP toxicity and that the most effective concentration of 
HupA was 500 µM. In Fig. 2C, 101.80±2.61% of the cultured 
cells survived after 24 h treatment with AXT (0.1 µM), so 
these concentrations were selected for use in the subsequent 
experiments. Cell viability of cells incubated with TBHP in the 
presence of HupA (500 µM), AXT (0.1 µM) and HupA + AXT 
(500 µM + 0.1 µM) was respectively 90.89±2.62, 89.73±2.29 
and 101.34±0.51% of the control (Fig. 2D).

The morphology of the cultured cells was assessed using 
transmitted phase‑contrast microscopy. The control group 
showed round cell bodies with clear edges and fine dendritic 
networks (Fig.  3A). Incubation with TBHP (100  µM) for 
24 h induced the shrinkage of cell bodies and the disruption 
of dendritic networks, indicating that the cell injury model 
was successively established by TBHP induction (Fig. 3B). 

Figure 3. Effects of HupA and AXT on TBHP‑induced morphological alterations of PC12 cells (magnification, x400). (A) Normal control without TBHP, 
(B) TBHP treatment, (C) HupA plus TBHP treated group, (D) AXT plus TBHP treated group and (E) HupA + AXT plus TBHP treated group. Cell morphology 
of PC12 cells was detected using an inverted phase contrast microscope. AXT, astaxanthin; HuPA, huperzine A; TBHP, tert‑butyl hydroperoxide.

Table I. Effects of HupA and AXT on LDH, SOD and MDA content in PC12 cells.

Group	LD H (U/l)	 SOD (U/ml)	 MDA (nmol/ml)

Control	 145.57±12.11c	 46.27±2.11c,f	 0.96±0.46c,e

Model	 313.42±9.55	 16.29±1.80	 3.85±0.22
TBHP + HupA	 229.77±9.26c,e	 19.33±2.46a,f	 3.43±0.13f

TBHP + AXT	 201.28±13.81c,d	 23.09±1.65b,d	 2.38±0.19c,e

TBHP + HupA + AXT	 162.37±9.04c	 29.44±2.12c	 1.67±0.11c

aP<0.05, bP<0.01, cP<0.001 vs. Model group; dP<0.05, eP<0.01, fP<0.001 vs. TBHP + HupA + AXT group. AXT, astaxanthin; HupA, huperzine 
A; LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase; TBHP, tert‑butyl hydroperoxide.
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Following HupA, AXT and HupA + AXT pretreatment, these 
morphological manifestations marking cell damage in cells 
were alleviated, indicating that HupA, AXT and HupA + AXT 
may be able to prevent cell morphology damage by TBHP 
(Fig. 3C‑E).

Measurement of LDH production. As shown in Table I, the 
concentration of LDH in the model group (313.42±9.55 U/l) was 
significantly higher than in the control group (145.57±12.11 U/l; 
P<0.001, n=3). However, both HupA (229.77±9.26 U/l) and 
AXT (201.28±13.81 U/l) groups were lower than the model 
group (P<0.001, n=3). Moreover, the HupA + AXT group 
(162.37±9.04) was significantly lower than the HupA group 
(P<0.01, n=3) and AXT group (P<0.05, n=3). These results 
indicated that while HupA or AXT could inhibit cell death 
caused by TBHP, the protective effect of HupA combined with 
AXT is higher than that of either HupA or AXT alone.

HupA + AXT decreases intracellular ROS accumulation 
in the TBHP injury model. As presented in Figs. 4 and 5, 
the intracellular ROS level of PC12 cells measured by flow 
cytometry was visibly increased after being exposed to 
TBHP (100 µM) for 24 h (Fig. 4C; Fig. 4A was the control 
group without DCFH‑DA and Fig. 4B was the control group 
with DCFH‑DA). However, with the pretreatment of HupA, 
AXT and HupA + AXT, the ROS levels were reduced from 
68.07±6.56% in the model group to 11.91±0.79% (P<0.05, n=3; 

Fig. 4D), 11.67±0.75% (P<0.05, n=3; Fig. 4E) and 6.12±0.82% 
(P<0.05, n=3; Fig. 4F), respectively. The HupA + AXT group 
is significantly lower than the HupA (P<0.05, n=3) and AXT 
group (P<0.05, n=3). This further demonstrated the increased 
protective effect of combining HupA and AXT.

Effects of HupA and AXT on MDA content and T‑SOD 
activity in PC12 cells. As shown in Table I, in the presence 

Figure 4. Effect of HupA and AXT on TBHP‑induced intracellular accumulation of reactive oxygen species. Cells were maintained in (A) culture medium 
without 2,7'‑dichlorodihydrofluorescein diacetate, (B) culture medium, (C) TBHP, (D) TBHP + HupA, (E) THBP + AXT, (F) THBP + HupA + AXT. AXT, 
astaxanthin; HuPA, huperzine A; TBHP, tert‑butyl hydroperoxide.

Figure 5. Quantification of flow cytometry. Data were presented as the 
mean ± SEM of three independent experiments. *P<0.05 vs. Model group; 
&P<0.05 vs. HUPA + AXT group. AXT, astaxanthin; HuPA, huperzine A.

https://www.spandidos-publications.com/10.3892/mmr.2020.10920


YANG et al:  NEUROPROTECTIVE EFFECTS OF HUPERZINE A AND ASTAXANTHIN COMBINATION1048

of TBHP, MDA levels were increased from 0.96±0.46 to 
3.85±0.22 nmol/ml (P<0.001, n=3), while SOD levels were 
decreased from 46.27±2.11 to 16.29±1.80 U/ml (P<0.001, n=3). 
Pre‑incubation with HupA significantly decreased the level of 
MDA to 3.43±0.13 nmol/ml and increased the activity of SOD 
to 19.33 U/ml (P<0.05, n=3). Pre‑incubation with AXT signifi-
cantly decreased the level of MDA to 2.38±0.19 (P<0.001, 
n=3) and increased the activity of SOD to 23.09±1.65 (P<0.01, 
n=3). The MDA level of HupA + AXT group (1.67±0.11) was 
significantly lower than the HupA (P<0.001, n=3) and AXT 
group (P<0.01, n=3). The SOD level of the HupA + AXT group 
(29.44±2.12) was significantly higher than the HupA (P<0.001, 
n=3) and AXT group (P<0.01, n=3), thus indicating again that 
HupA and AXT in combination are more effective than when 
used alone.

HupA and AXT decrease Aβ25‑35‑induced cytotoxicity. As 
shown in Fig. 6A, the cell viability of PC12 cells after treat-
ment with 5, 10, 20 and 40 µM of Aβ25‑35 was 89.36±3.26, 
66.51±2.26, 55.29±0.46 and 46.94±2.32% of the control 
groups, respectively (n=5). Based on the results above, 
the concentration of 20  µM Aβ25‑35 was used for further 
studies. After pretreatment with HupA (250 µM) and AXT 
(0.1  µM) cell viability was 79.85±1.27 and 71.89±1.97%, 
(Fig. 6B and C), respectively. Although there was no statistical 
difference in viability between the 250 and 500 µM HupA 
group (Fig. 6B), the cell viability in the 250 µM group was still 

higher than in the 500 µM group. So, 250 µM was chosen as 
the optimal dose in the Aβ25‑35‑induced PC12 cell model study. 
To determine whether the combination of HupA and AXT had 
a better neuroprotective effect than HupA or AXT alone, the 
optimal effective concentrations of HupA (250 µM) and AXT 
(0.1 µM) were selected. Fig. 6D showed that pretreatment with 
HupA, AXT and HupA + AXT increased the cell viability to 
78.09±1.84, 72.17±1.21 and 86.21±1.51% (n=5).

Discussion

Oxidative stress contributes to the progression of neurode-
generation by increasing neuronal cell death (20). Therefore, 
the elimination of excess ROS or an increase in the capacity 
of endogenous antioxidative activity may provide a rational 
strategy in the treatment of neurodegenerative diseases (24). 
The pathogenesis of neurodegenerative diseases involves 
multiple mechanisms, so a combination of two or more drugs 
with different targets may be advantageous over single drug 
treatments (25,26).

Pre‑treatment with HupA and AXT significantly reduced 
cell death in the TBHP injury model. Furthermore, combining 
HupA and AXT was more effective compared with the 
administration of a single drug. However, there is a potential 
limitation of the study. In Fig. 2C, the optimal dose of AXT 
combined with TBHP was determined to be 0.1 µM, with a 
cell viability of 101.80±2.61%, but in Fig. 2D, the cell viability 

Figure 6. Cytotoxicity or neuroprotective effect on PC12 cells. (A) Effects of the cytotoxicity of Aβ25‑35 on the cell viability of PC12 cells. Data are presented as 
the mean ± SEM; n=6/group. **P<0.01, ***P<0.001 vs. control group. Neuroprotective effect of (B) HupA, (C) AXT and (D) HupA + AXT on PC12 cells after 
24 h exposure to Aβ25‑35. Data were presented as the mean ± SEM; n=6/group. *P<0.05, **P<0.01, ***P<0.001 vs. model group; &P<0.05, &&P<0.01 vs. HupA + 
AXT group. AXT, astaxanthin; HuPA, huperzine A; TBHP, tert‑butyl hydroperoxide.
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was 89.73±2.29% following treatment with 0.1 µM AXT + 
TBHP. This shows a discrepancy between the AXT treatment 
groups despite using the same optimal dose (0.1 µM). Because 
AXT was dissolved in DMSO and it was diluted to 1 µM with 
serum‑free DMEM as the original liquid, it is possible that the 
AXT used in Fig. 2D was partially decomposed due to its long 
time in storage.

According to cell morphological analysis, TBHP can cause 
a disruption to dendritic networks and the shrinkage of cell 
bodies; HupA and AXT can rescue both of these impairments. 
Another effect of TBHP toxicity is associated with increased 
levels of LDH, which disrupts cell membrane permeability (27). 
Incubation with TBHP increased the concentrations of LDH in 
the culture medium, whereas HupA and AXT reduce LDH. 
These results demonstrated that HupA and AXT can protect 
PC12 cells from oxidative damage; however, it is the combina-
tion of both drugs that offers the higher degree of protection.

Another mechanism by which HupA and AXT exert their 
antioxidant effects may be associated with direct ROS scavenging. 
Levels of intracellular ROS were determined by monitoring the 
conversion of DCFH‑DA to dichlorofluorescein (DCF). The 
fluorescent signal of DCF was enhanced in the TBHP injury 
model, while this increase in fluorescence was notably alleviated 
by pre‑treatment with HupA and AXT. These results suggested 
that the antioxidant effects of HupA and AXT could result from 
the inhibition of intracellular ROS production. Again, combining 
both drugs increased the degree of antioxidative protection.

Oxidative damage caused by ROS is usually accompanied 
by an increase in lipid peroxidation (28). MDA was used as an 
index to estimate the degree of lipid peroxidation (29). SOD is 
regarded as an important protective system to prevent damage 
caused by ROS  (30); in the TBHP injury model the SOD 
activity was decreased, whereas MDA levels were increased. 
Pretreatment of cells with HupA and AXT reversed these 
changes, indicating that the enhancement of SOD activity and 
the inhibition of lipid peroxides may represent another antioxi-
dant mechanism of HupA and AXT.

In order to further verify the relationship between oxidative 
stress and neurotoxicity, the degree of protection of HupA and 
AXT on the Aβ25‑35‑treated PC12 AD cells model was evalu-
ated via an MTT assay. Results indicated that HupA and AXT 
increased cell viability, especially when used in combination.

In summary, this study demonstrated that HupA and 
AXT protected PC12 cells against TBHP‑induced cell oxida-
tive stress and against Aβ25‑35 toxicity. Combining both of 
these drugs further increased the degree of cell protection. 
Therefore, a therapeutic combination of HupA and AXT could 
be beneficial in the treatment of AD and other neurodegenera-
tive diseases.
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