
lable at ScienceDirect

J Ginseng Res 45 (2021) 473e481
Contents lists avai
Journal of Ginseng Research

journal homepage: https: / /www.sciencedirect .com/journal / journal-of -ginseng-
research/
Research article
Ginsenosides attenuate bioenergetics and morphology of
mitochondria in cultured PC12 cells under the insult of amyloid beta-
peptide

Kenneth Kin Leung Kwan a,b, Huang Yun a,b, Tina Ting Xia Dong a,b,
Karl Wah Keung Tsim a,b,*

a Shenzhen Key Laboratory of Edible and Medicinal Bioresources, Shenzhen Research Institute, Hi-Tech Park, Nanshan, Shenzhen, China
bDivision of Life Science and Center for Chinese Medicine, The Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China
a r t i c l e i n f o

Article history:
Received 4 July 2020
Received in Revised form
14 September 2020
Accepted 21 September 2020
Available online 1 October 2020

Keywords:
Alzheimer disease
Extracellular flux analyzer
Panax ginseng
Mitochondrial dynamics
ROS
* Corresponding author. Division of Life Science, Ce
China

E-mail address: botsim@ust.hk (K.W.K. Tsim).

https://doi.org/10.1016/j.jgr.2020.09.005
p1226-8453 e2093-4947/$ e see front matter� 2020
license (http://creativecommons.org/licenses/by-nc-n
a b s t r a c t

Background: Mitochondrial dysfunction is one of the significant reasons for Alzheimer's disease (AD).
Ginsenosides, natural molecules extracted from Panax ginseng, have been demonstrated to exert essential
neuroprotective functions, which can ascribe to its anti-oxidative effect, enhancing central metabolism
and improving mitochondrial function. However, a comprehensive analysis of cellular mitochondrial
bioenergetics after ginsenoside treatment under Ab-oxidative stress is missing.
Methods: The antioxidant activities of ginsenoside Rb1, Rd, Re, Rg1 were compared by measuring the cell
survival and reactive oxygen species (ROS) formation. Next, the protective effects of ginsenosides of
mitochondrial bioenergetics were examined by measuring oxygen consumption rate (OCR) in PC12 cells
under Ab-oxidative stress with an extracellular flux analyzer. Meanwhile, mitochondrial membrane
potential (MMP) and mitochondrial dynamics were evaluated by confocal laser scanning microscopy.
Results: Ginsenoside Rg1 possessed the strongest anti-oxidative property, and which therefore provided
the best protective function to PC12 cells under the Ab oxidative stress by increasing ATP production to 3
folds, spare capacity to 2 folds, maximal respiration to 2 folds and non-mitochondrial respiration to 1.5
folds, as compared to Ab cell model. Furthermore, ginsenoside Rg1 enhanced MMP and mitochondrial
interconnectivity, and simultaneously reduced mitochondrial circularity.
Conclusion: In the present study, these results demonstrated that ginsenoside Rg1 could be the best
natural compound, as compared with other ginsenosides, by modulating the OCR of cultured PC12 cells
during oxidative phosphorylation, in regulating MMP and in improving mitochondria dynamics under
Ab-induced oxidative stress.
� 2020 The Korean Society of Ginseng. Publishing services 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

Alzheimer's disease (AD) is classified as deterioration of
learning, language and memory functions, especially in the elderly.
In addition, AD is an irreversible and progressive neuronal failure.
Amyloid plaque and neurofibrillary tangle are the significant bio-
markers being identified in AD brain tissues [1]. Beta-amyloid
peptide (Ab), the basic unit of amyloid plaque, has been consid-
ered one of the essential elements in progression of AD [2].
Therefore, Ab has been considered as one of the essential causative
events during AD pathogenesis [3]. Although the detailed
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mechanism of Ab-induced neurotoxicity has not entirely under-
stood, several lines of evidence suggest that mitochondrial
dysfunction could be caused by Ab neurotoxicity driving to exces-
sive ROS formation, as well as reduction of cytochrome c oxidase
activity, mitochondrial respiratory chain and ATP formation [4]. As
a result, therapeutic intervention related to mitochondrial bio-
energetics may assist in preventing the Ab-induced neurotoxicity in
AD patients. Recently, the pharmacological treatment of AD pa-
tients primarily consists of two types of medicine, i.e., acetylcho-
linesterase inhibitor and glutamate modulator [5]. Unfortunately,
practical approaches in slowing down the progression of AD have
ng Kong University of Science and Technology, Clear Water Bay Road, Hong Kong,

lishing services by Elsevier B.V. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:botsim@ust.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgr.2020.09.005&domain=pdf
www.sciencedirect.com/science/journal/12268453
http://www.ginsengres.org
http://www.ginsengres.org
https://doi.org/10.1016/j.jgr.2020.09.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgr.2020.09.005
https://doi.org/10.1016/j.jgr.2020.09.005


J Ginseng Res 2021;45:473e481474
yet to be found. Searching for safer, better tolerated, less side-effect
and effective medicine for AD treatment, therefore, remains an
essential area of drug discovery.

The root of Panax ginseng is referring to Korean and Chinese
ginseng, and which is a highly valued herbal medicine extensively
utilized in Asian countries for different beneficial effects, including
anti-inflammatory, anti-cancer, cardioprotective and reduction of
peripheral vascular disease [6]. In the clinical practices, ginseng
extracts attenuated ROS in patients suffering from cardiovascular
diseases: these beneficial effects were suggested to be interceded
by anti-oxidative and chelating functions of different ginsenosides
[7]. The antioxidant property of ginsenoside depends on the func-
tion group on aglycone. For example, ginsenoside Rb1, Rb3, Rd, Re,
Rg1 and Rh1 have been proposed as anti-oxidative compounds [8].
Currently, several studies have demonstrated significant efficacies
of ginseng extract and its ginsenosides in AD treatment both in cell
and animal models [9]. In clinical practices, AD patients receiving
ginseng showed considerable improvement [10]. Besides, the
treatment of ginsenoside showed remarkable protection of loss of
memory in aged mouse model by reducing oxidative stress and
modulating plasticity-related proteins and neurotrophic factors
[11]. Ginsenoside Rb1, Rg1, Rg2, Rg3, as well as gintonin, showing
strong effects against neuronal failure could be mediated by ROS
signaling [12]. Apart from antioxidant properties, the protection of
ATP-generation capacity was believed to be one of the action
mechanisms of ginsenoside under Ab-induced neurotoxicity [13].
In mitochondrial bioenergetics, ATP production is referring to spare
capacity, which has been closely related to cell proliferation, health
and flexibility [14]. Moreover, the maximal OCR of mitochondria is
affected by basal respiration. Although the abilities of ginseng to
reduce ROS formation and to enhance ATP synthesis in neurons
have been shown [15], the functions of ginsenoside in mitochon-
drial bioenergetics of a live cell remains mysterious due to the
technical constraint.

To obtain comprehensive understanding of ginsenoside in
mitochondrial bioenergetics of neuron under Ab treatment, the key
elements of oxidative phosphorylation were measured with an
extracellular flux analyzer by monitoring energy metabolism of
living cell. Besides, MMP and mitochondrial dynamics were
examined by using laser confocal scanning microscopy. Thus, the
preventive measures of ginsenoside to Ab-treated cells could be
investigated and compared.

2. Methods

2.1. Chemicals

The standard compounds of ginsenoside Rb1, Rd, Re as well as
Rg1, were purchased from Shanghai Research and Development
Center for Standardization of Traditional Chinese Medicine
(Shanghai, China). All these compounds were over 99% purity. Cell
culture reagents and Ab25-35 were purchased from Thermo Fisher
Scientific (Waltham, MA). 3-(4,5-dimethylthioazol-2-yl) 2,5-
diphenyltetrazolium bromide (MTT) and nerve growth factor
(NGF) were obtained from Sigma-Aldrich (St. Louis, MO). All other
chemicals were analytical or standard grade.

2.2. Cell culture

Rat pheochromocytoma cells (PC-12 cells) were purchased from
the American Type Culture Collection (Manassas, VA). PC-12 cells
were cultured in high-glucose Dulbecco's modified Eagle's me-
dium, supplemented with 6% horse serum, 6% fetal bovine serum
and 100 units/ml concentration of penicillin and streptomycin in a
water-saturated CO2 (7.5%) incubator at 37�C. The cells were grown
up to 70-90% confluency for experimental purposes [16]. PC12 cell
is an excellent neuronal model for AD in previous studies [17,18]

2.3. Cell viability assay

The cell survival ability was examined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT,
Invitrogen) assay. In brief, PC12 cells were seeded at a concentra-
tion of 1 �104 cells per well. After 24 hours of drug exposure, cells
in each well were incubated with 10mL MTT solution (5mg/mL in
1XPBS) at a final concentration of 0.5mg/mL for 3 hours at 37 �C.
After the medium was removed, dimethyl sulfoxide (DMSO) was
used to dissolve the organic crystal inside the cells, and the
absorbance was measured using a microplate reader at a wave-
length at 570nm. The cell viability was determined as the per-
centage of absorbance value of vehicle control; while the value of
control was 100%. Thus, the effect of different ginsenosides on the
reduction of Ab-induced neurotoxicity was measured. After cells
were exposed to fresh medium for 3 hours, cells were treated with
0.1e10mMof ginsenosides for 24 hours before Ab exposure. Fifty mM
of Ab25-35 (diluted in 1X PBS) was added to the culture medium and
incubated for 24 hours. To assess cell survival ability, Ab25-35-con-
taining mediawas discarded, and each well was washed twice with
1 X PBS. The cell viability was examined by MTT assay [19].

2.4. ROS formation assay

The detection of intracellular ROS content was conducted by
using 20,70-dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich),
a ROS-sensitive compound. Cultured PC12 cells (1 �104 cells/well)
in a 96-well plate were exposed with standard compounds for 24
hours, and the cells were stained with 100mM DCFH-DA in 1X PBS
for 1 hour at 37�C in a CO2 incubator. After washing with 1X PBS,
the cells were then treated with 50mM Ab for 24 hours at 37�C.
Next, the amount of intracellular ROS under Ab-induced oxidative
stress was examined by photoluminescence spectroscopy with
excitation wavelength at 485 nm and emission wavelength at 530
nm at 37�C [20].

2.5. Mitochondrial bioenergetic analysis

Mitochondrial bioenergetics of PC12 cell was detected by a
Seahorse Bioscience XFp extracellular flux analyzer (Agilent,
Santa Clara, CA), which determined the amount of oxygen
change by oxidative phosphorylation in live cells. In the pre-
sent studies, the seeding concentration of PC12 cells was set at
1 � 104 cells per well. Mitochondrial complex inhibitors
(Sigma-Aldrich) were pre-optimized at 1mM oligomycin (ATP
synthase inhibitor), 1mM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (mitochondrial un-
coupler), and 1mM rotenone/antimycin A (inhibitors of complex
I and complex III) to elicit maximal effects on mitochondrial
respiration. Background correction wells were used to calibrate
the background noise. Cultured PC12 cells were cultured on
the XFp cell culture mini-plates and exposed with ginsenoside
for 24 hours. After the drug treatment, the fluorescent probe
cartridges of the XFp analyzer were hydrated in an incubator
at 37�C without CO2. Before fluorescent probe calibration, cells
were exposed with 1mM Ab25-35 for 24 hours and then equil-
ibrated in 37�C incubator without CO2 in XF Base Medium (10
mM glucose, 1 mM pyruvate and 2 mM L-glutamine, pH 7.4 at
37�C) for another 1 hour. After calibrating the fluorescent
probe cartridges, the plate was put into XFp extracellular flux
analyzer for Mito Stress Test. OCRs were detected and
normalized to the protein concentration/well and corrected for



Fig. 1. Protective effects of ginsenosides to PC12 cells under Ab-induced stress. (A) The compound structures of ginsenosides, Rb1, Rd, Re as well as Rg1. (B) Cultured PC12 cells
(1 � 104 cells/well) were treated to Ab25-35 (50mM), and NGF (50ng/mL) served as a vehicle positive control. A dose-dependent reaction was examined by pre-treating the cultures
with Rb1, Rd, Re, and Rg1 for 24 hours before the addition of Ab25-35. The cell survival ability was examined by MTT assay after 48 hours (left panel). The concentration of intracellular
ROS was detected by DCFH-DA after 1-hour staining. The response was like the left panel. Data are expressed as the percentage of control (untreated culture), in Mean � SEM, n ¼ 5,
each with triplicate samples. Statistical comparison was made with the control group, *p < 0.05, **p < 0.01, ***p < 0.001.
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extra-mitochondrial oxygen change from the environment.
Eventually, six key indicators of mitochondrial bioenergetic
function were calculated from the bioenergetics profile, i.e.,
basal respiration, ATP production, proton leak, maximal respi-
ration, spare capacity and non-mitochondrial respiration [21].
2.6. MMP analysis

PC12 cultured on an autoclaved coverslip in 6-well plates were
incubatedwith tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
(10mg/mL) in fresh culture medium for 10min at 37�C and 5% CO2
before the analysis. After treated with JC-1, the cells were washed
three times with 1X PBS and mounted the coverslips onto micro-
scope slides. Images were taken using a Zeiss laser scanning
confocal microscope. JC-1 monomer (green) was observed with a
505-550nm emission filter under 488nm laser illumination. JC-1
aggregates (red) were observed with a 585nm filter under 568nm
laser illumination. The MMP was detected by laser scanning
confocal microscopy using a 63 X lens (NA ¼ 1.4) and analyzed by
Zen software [22].
2.7. Mitochondrial dynamic analysis

Cultured PC12 cells were loaded with mitochondrial indicator
by incubation with MitoTracker� Red FM in the culture medium at
37�C for 30 min in a CO2 incubator after different drug treatments.
Mitochondrial dynamics was observed using laser scanning
confocal microscopy. The signal of MitoTracker�was then analyzed
by ImageJ program (National Institutes of Mental Health, Bethesda,
MD) with Mito-Morphology software for mitochondrial circularity,



Fig. 2. Mitochondrial bioenergetics function of ginsenosides to Ab-treated PC12 cells. (A) Cultured PC12 cells with different cell concentrations were cultured in XFp culture
miniplate and seeded for 48 hours before detection. (B) Cultured PC12 cells (10 � 103 cells/well) were treated to Ab25-35 at different concentrations for 24 hours, and OCR was
detected. The OCR values were normalized with protein concentration. (C) PC12 cells (10 � 103 cells/well) were seeded for 48 hours, then treated with 1mM oligomycin and three
serial addition of FCCP at various concentrations (a high concentration range of 1, 1.25, 1.5mM and a low concentration range of 0.5, 0.75, 1mM). (D) Cultured PC12 cells (10 � 103 cells/
well) were pre-treated with ginsenoside at 10mM for 24 hours before exposure to Ab25-35 (1mM) for another 24 hours. (E) Cultured PC12 cells (10 � 103 cells/well) were treated with
ginsenoside Rg1 (0.1 to 10mM) for 24 hours before Ab addition. Oligomycin (1mM, ATP synthase inhibitor), FCCP (1mM, uncoupling agent), and rotenone/antimycin A (R&A at 1mM,
complex I and complex III inhibitors) applied onto the wells during seahorse XFp operation. The OCR value was normalized with protein concentration/well. Values are expressed as
Mean � SEM, n ¼ 3 - 4, each with triplicate samples. Statistical comparison was made with Ab experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
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interconnectivity (area/perimeter), mitochondrion content and
minor axis as previously described [23]. The mitochondrial inter-
connectivity and circularity were reflected as key indicators for
mitochondrial morphological changes [24].
2.8. Statistical analysis

The mitochondrial bioenergetics was showed on Wave Desktop
software 2.3.0. The data acquisition of the confocal image was
conducted by Zen black edition software. All results were expressed
as Mean � Standard Error of the Mean (SEM). Statistically, signifi-
cant tests were conducted with Dunnett's test (one-way analysis of
variance with multiple comparisons, SPSS, version 13). Statistically,
the difference was defined as (*), where p < 0.05, (**) where
p < 0.01 and (***) where p < 0.001.
3. Results

3.1. Ginsenoside protects Ab-induced cell damage

PC12 cell is a commonly used neuronal cell line in testing the
protective function of drugs. Besides, this cell line showed a robust
and fast reaction to various stimuli during mitochondrial respira-
tion. Ab25-35, a neurotoxicity inducer of synthetic peptide fragment
from Ab protein, induced cell damage of cultured PC12 cells in a
dose-dependent manner: the result showed a saturated cell death
starting at 50mMAb25-35 (Fig. S1A). Here, 50mMAb25-35 was used for
subsequent experiments. This Ab-induced cell death model was
employed to reveal possible protective function of major ginseno-
sides from ginseng, i.e., Rb1, Rd, Re and Rg1 (Fig. 1A). In cultured
PC12 cells, Ab25-35 was incubated with or without NGF, and then
which was used to treat the cells for 24 hours. The treatment with



Fig. 3. Ginsenosides alter oxygen consumption of Ab-treated PC12 cells. Cultured PC12 cells (10 � 103 cells/well) were pre-treated with ginsenosides at 10mM for 24 hours before
exposure to Ab25-35 (1mM) for another 24 hours. The OCR value was normalized with protein concentration/well. The basal respiration, proton leak, ATP formation, spare capacity,
maximal respiration, and non-mitochondrial respiration were measured. Values are expressed as Mean � SEM, n ¼ 3, each with triplicate samples. *p < 0.05, **p < 0.01,
***p < 0.001.
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Ab25-35 significantly decreased cell viability by ~40% at 50 mM Ab25-
35 (Fig. 1B). In comparison to the Ab25-35 application, the co-
treatment of NGF increased cell survival to over 80% of control.
The treatment of Ab25-35 with ginsenoside Rd, Re and Rg1 showed
less toxic to the cultured cells, like NGF (Fig. 1B). The protective
ability of ginsenoside against Ab toxicity was in a dose-dependent
manner: the highest modulation was conducted at 10mM of gin-
senoside in most cases. Rg1 showed a better effect in relieving Ab25-
35-induced cell toxicity. In contrast, Rb1 was the weakest one in
protecting cell toxicity. Oxidative stress is one of the reasons for
neuro-damage, triggered by Ab. In cultured PC 12 cells, the appli-
cation of Ab25-35 induced ROS production, showing a maximal
modulation significantly to 250% at 50mM, as compared to vehicle
control (Fig. 1B). The application of NGF in culture showed a pro-
tective function against Ab-induced cell death. By applying ginse-
noside before Ab25-35 exposure, the intracellular ROS was
decreased, and which was in a dose-dependent manner (Fig. 1B).
The administration of Rg1 showed the best protective effects having
maximal protection of over 150%, as compared with that of control
(Fig. 1B). Again, Rb1 was the weakest ginsenoside to alter the ROS
formation.

3.2. Ginsenoside enhances mitochondrial bioenergetics

Various indicators of mitochondrial bioenergetics were
measured by an extracellular flux analyzer and calculated accord-
ingly (Fig. S1B). In cultured PC12 cells, the cell density for seeding
and the concentration of FCCP were firstly identified to detect the
cellular metabolic functions. The optimal concentration of PC12
cells was set at 10 � 103 cells/well, as to adjust basal OCR to an
appropriate range (100 - 160 pmol/min) (Fig. 2A). The concentra-
tions of oligomycin (1mM) and rotenone/antimycin A (1mM) were
set according to the manufacturer's guideline. Application of Ab in
cultured PC12 cells reduced the basal OCR in a dose-dependently
manner, and the dosage of Ab25-35 was optimized to 1 mM to
detect a measurable OCR value (Fig. 2A). The applied FCCP was also
revealed and optimized (Fig. 2C). The Ab-treated PC12 cells showed
different mitochondrial dysfunctions, resulting in significant



Fig. 4. Ginsenoside Rg1 enhances the MMP in Ab-treated cells. Confocal laser scanning
microscope of JC-1 stained cell after different ginsenosides treatment (10mM) and post-
treatment with Ab25-35 (50mM). Red fluorescence signal (emission: 610 nm) and green
fluorescence signal (emission: 570 nm) were determined by using a confocal laser
scanning microscope. One representative result is shown.; Scale bar ¼ 20 mm. The ratio
of red fluorescence signal 610 nm and green fluorescence signal at 570 nm was
calculated by the Zen software blue edition. Data are expressed as percentage of in-
crease, as compared to untreated culture, in Mean � SEM, where n ¼ 4. *p < 0.05,
**p < 0.01, ***p < 0.001.
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reduction in basal respiration (~50%), ATP formation (~60%) and
maximal respiration (~30%) (Fig. 2D), as compared with the control
group. The pre-treatment of ginsenoside in Ab-treated PC12 cells
maintained mitochondrial OCR. Ginsenosides could increase basal
respiration, ATP formation, spare capacity, maximal respiration and
non-mitochondria respiration to different degree; however, Rb1 did
not show such effects. Amongst these ginsenosides, Rg1 was the
best one in modulating mitochondrial bioenergetics, and therefore
the applied dose of Rg1 was determined. Ten mM ginsenoside was
used thereafter. In the extracellular flux analyzer, Rd and Re could
recover the stressed cells to normal status by enhancing spare ca-
pacity and maximal respiration to a reasonable level, while Rg1
could further increase the value to over 2 folds of the normal state
(Fig. 2D). The parameters of proton leak and non-mitochondrial
respiration changed irregularly, properly due to the detection
limit of present method was not sensitive enough to measure these
parameters, precisely.

By quantifying the mitochondrial bioenergetics from the
extracellular flux analyzer, different indicators could be compared
amongst four ginsenosides, i.e., Rb1, Rd, Re and Rg1. These bio-
energetic parameters could be altered by applied ginsenosides,
except the proton leak (Fig. 3). Rg1 showed the best induction in
basal respiration, ATP formation, spare capacity, maximal respira-
tion and non-mitochondrial respiration, as compared to other
ginsenosides. The maximal induction, triggered by Rg1, could in-
crease to ~2 folds in basal respiration, ~3 folds in ATP formation, ~2
folds in spare capacity, ~2 folds in maximal respiration and ~1.5
folds in non-mitochondrial respiration, as compared to the Ab-
treated group (Fig. 3). In addition, the Rg1-induced different pa-
rameters of mitochondrial bioenergetics were enhanced in dose-
dependently manners (Fig. 2E). The robust efficacy of Rg1 in mito-
chondrial bioenergetics was similar to the scenario in cell survival
assay.

3.3. Ginsenoside modulates MMP and mitochondrial dynamics

Mitochondrial damage can directly trigger intrinsic mechanism
of apoptosis, reduction of MMP, disruption of electron transport
chain (ETC), formation of oxidative stress, as well as changes of
apoptotic proteins. The protective effect of ginsenoside under Ab-
induced mitochondrial dysfunction was firstly examined by
examining MMP using JC-1 staining (Fig. 4). JC-1 probe can indicate
the change of MMP. The monomer of JC-1 can penetrate into
cytoplasm, and which thereafter is being aggregated in mitochon-
dria forming red J-aggregate. The fluorescence transition of JC-1
from red to green indicates reduction of MMP and mitochondrial
injury. The ratio of signal intensity of red J-aggregate and green
monomer of JC-1 could be used to determine MMP. We found that
the MMP was decreased significantly after Ab treatment. (Fig. 4).
The treatment with Ab25-35 at 50mM significantly decreased MMP
to ~25%, as compared to control. NGF served as a positive control
and showed a protective function under Ab-induced cell damage in
maintaining or even in potentiating MMP (Fig. 4). As expected, Rg1
showed significant induction in MMP of the Ab-treated culture. The
MMP was increased significantly to ~25% after Rg1 treatment, as
compared with the Ab treatment (Fig. 4). Ginsenoside Rb1, Rd and
Re did not significantly alter the JC-1 staining, even though showing
minimal effect.

To determine the relationship between mitochondrial dy-
namics and neurotoxicity induced by Ab, the mitochondria in
cultured PC12 cells were stained by MitoTracker red. The Mito-
Tracker red signal monitors the change of mitochondrial
morphology in cultured PC12 cells. The MitoTracker red-labeled
mitochondria could be analyzed by a well-established ImageJ
software for circularity, area/perimeter, mitochondrion content
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and minor axis. The area/perimeter, minor axis, and content of
mitochondria were decreased; while the circularity of mito-
chondria was increased significantly under Ab-treatment (Fig. 5).
In contrast, an apparent decrease of area/perimeter of mito-
chondria was observed under applied Ab25-35. NGF served as
positive control and showed significant protective function under
Ab-induced cell damage in mitochondrial dynamics. By applying
ginsenoside before Ab25-35 application, the mitochondrial dy-
namics was mostly resorted back to background level (Fig. 5). Rg1
showed the best induction in mitochondrial content, inter-
connectivity and minor axis, as well as the best reduction in
circularity, as compared to other ginsenosides. The maximal in-
duction, triggered by ginsenoside Rg1, could increase to ~50% in
interconnectivity, ~25% in mitochondrial content, ~75% in spare
Fig. 5. Ginsenoside Rg1 improves the mitochondrial dynamics in Ab-treated cells. Cultured P
with 50mM of Ab25-35 for 24 hours. Then, the treated cells were incubated with 1mM MitoTr
confocal microscopy. One representative picture result was shown. Scale bar ¼ 20mm. The qu
calculated by the imageJ. Values were expressed as % of increase, as compared to untreated
respiratory capacity and decrease to ~10% in circularity compared
to Ab-treatment (Fig. 5). Rb1 did not show such an effect at all.

4. Discussion

The ROS and Ab mis-location have been well characterized as
biomarkers of both AD and Ab neurotoxicity. Here in cultured PC12
cells, the exposure of Ab resulted in a dose-dependent change of
ROS formation in parallel to published observation [25]. Amongst
those ginsenosides in protecting Ab-induced oxidative stress, Rg1
displayed the best protective effect in cultured PC12 cells, which
was mainly mediated by inhibiting ROS formation. By pre-treating
cells with Rg1, the Ab-induced damage could be reduced.Moreover,
Rg1 inhibited NF-kB signaling, and which diminished the apoptosis
of PC12 cells under hydrogen peroxide (H2O2)-induced cell death,
C12 cells were pretreated with 10 mM of different ginsenosides for 24 hours and treated
acker Red in 1X PBS at 37�C for 1 hour. Micrographs were taken by the laser scanning
antification of mitochondria content, circularity, interconnectivity, and minor axis were
culture, in Mean � SEM, where n ¼ 4. *p < 0.05, **p < 0.01, ***p < 0.001.
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as reported previously [26]. Besides, this protective function could
be induced, at least partly, by Keap1-Nrf2-ARE signaling pathway
[27]. Besides, Rg1 could protect the ROS-induced cell death via
myosin-IIA actin-related reorganization of cytoskeletons in
cultured PC12 cells and cortical neurons [28]. These lines of evi-
dence are consistent with our current results.

Mitochondrion is a power factory in cell, which generates most
of cellular ATP. The organelle produces ATP via the coupling of
oxidative phosphorylation with respiration. There are several
studies about the protective effect of ginsenosides in neurons by
reducing the mitochondria-mediated cell death [29]. However,
most of these researchers are focusing on ATP formation and
intracellular ROS production [30]; while the influence of other in-
dicators in mitochondrial bioenergetics is often negated. Among
these parameters, spare capacity has been considered as a crucial
parameter of bioenergetic profile in cells that are corresponding to
the supply of substrate during increased demand for energy con-
sumption. Here, ginsenoside Rd, Re and Rg1 showed enhancement
of spare capacity and ATP formation under the insult of applied Ab:
this observationwas consistent with an increase of pathway related
to energy production after treatment of ginseng extract [31].
Amongst these ginsenosides, Rg1 displayed the best protective ef-
fects on the culture under Ab-induced mitochondrial toxicity. The
mechanism of Rg1 in preventing Ab-induced mitochondrial
dysfunction could be accounted for down-regulating caspase-3 and
up-regulating cytochrome c oxidase. Cytochrome c oxidase is a
crucial enzyme in the ETC. In the mechanism of oxidation phos-
phorylation, cytochrome c binds four hydrogen ion from the inner
aqueous phase to make 2 water molecules with oxygen, and then
which can translocate another 4 hydrogen ion across the mem-
brane, as to increase MMP and to increase ATP formation [32]. This
phenomenon is in line with our reported result here. In addition,
Rg1 could enhance mitochondrial bioenergetics by up-regulating
the expressions of PGC-1a, NRF-1, TFAM-1, mitochondrial com-
plex lll, and complex IV [9]: these modulations accounted the
enhancement of basal respiration, spare capacity, maximal respi-
ration and non-mitochondrial respiration in Ab-induced stress.

Mitochondrial dynamics are kept balanced by fission and fusion
that plays a vital role in mitochondrial function [33]. Indeed,
mitochondrial dysfunction is an early and causal event in neuro-
degeneration. To meet high energy requirement, the mitochondrial
dynamics related pathway is being triggered, and the balance of
dynamics is therefore shifted. Increasing of circularity, reduction of
mitochondrial length and connectivity are indicative markers of
fragmentation (mitochondrial fission), as a means to protect
mitochondrial health [34]. Here, a novel approach using cultured
PC12 cells, stained by MitoTracker red, was used as to examine the
change in mitochondrial morphology. With this approach, we
found that in PC12 culture under Ab exposure, the mitochondrial
morphology was markedly affected. As expected, the inter-
connectivity, minor axis and content of mitochondria were
increased; while the circularity was decreased after ginsenoside
treatment in Ab-treated cell model, i.e., possible increase of mito-
chondrial fragmentation. In previous findings, Rg1 could attenuate
the injury of myocardial hypoxia/reoxygenation in cardiomyocytes
(H9C2 cells) by modulating the balance of mitochondrial dynamics
via mitofusin-2 protein (MFN2), a member of large GTPases family
involving in mitochondrial fission and fusion [35]. The function of
MFN2 is to control mitochondrial metabolism, and the loss of this
function leads to reduction in protein synthesis of complexe I, II, III,
V, and coenzyme Q [36]: the final outcome is inhibition of respi-
ratory chain function. Besides, MFN1 and MFN2 could regulate the
morphology of mitochondrial [37]. We hypothesize that Rg1 could
reduce the mitochondrial dynamics via regulation of MFN. Thus,
the mRNA and protein expressions of MFN1 and MFN2 should be
analyzed in future.

Rg1 is a key saponin in ginseng extract and has been proposed to
have excellent efficacy in neuroprotection. The first criterion for
being a neuroprotective drug is the permeability of blood-brain
barrier (BBB). After oral administration of G. biloba extract, the
ginsenosides could be identified and measured by liquid
chromatography-mass spectrometry in the brain tissues of rats
[38,39]. In addition, the absorption of ginsenosides by the brain
cells was reported to be improved by activating adenosine signaling
in a rat model [39]. In agedmousemodel, oral administration of Rg1
up-regulated the protein expression of brain-derived neurotrophic
factor via activation of protein kinase A and cyclic adenosine
monophosphate-response element-binding protein (CREB) phos-
phorylation in the brain, and thereafter the memory loss in aged
mouse could be recovered [40]. In the b-sitosterol b-D-glucoside-
induced Parkinson animal model, the oral administration of
ginseng extract could reduce the protein expression of a-synuclein
in the striatum, and which prevented the loss of dopaminergic
neuron in substantia nigra [41]. Therefore, these lines of evidence
strongly support the possible application of ginsenoside in treating
degenerative brain disease. In addition, clinical trial on the use of
medicine containing Rg1 has passed the safety evaluation [42].

In summary, this study demonstrated the pharmacological ef-
fects of ginsenosides in Ab-induced PC12 cell line. Meanwhile, we
found that the protecting mechanism of ginsenosides could be
involved the reduction of ROS formation, enhancement of different
parameters in mitochondrial bioenergetics, MMP and mitochon-
drial morphology under Ab-induced cell model. As a result, Rg1 is
the best pharmacological drug being identified here, and it could be
further developed for clinical treatment of disease correlating with
AD.
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