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Abstract
Background. Alzheimer’s disease (AD) is a disabling neurodegenerating disorder characterized by chronic 
neuroinflammation, cognitive impairment and memory loss. Current treatment options for AD offer limited 
benefits, underscoring the urgent need for alternative therapeutics. Despite the promising effects of gin-
senosides in neurodegenerative diseases, the therapeutic potential of ginsenoside compound Mc1 (GCMc1) 
in AD remains to be thoroughly investigated.

Objectives. This study aimed to investigate the therapeutic potential of GCMc1 in rats with AD and to elu-
cidate the molecular mechanisms responsible for its effects.

Materials and methods. Alzheimer’s disease was induced in Sprague Dawley rats through a single intra-
cerebro-ventricular injection of amyloid-beta (Aβ)1-42 peptide. The animals were divided into 5 groups: 
a control group and 4 AD subgroups, with or without receiving 10 mg/kg of GCMc1 and/or 100 μg/kg 
of compound C intraperitoneally (ip.). Behavioral tests, mitochondrial function, inflammatory cytokines, and 
proteins expression were evaluated using the Morris water maze (MWM) test, fluorometry, enzyme-linked 
immunosorbent assay (ELISA), and immunoblotting techniques, respectively.

Results. Treatment with GCMc1 improved cognitive function, reduced hippocampal Aβ accumulation, 
and suppressed interleukin (IL)-1β, IL-10 and tumor necrosis factor alpha (TNF-α) levels. Ginsenoside com-
pound Mc1 reduced mitochondrial reactive oxygen species (ROS) levels and membrane depolarization, 
increased adenosine triphosphate (ATP) levels, upregulated the expression of AMPK, PGC-1α and SIRT1 
proteins, and downregulated the nuclear factor-kappa-B (NF-κB) expression. Importantly, co-administration 
of compound C, an AMPK inhibitor, attenuated the beneficial effects of GCMc1, suggesting the involvement 
of AMPK pathway in mediating GCMc1’s neuroprotective effects.

Conclusions. We showed that GCMc1 confers substantial neuroprotection in rats with AD by modulating 
the AMPK/SIRT1/NF-κB signaling pathway. These findings highlight the potential of GCMc1 as a promising 
therapeutic agent for AD treatment.
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Background

Alzheimer’s disease (AD) is a neurological degenerating 
disorder that negatively affects the lives of a large popula-
tion in the world.1 It is characterized by an impairment 
in cognitive tasks, memory loss and behavioral abnormali-
ties.1 Amyloid beta (Aβ) plaques accumulation, neurofibril-
lary tangles formation and chronic neuroinflammation 
are considered as the main pathophysiological features 
of AD.1,2 Several brain regions play pivotal roles in AD, 
with the hippocampus and neocortex being particularly 
affected.3 The hippocampus, a vital structure for memory 
consolidation and spatial navigation, is among the first 
brain regions to exhibit significant damage in AD.4 Neuro-
nal loss and synaptic dysfunction within the hippocampus 
contribute to memory impairments commonly observed 
in AD patients.4 Additionally, the neocortex, encompassing 
regions responsible for higher-order cognitive functions 
such as reasoning and language, experiences progressive 
degeneration in AD.5 This degeneration disrupts the in-
tricate neural networks that underlie complex cognitive 
processes, leading to deficits in reasoning, language and 
executive function.6 Neurotransmitters also play a criti-
cal role in AD-related cognitive impairments.7 Acetylcho-
line, a neurotransmitter involved in memory and learning 
processes, experiences substantial depletion in different 
regions of brain in AD. The loss of cholinergic neurons 
and the subsequent reduction in acetylcholine levels con-
tribute to cognitive decline. Furthermore, excitotoxicity 
resulting from excessive glutamate release and imbalances 
in GABAergic neurotransmission can disrupt neural net-
work stability and lead to neuronal damage and cognitive 
deficits in AD.7,8 With an aging population, the frequency 
of AD is increasing, making it a major community health 
concern.9 Despite significant efforts to develop effective 
treatments for AD, there are still no reliable treatments 
for this debilitating condition, and available therapies only 
provide modest benefits. Therefore, there is a need to ex-
plore alternative approaches for AD treatment.

It has been recently reported that the AMP-activated 
protein kinase (AMPK) signaling pathway is substantially 
involved in the regulation of energy metabolism, cellular 
stress response and neuroinflammation in AD.10,11 AMP-
activated protein kinase is a master regulator of energy 
homeostasis in cells. In the context of AD, energy metabo-
lism is disrupted, and brain cells struggle to produce and 
utilize energy efficiently. Activation of AMPK helps restore 
the energy balance by enhancing processes like glucose 
uptake and mitochondrial biogenesis, preventing neuronal 
dysfunction and cell death.12 In addition, chronic neuro-
inflammation is a hallmark of AD, and it plays a complex 
role in disease progression.13 By inhibiting the activation 
of  proinflammatory pathways, such as  nuclear factor-
kappa B (NF-κB), AMPK can help reduce the production 
of inflammatory molecules and cytokines and mitigate 
the damaging effects of neuroinflammation in AD.14

It has been shown that natural compounds, such as gin-
senosides, have potential therapeutic benefits in AD.5,16 
Ginsenosides are a class of bioactive compounds found 
in the roots of ginseng, which have been shown to have 
neuroprotective effects in several types of neurodegenera-
tive disorders.6 Among these ginsenosides, ginsenoside 
compound Mc1 (GCMc1) has shown promising results 
in improving oxidative, apoptotic and inflammatory re-
sponses in the pathophysiology of different diseases in ani-
mal models.17,18 Ginsenoside compound Mc1 is a degly-
cosylated ginsenoside that has higher pharmacological 
absorption, bioavailability and activity than deglycosylated 
ginsenosides.17 In a recent study, the potential mechanisms 
underlying the cardioprotective effects of GCMc1 have 
been studied in an experimental cardiac injury model.17 
The  study found that treatment with this compound 
improved cardiac function and reduced oxidative stress 
in the hearts and H9C2 cardiomyocytes under hypoxia/
reoxygenation injury. The study also showed that GCMc1 
increased the activity of AMPK and inhibited the activa-
tion of oxidative stress in vivo and in vitro.17 Activation 
of AMPK-related signaling pathway and subsequent sur-
viving proteins like situin-1 (SIRT1) can improve cognitive 
function, reduce Aβ and tau accumulation, and enhance 
mitochondrial function in animal model of AD.11,18

In addition to its effects on AMPK and downstream tar-
gets, GCMc1 may also exert its neuroprotective effects 
by inhibiting the activity of NF-κB-dependent proinflam-
matory mediators, which show a  critical involvement 
in the pathogenicity of AD.19 Proinflammatory cytokines 
and interleukins (ILs) including IL-1β and IL-6, as well 
as tumor necrosis factor alpha (TNF-α), have been shown 
to induce neuronal damage and promote the buildup of Aβ 
and tau proteins within different regions of the brain.20 
Here, mitochondrial dysfunction is  closely linked 
to the production of neuroinflammation in the patho-
physiology of  AD.21 Impaired mitochondrial function 
leads to energy deficits, oxidative stress, mitochondrial 
DNA damage, inflammasome activation, and neuronal 
vulnerability, all of which contribute to the chronic neu-
roinflammatory state observed in AD. Importantly, ben-
eficial impact of GCMc1 on mitochondrial improvement 
has been reported in cerebral ischemia/reperfusion injury 
in hyperlipidemic rats.22 Therefore, targeting mitochon-
drial activity and neuroinflammation through the safe 
and effective therapeutic compounds may be a promising 
strategy for treatment of AD.

Objectives

Given the promising effects of GCMc1 on the activity 
of signaling pathways regulating mitochondrial biogenesis 
and function, and on reducing NF-κB-dependent prinflam-
matory cytokines,17,18,23 we investigated the impact of GCMc1 
on AD outcomes and underlying mechanisms in a rat model. 
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Specifically, we evaluated the cognitive performance, Aβ 
accumulation, mitochondrial function, and neuroinflam-
mation in rats with AD following treatment with GCMc1. 
We hypothesized that treatment with this agent will improve 
AD outcomes in rats by activating AMPK-dependent mi-
tochondrial biogenesis, improving mitochondrial function 
and inhibiting NF-κB-dependent inflammatory cytokines. 
This study will provide valuable insights into the underlying 
therapeutic benefits of GCMc1 in AD and the mechanisms 
underlying its neuroprotective effects.

Materials and methods

Animal care and ethics statement

Male Sprague Dawley rats weighing 250–300 g were 
used in this study. The animals were kept under a con-
trolled temperature of 22–24°C in a housing room with 
a 12 h light and 12 h dark cycle and given water and stan-
dard rat chow ad libitum. All experimental protocols and 
animal care were conducted in accordance with the guide-
lines and regulations of the National Institutes of Health 
(NIH) for the care and use of laboratory animals (2011, 
8th ed., National Academy of Sciences, USA) and approved 
by the local Institutional Animal Care and Use Committee 
of the Wuhan University of Science and Technology, China 
(approval No. 20230501001).

Experimental design and sample size 
calculation

The  animals were randomly assigned into 5  groups 
of 6 rats (total number of rats – 30). The 1st group was 
considered as the control group and received a vehicle (sa-
line) solution. The 2nd group received 5 µg/µL Aβ peptide 
to induce AD-like symptoms. The 3rd group received Aβ 
peptide and 10 mg/kg of GCMc1.17,18 The 4th group received 
Aβ peptide and then 100 μg/kg compound C, as AMPK 
inhibitor. The 5th group received Aβ peptide and then com-
pound C plus GCMc1. The drugs were administered daily 
by intraperitoneal (ip.) injection for 10 days, starting 1 day 
after Aβ administration. Every day before each GCMc1 
injection, AMPK inhibitor-receiving rats were given ip. 
injection of compound C (dissolved in dimethyl sulfoxide 
(DMSO) with the dosage of 100 μg/kg/day). The control 
and AD model groups were injected with the same volume 
of DMSO and vehicle. We performed a sample size as-
sessment using PS calculator software, v. 3.1.2 (Informer 
Technologies, Inc, Los Angeles, USA), with assumptions 
of the 5% alpha level, 95% power and the standard devia-
tion (SD) of 35% of the means, which indicated a sample 
size requirement of 5 rats for each experimental group. 
To ensure robustness, we included 1 additional rat in each 
group, resulting in a final sample size of 6 rats per experi-
mental group.

Induction of AD model

The AD modeling was induced by a single intra-cere-
bro-ventricular injection of Aβ (1–42) peptide (5 μg/μL) 
(Sigma-Aldrich, St. Louis, USA), as previously described.24 
The stereotaxic surgery was performed under anesthesia 
using ip. injection of a combination of ketamine (65 mg/kg) 
and xylazine (15 mg/kg). The coordinates for creating 
holes in the skull were set as follows: 0.8 mm posterior 
to bregma, 1.5 mm lateral to the sagittal suture and 3.2 mm 
ventral to the surface of the skull. After fixation and re-
covery time, an injection of 5 µg/µL of the Aβ peptide 
solution was administered in the lateral ventricles of both 
hemispheres using Hamilton 26-gauge syringe. In the con-
trol group, a comparable procedure was followed with 
the injection of normal saline.

Behavioral tests

Behavioral (cognitive) tests were conducted in a Morris 
water maze (MWM) after drug administration and before 
surgery.25 The MWM was a round pool with a diameter 
of 150 cm and a depth of 50 cm filled with water (24 ±1°C) 
made opaque with nontoxic white paint. The pool was 
virtually divided into 4 quadrants and a 10 × 10 cm hid-
den platform was located 1 cm below the water superficial 
level in the center of one quadrant. The rats underwent 
training for 5 days (4 trials for each day) to locate the hid-
den platform using distal cues. On the 6th day, the hidden 
platform was disconnected from the pool and the rats 
swam for 60 s in the pool to search the platform (probe 
trial). The following parameters were recorded: escape 
latency (time from start of search to finding the platform), 
time spent in the target quadrant (in which the platform 
was located at the time of training) and discrimination 
index (DI).

Tissue collection and preparation

After behavioral tests, the animals were anesthetized 
with ketamine (65  mg/kg) and xylazine (15  mg/kg), 
and the brains of animals were rapidly and carefully 
removed from their skulls immediately after disloca-
tion of the neck. After locating the hippocampi within 
the brain (they are usually recognizable due to  their 
distinct shape and location), the  hippocampi were 
carefully removed from the brain tissue using scalpels. 
Once isolated, the hippocampi were immediately placed 
in a storage container and then stored at –80°C for fur-
ther analysis. During tissue processing, the tissues were 
placed in  the radioimmunoprecipitation assay (RIPA) 
buffer containing protease and phosphatase inhibitors 
and homogenized. The homogenates were centrifuged 
at 10,000 × g for 10 min at 4°C. Then the supernatants 
were collected for biochemical analysis.
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Mitochondrial function indices

The following mitochondrial function indices were es-
timated in fresh hippocampal samples after extracting 
mitochondrial pellets using a commercial extraction kit 
(Thermo Fisher Scientific, Waltham, USA).

Measurement of mitochondrial 
membrane potential

The membrane potential of freshly obtained mitochon-
drial samples was assessed using a fluorescent dye (JC-1; 
Thermo Fisher Scientific).26 Hippocampal tissues were 
homogenized in mitochondrial isolation buffer (10 mM 
Tris-HCl, 320  mM sucrose, 1  mM ethylenediamine-
tetraacetic acid (EDTA), and 1 mM phenylmethylsul-
fonyl f luoride (PMSF) pH 7.4) on  ice, and centrifuged 
at 1,000 × g for 10 min at 4°C. The mitochondrial frac-
tion was obtained from the supernatant by centrifuga-
tion at 10,000 × g for 10 min at 4°C. The isolated mito-
chondria were suspended in 1 mL of JC-1 buffer (10 mM 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid), 150 mM NaCl, 5 mM glucose, 1 mM CaCl2, and 
1 mM MgCl2, pH 7.4) containing 10 μM JC-1 dye and 
incubated at 37°C for 30 min. The  fluorescent inten-
sity of JC-1 was detected using a fluorescence spectro-
photometric reader (PerkinElmer LS55; PerkinElmer, 
Waltham, USA) with excitation/emission wavelength 
of 490/530 nm for the green monomers and 540/590 nm 
for the red aggregates.

Measurement of mitochondrial ROS levels

Mitochondrial reactive oxygen species (ROS) levels 
were estimated by means of dichloro fluorescein diace-
tate (DCFDA) assay (Thermo Fisher Scientific).27 Briefly, 
the hippocampal tissues were homogenized in isolation 
buffer and centrifuged at 600 g for 10 min at 4°C. The mi-
tochondrial pellet was re-suspended in DCFDA contain-
ing buffer and incubated at 37°C for 30 min. Then, their 
fluorescent intensities were detected using the fluores-
cence spectrophotometric reader at excitation/emission 
wavelength of 485/535 nm.

Measurement of ATP levels

An ATP Bioluminescent Assay Kit (Sigma-Aldrich) 
was employed to measure the  levels of adenosine tri-
phosphate (ATP) in prepared samples.28 The superna-
tant of hippocampal tissues was gathered and diluted 
to 10 μg/μL protein concentration. The diluted superna-
tants were mixed with the ATP assay reagent and incu-
bated for 5 min at room temperature. The luminescence 
signal of the resulting solution was detected by means 
of a luminometer Victor3 (PerkinElmer).

Hippocampal Aβ accumulation 
and cytokines measurement

The levels of Aβ accumulation and cytokines IL-1β, IL-10 
and TNF-α were assayed using commercially available 
enzyme-linked immunosorbent assay (ELISA) kits (MyBio-
Source Inc., San Diego, USA), based on the manufacturer’s 
instructions.29 Briefly, the previously prepared superna-
tants were incubated with the cytokine-specific antibody 
for 2 h, followed by the addition of a biotinylated secondary 
antibody for 1 h. The solution was then incubated with 
streptavidin-horseradish peroxidase (HRP) for 30 min, 
and the reaction was visualized using a substrate solu-
tion. The absorbances of solutions were detected at 450 nm 
using an ELISA reader (BioTek Instruments, Winooski, 
USA). The concentration of protein in the supernatant 
was measured using the bicinchoninic acid (BCA) Protein 
Assay Kit (Thermo Fisher Scientific).

Western blotting

After preparing supernatants, an amount of  about 
30 µg of protein from each sample was separated with 
sodium dodecyl-sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) followed by an electrophoretic transfer 
to a nitrocellulose membrane (Bio-Rad, Hercules, USA).30 
The membrane was then placed in a dish containing 5% 
non-fat dry milk blocking buffer in Tris-buffered saline 
and 0.1% Tween 20 (TBST) for 1 h. This stage was fol-
lowed by the incubation of the membranes with primary 
antibodies against total AMPK, phosphorylated AMPK, 
SIRT1, PGC-1α, phosphorylated p65-NFκB (1:1500; 
Cell Signaling Technology (CST), Danvers, USA), and 
GAPDH (1:1000; CST) in TBST at 4°C. After washing 
the membranes 5 times with TBST, they were soaked 
in HRP-conjugated secondary antibody (1:1500; SCT). 
One hour later, TBST was used again to rinse the mem-
branes, and then the membranes were placed in the vi-
cinity of  the  enhanced chemiluminescence (ECL) re-
agents so that the protein bands appeared. The protein 
bands were visualized by means of a visualizing device 
(Bio-Rad) and their intensities were quantified through 
ImageJ software (National Institutes of Health (NIH), 
Bethesda, USA). After selecting the specific lanes con-
taining the protein bands of interest within the ImageJ, 
the pixel values of the bands were calculated and the in-
tensities of the protein bands were normalized to the cor-
responding intensity of the GAPDH band.

Statistical analyses

Data analysis was performed with GraphPad Prism 7 
software (GraphPad Software, San Diego, USA). Data were 
presented as median (interquartile range (IQR)). The dif-
ferences between groups were analyzed using one-way 
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analysis of variance (ANOVA) and subsequent post hoc 
with Tukey’s test. To ascertain the normality of the dataset, 
the Shapiro–Wilk test was conducted. Also, Bartlett’s test 
was performed to validate the assumption of homogeneity 
of variances across groups. A p-value <0.05 was set to de-
termine the statistical significance.

Results

Effect of GCMc1 on AD outcomes

We first evaluated the effect of GCMc1 on cognitive 
function in rats using the MWM trial. One-way ANOVA 
analysis revealed that in comparison to the AD group, rats 
treated with GCMc1 showed significantly shorter escape 
latencies (p < 0.01) and more times spending in the target 
quadrant (p < 0.01), indicating boosted spatial memory and 
learning. In addition, discrimination index was higher fol-
lowing GCMc1 administration compared with AD group 
(p = 0.03) (Fig. 1A–C). Also, we performed an ELISA assay 
for Aβ measurement and found that treatment with GCMc1 
significantly decreased Aβ accumulation in the hippocam-
pus (p < 0.01) compared to the AD group (Fig. 2). However, 
co-administration of compound C to inhibit AMPK path-
way significantly reduced the beneficial impacts of GCMc1 
on hippocampal Aβ accumulation as well as spatial learn-
ing and memory indices, as evidenced by a significant in-
crease in escape latency (p = 0.05), decreased spending 
times in the target quadrant (p = 0.03) and lower discrim-
ination index (p = 0.04) in comparison to the AD+Mc1 
group (Fig. 1,2). These results suggest that GCMc1 has 
beneficial effects on AD outcomes and improves learning 
and memory features in rats, and that these effects are 
AMPK-dependent.

Effect of GCMc1 on mitochondrial function

We next investigated the effect of GCMc1 on mito-
chondrial function; the data were analyzed using one-
way ANOVA and subsequent Tukey’s post hoc tests. Mi-
tochondrial function indices, including mitochondrial 
ROS levels, mitochondrial membrane potential changes 
and ATP levels, were measured in the hippocampal tis-
sue samples (Fig. 3A–C). Induction of AD led to a signifi-
cant rising of mitochondrial ROS level (p < 0.001) and 
declining of  mitochondrial membrane potential and 
ATP levels (p < 0.01) in comparison to the control group. 

Fig. 1. Effect of ginsenoside compound Mc1 on behavioral cognitive functions in rats with Alzheimer’s disease (AD). A. Time spent in target quadrant 
(in seconds); B. escape latencies (in seconds per 2 min); C. Discrimination index (DI). These cognitive functions were evaluated with the Morris water maze 
test. Statistical differences were tested using one-way analysis of variance (ANOVA) and Tukey’s post hoc test. The box plots represent the median and 
distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–Q3); n = 6. ** < 0.01, and *** < 0.001 compared to control group; 
# < 0.05, and ## < 0.01 compared to AD group; & < 0.05 compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC – compound C

Fig. 2. Effect of ginsenoside compound Mc1 on hippocampal Aβ 
accumulation in rats with Alzheimer’s disease (AD). Aβ accumulation 
was assessed with enzyme-linked immunosorbent assay (ELISA) 
method. Statistical differences were tested using one-way analysis 
of variance (ANOVA) and Tukey’s post hoc test. The box plots represent 
the median and distribution of the data, where the box edges indicate 
the interquartile range (IQR; Q1–Q3); n = 6. *** < 0.001 compared to 
control group; ## < 0.01 compared to AD group; & < 0.05 compared to 
AD+Mc1 group; GCMc1 – ginsenoside compound Mc1; CC – compound C
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Treatment with GCMc1 in the AD+Mc1 group showed 
significant improvement in all mitochondrial function 
parameters compared to the AD group (p < 0.001). How-
ever, in  the  AD+CC+Mc1 group, the  protective effect 
of GCMc1 was abolished, as evidenced by a significant 
overproduction of mitochondrial ROS (p < 0.01) and mi-
tochondrial membrane depolarization (p = 0.05) compared 
to the AD+Mc1 group (Fig. 3A, 3B). These results suggest 
that the activation of AMPK plays a role in the protective 
effects of GCMc1 on mitochondria in AD.

Effect of GCMc1 on cytokines levels

The levels of IL-1β, IL-10 and TNF-α cytokines were 
measured in the hippocampal tissue samples to estimate 
the extent of neuroinf lammation. One-way ANOVA 

demonstrated that the levels of IL-1β and TNF-α were 
increased and the  level of  IL-10 was reduced in  AD 
group when compared to the control group (p < 0.001) 
(Fig. 4). Treatment with GCMc1 showed significant re-
duction of proinflammatory cytokines IL-1β and TNF-α 
levels and elevation of  anti-inf lammatory cytokine 
IL-10 level compared to the AD group (p < 0.001 and 
p < 0.001). Conversely, administration of compound-C 
significantly eliminated the  anti-inf lammatory ef-
fects of GCMc1, so that it  amplified the production 
of IL-1β (p = 0.04) and TNF-α (p = 0.002) levels and sup-
pressed the production of IL-10 (p = 0.003) compared 
to the AD+Mc1 group (p < 0.05). The findings highlight 
the anti-neuroinflammatory potential of GCMc1 in AD, 
and the role of AMPK inhibition in partially reversing 
this effect.

Fig. 3. Effect of ginsenoside compound Mc1 on mitochondrial function indices in rats with Alzheimer’s disease (AD). A. Mitochondrial reactive oxygen 
species (ROS) levels; B. Mitochondrial membrane potential (∆Ψ); C. Adenosine triphosphate (ATP) levels. Mitochondrial ROS and ∆Ψ were detected 
flourometrically and ATP levels were measured with a bioluminescent assay kit. Statistical differences were tested using one-way analysis of variance 
(ANOVA) and Tukey’s post hoc test. The box plots represent the median and distribution of the data, where the box edges indicate the interquartile range 
(IQR; Q1–Q3); n = 6; ** < 0.01, and *** < 0.001 compared to control group; # < 0.05, ## < 0.01, and ### < 0.001 compared to AD group; & < 0.05 and && < 0.01 
compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC – compound C

Fig. 4. Effect of ginsenoside compound Mc1 on hippocampal inflammatory cytokines levels in rats with Alzheimer’s disease (AD). A. Interleukin-1 beta 
(IL-1β); B. Tumor necrotic factor alpha (TNF-α); C. Interleukin-10 (IL-10). The cytokines levels were assessed with enzyme-linked immunosorbent assay (ELISA) 
method. Statistical differences were tested using one-way analysis of variance (ANOVA) and Tukey’s post hoc. The box plots represent the median and 
distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–Q3); n = 6; *** < 0.001 compared to control group; ## < 0.01, and 
### < 0.001 compared to AD group; & < 0.05 and && < 0.01 compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC: compound C
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Effect of GCMc1 on signaling proteins 
expression

Analysis of western blot findings with one-way ANOVA 
between groups showed that the AD group had a signifi-
cant decrease in phosphorylated AMPK, PGC-1α, Sirt-1, 
and p65-NFκB compared to the control group (p < 0.001) 
(Fig. 5A–E). Treatment of  rats with AD with GCMc1 
showed significant upregulation of phosphorylated AMPK 
(p < 0.01) accompanied with higher expression of PGC-1α 
(p < 0.01), and Sirt-1 (p < 0.001), and lower expression 
of p65-NF-κB (p < 0.001) compared to the AD group. To ex-
plore the role of AMPK pathway activation in the effect 
of GCMc1 on signaling proteins expression, we measured 
the expression of proteins after AMPK blockade by com-
pound C. We found that administration of compound C 
completely suppressed the effect of GCMc1 on AMPK 
phosphorylation (p < 0.01) and partially blocked PGC-1α 
(p = 0.05), SIRT1 and p65-NFκB expression (p < 0.01). 
The findings propose that AMPK pathway activation may 
be involved in the beneficial effect of GCMc1 on the rel-
evant signaling proteins in rats with AD.

Discussion

The  current study revealed the  beneficial impact 
of  GCMc1 on  AD outcomes via an  AMPK-dependent 
manner in a rat model. The results indicated that the ad-
ministration of this compound ameliorated cognitive im-
pairment, improved mitochondrial function and reduced 
inflammatory responses in the hippocampus of AD rats. 
These findings endorse that GCMc1 has potential thera-
peutic effects on AD by stimulating the AMPK/PGC-1α/
SIRT1 signaling pathway and hindering NF-κB-dependent 
inflammatory cytokines production. In addition, the acti-
vation of AMPK by GCMc1 was required for the observed 
beneficial effects.

Ginsenosides are natural compounds derived from 
Panax ginseng, which has been traditionally used as a me-
dicinal plant for various diseases.31,32 Emerging reports 
have demonstrated that GCMc1 has anti-inflammatory, 
antioxidative and neuroprotective effects.17,19,23 Our re-
sults suggested that that GCMc1 significantly improved 
cognitive performance in the AD rats as indicated by lower 
escape latency, higher time spending in target quadrant 

Fig. 5. Effect of ginsenoside compound Mc1 on signaling proteins expression in rats with Alzheimer’s disease (AD). A. Western blotting images; 
B. Phosphorylated AMPK; C. p65-NFkB; D. PGC-1α; E. Sirt1. The expression of proteins was quantified using western blotting technique and subsequent 
visualization with enhanced chemiluminescence (ECL) reactions. Statistical differences were tested using one-way analysis of variance (ANOVA) and 
Tukey’s post hoc test. The box plots represent the median and distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–
Q3); n = 4; *** < 0.001 compared to control group; # < 0.01, and ### < 0.001 compared to AD group; & < 0.05, and && < 0.01 compared to AD+Mc1 group; 
GCMc1 – ginsenoside compound Mc1, CC – compound C.



Q. Yuan, Z. Yang. Ginsenoside Mc1 in Alzheimer’s disease1112

and higher discrimination index. These findings are in line 
with previous reports in which ginsenoside compounds 
can recover cognitive function in AD model animals.33 
The mitochondrial dysfunction is a hallmark of AD pathol-
ogy,34 and our study demonstrated that GCMc1 improved 
mitochondrial function by reducing ROS production, in-
creasing mitochondrial membrane potential and enhancing 
ATP production.

There is  growing evidence indicating a  connection 
between mitochondrial dysfunction and inflammatory 
responses in AD.35 These dysfunctional mitochondria 
trigger a  series of  events that result in  inflammation 
within the brain. Inflammatory responses, characterized 
by the release of proinflammatory mediators, exacerbate 
neuronal damage and contribute to the progression of AD 
pathophysiology.20 Our study showed that GCMc1 re-
pressed the production of IL-1β and TNF-α as proinflam-
matory cytokines, and amplified the production of IL-10 
as anti-inflammatory cytokine in the hippocampus of AD 
rats. These findings confirm the previous reports regard-
ing that ginsenosides can exert anti-inflammatory effects 
in AD models.15,36 The interplay between mitochondrial 
dysfunction and inflammatory responses forms a vicious 
cycle, where inflammation further disrupts mitochondrial 
function, creating a detrimental feedback loop.37 Interven-
ing in this destructive cycle with GCMc1 could poten-
tially decrease the AD-induced functional and structural 
changes in brain regions and enhance learning, memory 
and cognitive functions. Understanding and targeting this 
interaction may offer potential therapeutic strategies for 
combating AD.

Neuroplasticity deficits, characterized by synaptic loss 
and neuronal shrinkage in the prefrontal cortex and hip-
pocampus, significantly contribute to  the  impairment 
of  learning and memory.38,39 The  accumulation of  Aβ 
within hippocampal neurons has detrimental effects 
on synaptic plasticity.40 However, there is currently no 
available information on the potential impact of GCMc1 
in this context. Nonetheless, previous research has sug-
gested that other types of ginsenosides can positively influ-
ence these endpoints, resulting in cognitive improvement. 
For example, ginsenoside Rg1 treatment in experimental 
models not only increased the sensitivity of triggering syn-
aptic responses and restored long-term potentiation (LTP), 
but also elevated the expression of proteins associated 
with synaptic plasticity, including glutamate receptor-1, 
synaptophysin and postsynaptic density 95 (PSD95).41 
Similarly, ginsenoside Rb1 treatment enhanced LTP and 
the transmission of glutamatergic and GABAergic signals 
in the hippocampal CA3 region.42 This effect was linked 
to the sequential enhancement of PSD95 and α-synuclein 
expression in this region. Notably, ginsenoside Rb1 ad-
ministration restored cholinergic dysfunction and pro-
moted cell survival in the dentate gyrus and hippocampal 
CA3, indicating that ginsenosides had a positive impact 
not only on synaptic plasticity but also on the process 

of neurogenesis.42,43 It is essential to highlight, however, 
that there is still a gap in research focusing on the specific 
mechanisms through which GCMc1 may target synaptic 
plasticity and neurogenesis to enhance cognitive function 
in AD.

AMP-activated protein kinase is a key regulator of cel-
lular metabolic activity, and its normal function can im-
prove mitochondrial function and reduce inflammation.44 
Our study demonstrated that GCMc1 activated AMPK 
and this activation was required for the observed benefi-
cial effects on cognitive function, mitochondrial function 
and inflammation. Inhibition of AMPK activity by com-
pound C abolished the protective effects of the drug in AD 
rats. Our results agree with the previous findings demon-
strating that AMPK activation by ginsenosides is involved 
in their beneficial effects on mitochondrial function and 
inflammation.45 PGC-1α and Sirt1 are downstream targets 
of AMPK, and play crucial roles in regulating mitochon-
drial biogenesis and function.46 Our study showed that 
GCMc1 increased the expression of PGC-1α and Sirt1, 
indicating that improving mitochondrial function is likely 
due to the activation of the PGC-1α/Sirt1 pathway. In ad-
dition, GCMc1 reduced the activity of p65-NF-κB, sug-
gesting that the observed anti-inflammatory property 
of this compound are intermediated through the inhibition 
of NF-κB signaling. NF-κB is a transcription molecule that 
controls various inflammatory cytokines expression, and 
its activation has been associated with neuroinflammation, 
neurodegeneration and cognitive impairment in patients 
with AD.4 Interestingly, there is emerging evidence sug-
gesting a cross-link among AMPK and NF-κB signalings.48 
The activation of AMPK has been shown to inhibit NF-κB 
activity, thereby attenuating the inflammatory response. 
Conversely, NF-κB activation can inhibit AMPK signaling, 
leading to further disruption of energy metabolism and mi-
tochondrial dysfunction.48 These findings support the hy-
pothesis that the neuroprotective effects of GCMc1 on AD 
outcomes may be partly attributed to its ability to activate 
cerebral AMPK/PGC-1α/Sirt1/NF-κB signaling pathway, 
leading to the improvement of mitochondrial function and 
limitation of inflammatory responses in the hippocampus 
of rats. It is important to note that the exact mechanisms 
underlying the neuroprotective effects of GCMc1 in AD 
are still an active area of research. To fully understand its 
potential therapeutic benefits, further studies are needed 
to elucidate the contribution of other important mecha-
nisms and mediators responsible for these effects, includ-
ing the involvement of neurotrophic factors, mitochondrial 
homeostasis and biogenesis, apoptosis, autophagy, and 
neurotransmitter regulation.49–51

Limitations

There were some limitations to  our research. First, 
we only used male rats in our study and future reseach 
should explore the effect of ginsenoside on female rats. 
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Second, we only used 1 AD model here, and similar stud-
ies are necessary to  investigate the  effects of  GCMc1 
in other AD models that are more similar to human pa-
tient’s conditions. It is crucial to replicate the study in mul-
tiple AD models that better mimic the heterogeneity seen 
in human patients. Third, the mechanisms responsible 
for the activation of PGC-1α/Sirt1 pathway independent 
of AMPK by this compound in AD rats require further 
investigation.51,52

Conclusions

Our study demonstrated that the GCMc1 improved cog-
nitive features and mitochondrial function, and reduced 
neuroinflammation in AD rats through the activation 
of AMPK and modulation of the downstream PGC-1α/
Sirt1/NF-κB signaling pathway. The  findings suggest 
that GCMc1 has the potential to be a valuable addition 
to  the  therapeutic strategy for AD. However, further 
research, including clinical trials, is needed to confirm 
GCMc1 translational application in human patients. Clini-
cal studies can provide valuable insights into the GCMc1 
safety, dosage and efficacy in a real-world clinical setting. 
Investigating the  long-term effects of  this compound 
on AD is essential to assess its potential as a sustainable 
treatment option for its clinical use. Finally, given the in-
tricate pathophysiology of AD, the combination of this 
compound with other pharmacological or non-pharma-
cological interventions may lead to additive or synergistic 
effects in enhancing outcomes for individuals with AD.
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