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a b s t r a c t

Background: Huntington's disease (HD) is a neurodegenerative disorder caused by the expansion of
trinucleotide CAG repeat in the Huntingtin (Htt) gene. The major pathogenic pathways underlying HD
involve the impairment of cellular energy homeostasis and DNA damage in the brain. The protein kinase
ataxia-telangiectasia mutated (ATM) is an important regulator of the DNA damage response. ATM is
involved in the phosphorylation of AMP-activated protein kinase (AMPK), suggesting that AMPK plays a
critical role in response to DNA damage. Herein, we demonstrated that expression of polyQ-expanded
mutant Htt (mHtt) enhanced the phosphorylation of ATM. Ginsenoside is the main and most effective
component of Panax ginseng. However, the protective effect of a ginsenoside (compound K, CK) in HD
remains unclear and warrants further investigation.
Methods: This study used the R6/2 transgenic mouse model of HD and performed behavioral tests,
survival rate, histological analyses, and immunoblot assays.
Results: The systematic administration of CK into R6/2 mice suppressed the activation of ATM/AMPK and
reduced neuronal toxicity and mHTT aggregation. Most importantly, CK increased neuronal density and
lifespan and improved motor dysfunction in R6/2 mice. Conversely, CK enhanced the expression of Bcl2
protected striatal cells from the toxicity induced by the overactivation of mHtt and AMPK.
Conclusions: Thus, the oral administration of CK reduced the disease progression and markedly
enhanced lifespan in the transgenic mouse model (R6/2) of HD.
© 2021 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/).
Science and Biotechnology,
Dist., Taichung City, 407224,

lishing services by Elsevier B.V. Th
1. Introduction

Huntington's disease (HD) is a neurodegenerative disorder
caused by the expansion of the trinucleotide CAG repeat in the
Huntingtin (Htt) gene [1]. When the number of CAG repeats is > 36,
the translated polyQ-expanded mutant HTT (mHTT) protein forms
aggregates [2e4]. The abnormal accumulation of polyQ-expanded
mHtt also leads to aggregate formation in the nuclei of microglia,
neurons, and different types of peripheral cells [2,5e7]. Further,
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mHtt promotes protein misfolding; thus, it inhibits the activity of
the proteasome, dysregulates transcription, impairs synaptic
functions, induces oxidative stress, and degenerates axons, even-
tually leading to neurodegeneration and neuronal loss [5,8e10].
However, no effective treatment for HD is currently available.

The AMP-activated protein kinase (AMPK) is an energy sensor
that sustains cellular energy homeostasis by regulating the down-
stream target genes [11]. AMPK is a heterotrimeric complex
composed of a, b, and g subunits. AMPK can be activated by cAMP-
dependent kinase, calmodulin-dependent protein kinase [12], liver
kinase B1 (LKB1), and Ca2þ/calmodulin-dependent protein kinase II
[13,14]. The substrates of AMPK are involved in energy metabolism
and different cellular processes [15]. AMPK activation increases ROS
formation, subsequently causing mitochondrial damage and
apoptosis [16,17]. The roles and regulation of AMPK in HD patho-
genesis, including oxidative stress and DNA damage, have been
investigated. We previously reported that AMPK activation occurs
in striatal neurons of R6/2 mice and patients with HD. In the past
several years, the correlation between oxidative stress and DNA
damage has been documented. ATM is involved in the phosphor-
ylation of AMPK. Fu et al. reported that activation of ATM by eto-
poside induces ROS production and mitochondrial biogenesis
through the phosphorylation/activation of AMPK. Overexpression
of a 43Q-GFP fusion protein increases ROS production and ATM
activity, and subsequently evokes ATM-dependent DNA damage in
PC12 cells [18]. Suzuki et al. reported that IGF-1 induced AMPK
activation in human and mouse fibroblast cells via LKB1-
independent and ATM-dependent manner [19]. Thus, oxidative
stress might promote mitochondrial biogenesis via the DNA dam-
age, ATM and AMPK pathway [20]. We previously characterized the
positive feedback loops between the activation of AMPK-a1 and
increased oxidative stress that contributes to the disease progres-
sion in HD [17]. However, the role of the correlation between DNA
damage and AMPK-a in HD has not been determined.

Panax ginseng has been used as a medicine in Asia for various
diseases, including neurodegenerative and aging disorders (such as
HD, Alzheimer's disease, amyotrophic lateral sclerosis, Parkinson's
disease, and multiple sclerosis) [21]. Ginsenoside is the main and
most effective component of Panax ginseng. Several ginsenoside
compounds have been identified and used to prevent HD. Com-
pound K (CK), an intestinal bacterial metabolite of Panax ginseng
protopanaxadiol saponins, is one of the major deglycosylated me-
tabolites of ginsenosides that can be absorbed in the systemic cir-
culation. CK from Panax ginseng (20-O-b-D-glucopyranosyl-20(S)-
protopanaxadiol) was prepared according to our US patent
(US7932057B2). Recently, the potential protective effect of CK and
the underlying mechanisms in R6/2 mice (transgenic mouse model
of HD) remain unclear. In this study, we tested the protective action
of CK in HD pathogenesis that involves ATM/AMPK dependent
pathway.

2. Materials and methods

2.1. Cell culture and transfection

Striatal progenitor cell lines (STHdhQ7 and STHdhQ109) were
provided by Dr. Elena Cattaneo and Yijuang Chern. The condition-
ally immortalized striatal neuronal progenitor cells, derived from
wild-type mice (STHdhQ7) or knock-in mice (STHdhQ109), express
endogenous normal Htt harboring seven and 109 glutamines,
respectively. These cells were kept in an incubation chamber at
33 �C and 5% CO2 in Dulbecco's Modified Eagle's Medium (Thermo
Fisher Scientific Inc. Waltham, MA, USA) supplemented with 10%
fetal bovine serum (HyClone™ Fetal Bovine Serum, USA) [22]. Only
the cells with passage number <20 were used. Small interfering
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RNA (siRNA) was obtained from RNAiCore in the Biomedical
Translation Research Center (BioTReC), Sinica, Taiwan. Cells were
transfected using lipofectamine 2000 according to the manufac-
turer's protocol (LF2000, Thermo Fisher Scientific Inc.) [22]. Mirin,
Ku55933, camptothecin (CPT) was obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Cell death assays

Cell death was quantified using the MTT reduction assay 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich) and Alamar Blue assay (Thermo Fisher Scientific
Inc). Fluorescence at excitation 570 nm/emission 600 nm was
measured using a OPTImax tunable microplate reader (Molecular
Devices) [23].

2.3. Measurement of ROS in vitro

Cellular ROS analysis was performed as previously described
[17] by the oxidant-sensing probe 20,70-dichlorodihydrofluorescein
diacetate (H2DCFDA; Molecular Probes, Inc., Eugene, OR, USA).
Briefly, cells were incubated in a culture medium containing
H2DCFDA (50 mM) for 30 min at 33 �C. Cells were washed thrice in
Locke's buffer, lysed in Tris-ethylenediaminetetraacetic acid (EDTA)
buffer containing 0.2% Triton X-100 for 10 min, and centrifuged at
15,000�g for 5min at 4 �C. Fluorescence intensity (at excitation and
emission wavelengths of 488 and 510 nm, respectively) was
measured in the supernatant (cytoplasmic fraction) using a fluo-
rescence plate reader (Thermo Fisher Scientific Inc.).

2.4. Immunoprecipitation

Immunoprecipitation was performed as previously described
[24]. Briefly, cells were lysed with ice-cold TriseNaCleEDTA (TNE)
buffer and incubated with an anti-AMPK-a1 antibody (Novus Bi-
ologicals, Littleton, CO, USA) for 1 h at 4 �C on a rolling wheel. The
complexes were then mixed with protein A beads (Sigma-Aldrich)
and incubated for 1 h at 4 �C. The immunocomplex was extensively
washed with ice-cold TNE buffer and analyzed by SDS-PAGE and
western blotting.

2.5. SDS-PAGE and western blotting

Western blot analysis was performed as previously defined [24].
The primary antibodies anti-phosphor-ATM, anti-Bcl2, and anti-
phosphor-AMPK antibodies (Cell Signaling Technology, Danvers,
MA, USA) were used; anti-gH2AX, anti-mHtt, anti-V5, and anti-
actin antibodies (Millipore, Billerica, MA, USA) were used. Immu-
noreactive signals on the blots were identified using an enhanced
chemiluminescence (ECL) detection system (PerkinElmer Life and
Analytical Sciences, Boston, MA, USA). The protein band quantifi-
cations were analyzed using the ImageJ Gel Analysis program.

2.6. Animals and CK treatment

Male transgenic R6/2 mice (B6CBA-Tg(HDexon1)62Gpb/3J),
which express exon 1 of the human huntingtin gene with 120 ± 5
CAG repeat expansions, were received from the Jackson Laboratory
(Bar Harbor, ME, USA; stock number 006494) and mated with fe-
male control mice (B6CBAFI/J). Posterity were identified by the PCR
genotyping and sequencing technique of genomic DNA using
primers located in the transgene (50-CCGCTCAGGTTCTGCTTTTA-30

and 50-GGCTGAGGAAGCTGAGGAG-30). All experimental measures
involving animals were accepted by the Ilan University Animal
Ethics Committee (permit number 106-8). Mice arrived at the Ilan
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University Animal Care Facility at 4 wks of age, were housed in
groups of five animals, and were maintained under controlled
conditions with a 12-h light/dark cycle and with food and water ad
libitum. Experiments were planned and completed according to the
3Rs principles, which comprise the decrease of animal excruciation
and number of mice used. For treatment with CK, transgenic R6/2
mice received daily CK dose (30 or 60 mg/kg of body weight, oral
gavage administration) or vehicle for 5 wks, starting from 7 wks of
age. Behavioral assays were performed between 5 and 12 wks of
age.

2.7. Behavioral tests

2.7.1. Rotarod performance
The motor coordination was assessed using a Rotarod apparatus

(UGO BASILE, Comerio, Italy) at a constant speed (12 rpm for 2min).
All mice were tested three times per week. Each test session
comprised three trials for each mouse. The latency to fall from the
rotating rod, up to a maximum of 2min, was recorded for each trial.
Weekly maximum performance for each mouse was used for sta-
tistical analysis.

2.7.2. Clasping
At 12 weeks of age, the position of the hind limbs upon tail

suspension was observed for 10 s. A score of 0 was assigned if the
hind limbs were consistently splayed outwards, away from the
abdomen. A score of 1 was assigned if one hind limb was retracted
toward the abdomen for more than 50% of the 10-s observation
period. A score of 2 was assigned if both hind limbs were partially
retracted toward the abdomen for more than 50% of the 10-s
observation period. Finally, a score of 3 was assigned if the hind
limbs were entirely retracted and touching the abdomen for more
than 50% of the 10-s observation period.

2.8. Measurement of ROS in brain tissue

To analyze ROS production in in vivo tissues, coronal sections of
20 mm were cut (HM430, Microm, Walldorf, Germany). Brain sec-
tions were keep with CellROX™ Green Reagent (5 mM; Molecular
Probes, Inc.) for 30 min. For the quantification of the images, the
acquisition was performed using laser confocal microscopy
(LSM810, Carl Zeiss MicroImaging) and analyzed using the Meta-
Morph imaging system (Universal Imaging).

2.9. Immunohistochemistry and quantitation

Brain sections were immunohistochemically stained as
described before [25]. Briefly, brain sections were incubated over-
night with the appropriate primary antibody in PBS containing 5%
normal goat serum at 4 �C, then incubated with the corresponding
secondary antibody for 2 h at room temperature. The following
primary antibodies and concentrations were used: anti-phosphor-
ATM (1:100), anti-phosphor-AMPK (1:200), anti-NeuN (1:500), and
anti-mHtt (1:250) (Millipore). Secondary antibodies were conju-
gated to Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor 633. Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI). The
slides were mounted using Vectashield (Vector Laboratories, Bur-
lingame, CA, USA). To determine the number of neurons in the
striatum, nine frames from three sections spaced evenly
throughout the striatum (interaural 5.34 mm/bregma 1.54 mm to
interaural 3.7 mm/bregma �0.1 mm) were analyzed for each ani-
mal by an investigator blinded to the experimental conditions; at
least 500 cells from each animal were counted and measured. For
the quantification of the images, the acquisition was performed
using laser confocal microscopy (LSM810, Carl Zeiss MicroImaging)
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and analyzed using the MetaMorph imaging system (Universal
Imaging).

2.10. Filter retardation assay

The mHtt aggregates were measured as described before [24].
The primary antibodies anti-Htt and anti-actin antibodies
(Millipore).

2.11. Statistical analysis

Results are expressed as mean ± standard error of the mean
(SEM). Each experiment was duplicate more than three times.
Comparisons among several groups were evaluated by one-way
analysis of variance followed by Dunnett's post-hoc test. Differ-
ences between treatment means were deliberate statistically sig-
nificant at P < 0.05.

3. Results

3.1. Selective activation of ATM in striatal neurons in R6/2 mice

To evaluate the role of ATM in HD pathogenesis, we first
assessed the activation of ATM in the brains of mice with HD. The
phosphorylation (activation) level of ATM (ATM-p) significantly
increased in the striatum of R6/2 mice, but not in that of WT mice
(Fig. 1A and B). The activation of ATMwas disease-stage-dependent
in R6/2 mice; in the late stage, the phosphorylation (activation)
level of ATM and mHtt aggregation significantly raised in the
striatum of R6/2 mice (Fig. 1A and C), whereas the ATM inhibitor
Ku55933 reduced the activation level of ATM (ATM-p) and mHtt
aggregates in R6/2 mice (Fig. 1DeF).

3.2. AMPK-a is a downstream target of ATM in striatal cells

Numerous kinases are known to control the phosphorylation of
AMPK, including ATM in PC12 and human embryonic kidney cells
[18]. Here, we showed that AMPK-a was phosphorylated by ATM,
which probable mediate the aberrant phosphorylation of AMPK in
HD. We determined the phosphorylation of ATM in STHdhQ7 or
STHdhQ109 cells. The phosphorylation of ATM was higher in
STHdhQ109 cells more than that in STHdhQ7 cells (Fig. 2A). Two ATM
inhibitors Ku55933 and Mirin (Fig. 2A) and an ATM-siRNA (Fig. 2B)
significantly reduced the overactivation of ATM in STHdhQ109 cells.
The knockdown efficacies of ATM-siRNA in STHdhQ109 cells are
shown in Fig. S1. We next assessed the interplay between AMPK
and ATM in striatal neurons in HD. ATM inhibitors blocked the
activation of AMPK in STHdhQ109 cells (Fig. 2C). Consistent with the
significance of ATM in the phosphorylation of AMPK, we discover
that the phosphorylation level of AMPK at Thr172 was lower in the
cells transfected with ATM-siRNA (Fig. 2D). Reportedly, sequence S/
TQ is an essential amino acid for substrate recognition by ATM ki-
nase [26].We identified substrates for ATM and RAD3-related (ATR)
by recognizing the phosphorylated serine or threonine in the S/TQ
motif. Immunoprecipitation of AMPK-a1 and Western blot analysis
using ATM-substrate phosphorylated antibody were performed.
ATM-substrate phosphorylation in STHdh Q7cells was significantly
lower than that in STHdh Q109 cells (Fig. 2E). ATM-siRNA and ATM
inhibitor (Ku55933) reduced the substrate phosphorylation in
STHdhQ109 cells (Fig. 2F and G). We found a SQ motif in AMPK-a1 at
Ser413 and hydrophobic amino acids at N-3 [Fig. S2, One ATM
phosphorylation site (S413) is shown in black]. To assess whether
ATM phosphorylates AMPK-a1 through SQ motif, we created
AMPK-a1 variants, in which the Ser413 residue was mutated into
alanine (AMPK-a1-S413A-V5; S413A). Cells were transfected with



Fig. 1. Expression of polyQ-expanded mutant huntingtin enhances the phosphorylation of ATM.
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the indicated construct [AMPK-a1-WT-V5 (WT) and AMPK-a1-
S413A-V5 (S413A)] for 48 h. We subsequently immunoprecipi-
tated AMPK-a1 using the V5 antibody. A dominant-negative
mutant of AMPK-a1 at Ser413 (S413A/V5) significantly reduced the
ATM-substrate phosphorylation level in STHdhQ109 cells (Fig. 2G).
Thus, these results suggest that ATM phosphorylated AMPK-a1
through SQ motif at Ser413. In addition, Ser413 is important in the
activation of AMPK-a1 at Thr172.
575
3.3. mHtt renders striatal neurons vulnerable to DNA damage
induced by an ATM activator

We have demonstrated that the expression of mHtt enhances
the phosphorylation levels of ATM and AMPK (Figs. 1 and 2). ATM
regulates DNA repair through the phosphorylation of the Ser139

residue of H2AX [27,28]. Here we first showed that an ATM acti-
vator camptothecin (CPT) and doxorubicin (DOX) time-
dependently activated ATM in the STHdhQ109 cells with concomi-
tant phosphorylation of AMPK-a1 (Fig. 3A and Fig. S3).



Fig. 2. AMPK-a1 is a downstream target of ATM in striatal cells.
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Immunofluorescence confocal microscopy confirmed colocaliza-
tion of CPT and DOX-induced ATM-p and AMPK-p (Fig. 3B and
Fig. S3B). Furthermore, CPT and DOX time-dependently activated
H2AX with an increased gH2AX level in the mHtt-expressing
STHdhQ109 cells; CPT and DOX also increased gH2AX level in the
control STHdhQ7 cells, albeit to a much lesser extent (Fig. 3C and
Fig. S3A). Immunofluorescence microscopy confirmed the height-
ened expression of gH2AX upon exposure to CPT in the
STHdhQ109 cells (Fig. 3D).
3.4. CK significantly reduces cytotoxicity and oxidative stress in
mHtt-expressing cells

Next, we assessed the protective effect of CK in HD. The cyto-
protection of CK in striatal cells was first assessed byMTT reduction
assay (Fig. 4A) and Alamar Blue assay (Fig. 4B) in mHtt-expressing
cells. Our results show that CK blocked the death of STHdhQ109 cells
576
(Fig. 4A and B). Higher ROS levels were examined in the
STHdhQ109 cells compared with STHdhQ7 cells, whereas CK mark-
edly decreased mHtt induced ROS in STHdhQ109 cells (Fig. 4C).
3.5. Oral administration of CK halts disease progression in a
transgenic mouse model (R6/2) of HD

To evaluate the actions of CK, we tested the effect of oral
administration of CK in R6/2 mice for 5 wks from the age of 7 wks.
Schematic representation of the experimental procedure and
behavioral test (Fig. 5A). CK rescued weight decrease of the R6/2
mice (Fig. 5B). CK also reduced motor dysfunction as assessed by
the rotarod test (Fig. 5C) and clasping scores (Fig. 5D). Most
importantly, oral administration of CK extended the lifespan of
mice with HD (Fig. 5F). In parallel with the improved motor
dysfunction, CK markedly enhanced neuronal survival in the
striatum of mice with HD. This was based on immunohistochemical



Fig. 3. An ATM activator (CPT) triggers ATM and AMPK activation in STHdhQ109 cells.
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staining (Fig. 6A), quantitative analyses of striatal NeuNþ neuron
density (Fig. 6B) shown in Fig. 6A (green), and western blotting to
detect striatal NeuN expression (Fig. 6D). Consistent with an in-
verse relationship between neuronal survival and mHtt aggrega-
tion, quantitative analyses of signal intensities of mHtt (Fig. 6C) on
the immunostaining micrographs [Fig. 6A (red)] and filter retar-
dation assay (Fig. 6E) revealed that oral administration of CK
significantly reduced the formation of mHtt aggregates in mice
with HD.
3.6. CK protects striatal cells against mHtt-mediated neuronal cell
death and interferes with the detrimental action of ROS, ATM, and
AMPK

We previously established that, AMPK-a1 is abnormally acti-
vated by mHtt and exerts a harmful effect on neuronal survival
through the inhibition of the pro-survival protein Bcl2 [24], and we
also suggested that a positive feedback loops regulation between
the formation of ROS and phosphorylation of AMPK-a1 in HD [17].
Here, we demonstrated that treatment with CK dose-dependently
mitigated oxidative stress in the R6/2 mouse striatum, as
assessed by CellROX signal intensity (Fig. 7A and B) and brain
glutathione content (Fig. 7C). CK attenuated phosphorylation of
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ATM at Ser1981 (Fig. 7D) and AMPK-a1 at Thr172 (Fig. 7E) in R6/2
mice. Moreover, our data indicated that CK markedly reduced
AMPK phosphorylation by the AMPK activator (AICAR,1 mM) in the
mHtt-expressiog cells (Fig. S4). Among the survival-related genes
regulated by AMPK, Bcl2 is involved in the disease progression of
HD [29]. Inactivating or preventing nuclear translocation of AMPK-
a1 was previously shown to ameliorate mHtt-induced neuronal
loss and downregulation of Bcl2 [24]. In the present study, the
expression levels of Bcl2 protein were significantly lower in the
striatum of R6/2 mice compared to WT mice. Furthermore, chronic
treatment with CK significantly upregulated Bcl2 in R6/2 mice
(Fig. 7F). Schematic representation of the signaling pathways that
mediate the function of CK in rescuing the harmful effect of the
ROS/ATM/AMPK-dependent pathway in the presence of mHt
(Fig. 7G).
4. Discussion

Age-related neurodegenerative disorders, including AD and HD,
consistently show elevated markers of DNA damage [30e34].
Higher phosphorylation of AMPK were also establish in HD and AD.
However, the fictional role of the correlation between AMPK-a and
ATM in HD pathogenesis has never been reported before. In this



Fig. 4. Compound K (CK) significantly reduces cytotoxicity and oxidative stress in mHtt-expressing cells.
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study, we established that mHtt activated ATM in striatal cell lines
expressing mHtt and in mice with HD (Figs. 1 and 2). We previously
established that the higher ROS and CaMK II level excited by mHTT
triggered the over activation of AMPK-a, resulting in HD. Here, we
further suggest ATM as an additional harmful factor that upstream
of AMPK-a in HD [17,24]. ATM is a key protein involved in the DNA
damage response in cells. The role of ATM activation in HD path-
ogenesis has been demonstrated. Yang and colleagues showed that
ATM may be a promising new target in HD, as it can modify the
toxicity of the mutant protein that causes HD. They also found that
the ATM/gH2AX signaling activity was aberrantly increased in
STHdhQ111 cells, BACHD mouse models, and patients with HD. In-
hibition of ATM was consistently shown to reduce HD toxicity in
cellular and animal models [35]. In this study, we reported that the
expression of polyQ-expanded mHtt enhanced the phosphoryla-
tion of ATM (Figs. 1 and 2) and AMPK (Fig. 2). The correlation be-
tween AMPK and ATM has also been demonstrated. AICAR and IGF-
1 phosphorylate the AMPK-a subunit in an ATM-dependent
manner [19,36]. Ionizing-radiation-induced DNA damage leads to
the activation of ATM, followed by the phosphorylation of AMPK,
which mediates cell-cycle arrest via p53 and p21waf/cip expression
and the regulation of the G2/M checkpoint in cancer cells [37].
Activation of AMPK by activator (AICAR and metformin) were
promoted UVB-induced DNA damage and increased the expression
of xeroderma pigmentosum C (XPC) [38]. In this paper, we further
propose that ATM is a new upstream of AMPK-a1 in HD. ATM
phosphorylated AMPK-a1 via SQ motif in striatal neurons of HD
(Fig. 2G). The DNA damage induced by CPT enhanced the activation
of AMPK in mHtt-expressing cells (Fig. 3A). ATM regulates DNA
repair through the activation of H2AX. Phosphorylation of the
Ser139 residue of H2AX is coordinated in DNA double-strand breaks
[27,28]. We also found that H2AX was activated in mHtt-expressing
cells (Fig. 3C and D). In addition, STHdhQ109 cells, which exhibited
increased AMPK activity, were more susceptible to CPT-induced
DNA damage (Fig. 3). According to our findings we found a novel
mechanism by which oxidative-stress-induced DNA damage
significantly contributes to the dysfunction of energy sensors in HD.

We previously proposed that the activation of AMPK-a1 po-
tentiates neuronal atrophy and loss induced by mHtt. Our study
proved that AMPK was activated in the striatum of R6/2 mice at a
late stage, 12 wks and could worsen neuropathological and
behavioral phenotypes [24]. A previous study reported that AMPK
578
activators (metformin) may protect mHTT-induced cytotoxicity in
the early to intermediate stage of HD [39]. Sanchis et al. showed
that metformin in the early stage of HD (3 mo old) may decrease
cytotoxicity triggered by mHtt in the cortex and striatum in zQ175
mice [40]. The functional role of AMPK activation in regulation of
HD pathogenesis appears to be highly complex and diametrically
opposed. We hypothesized that AMPK activation may be mainly
protective during the earliest stages (before neuronal degenera-
tion) of HD. However, in the late stages of the disease, activation of
AMPK may worsen disease progression in HD.

More than 30 ginsenoside compounds have been identified.
Ginsenosides have been previously used to protect against AD and
HD symptoms [21]. The molecular mechanisms and medical ap-
plications of ginsenosides have attracted much attention in the last
few years. The therapeutic potential of ginsenoside has been
demonstrated in HD. Rb1, Rc, and Rg5 primary cultures of medium
spiny neurons in YAC128 HDmice protecting them from glutamate-
induced apoptosis [41]. Rg3 and Rf increased PGC-1a and phos-
phorylated CREB, reduced p53, Bax, and cleaved caspase-3 in R6/2-
derived neural stem cell [42]. Rb1, Rb3, Rg1, Rg3, Rd, and Panax
ginseng saponin (GTS) reportedly protect against glutamate and 3-
nitropropionic acid (3-NP)-induced cell death [43e47]. Ppt
reportedly acts to against 3-NP-induced oxidative stress via
induced heat shock proteins 70, nuclear factor erythroid 2-related
factor 2 (Nrf2), heme oxygenase-1 (HO-1), and NAD(P)H quinone
oxidase 1 (NQO1) expression in a rat model of HD [48]. Jang et al.
suggested that pre-administration of Korean Red Panax ginseng
extract (KRGE) inhibitedmicroglial activation, iNOS expression, and
proinflammatory cytokine production (interleukin 1b, IL-1b; and
interleukin-6, IL-6 and tumor necrosis factor-a, TNF-a) [49]. Jane
et al. also reported that gintonin contributes to cell protection from
3-NP-induced striatal toxicity through activating the lysophos-
phatidic acid receptors and Nrf2 signaling pathway. Gintonin also
inhibited the mitogen-activated protein kinase (MAPK) and nuclear
factor-kB (NF-kB) signaling pathways [50]. Rg3-enriched KRGE in-
hibits blood-brain barrier disruption via inhibiting the expression
of MitoSOX and 4-hydroxynonenal, and increasing nicotinamide
adenine dinucleotide phosphate, oxidase 2 and 4, and NADPH ac-
tivity in EAE mice (animal model of multiple sclerosis) [51].

The correlation of AMPK and Panax ginseng have been demon-
strated. Panax ginseng C.A. Meyer has been found to protect against
AA þ iron-induced toxicity by activated LKB1-AMPK signaling



Fig. 5. Compound K (CK) markedly reduces disease progression in the R6/2 mice of HD.
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pathway in HepG2 cells [52]. Panax ginseng increases insulin
secretion and tolerance, glucose uptake and oxidation, and
glycogen deposition through the activation of the AMPK pathwas in
diabetic rats [53]. 20(S)-ginsenoside Rg3 (S-Rg3) has been found to
prevent DEX-induced muscle atrophy through the modulation of
the AMPK-FOXO3 signaling pathway [54]. Ginsenoside Rg1 acti-
vated the AMPK pathway to increased plasma membrane
579
translocation of glucose transporter type 4 to inhibit dietary-
induced obesity and improved obesity-related insulin resistance
[55]. However, the correlation between Panax ginseng and AMPK in
the control nerve system remains unclear.

Higher oxidative stress has been detected in HD and important
in HD pathogenesis [56e58]. CK reduces ROS production in
neurodegenerative diseases [59] and inflammation via NLRP3



Fig. 6. Compound K (CK) significantly reduces neuronal loss and mHtt aggregation in the R6/2 mice of HD.
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pathway in cerebral ischemic injury and high-fat diet-induced
diabetic mice [60,61]. CK reduced excitotoxicity and increased
spontaneous gamma aminobutyric acid (GABA) release induced by
580
Ca2þ [62]. CK also inhibits the release of proinflammatory cytokines
such as IL-1b, IL-6, TNF-a, and interleukin-10 (IL-10) in LPS-
activated macrophages through the reduction of the NF-kB



Fig. 7. Compound K (CK) reduces ATM and AMPK overactivation and enhances Bcl2 expression in mHtt-expressing cells and in the R6/2 mice of HD.
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signaling pathway [59]. Park et al. suggested that CK suppresses
inflammatory molecules by modulating the production of ROS,
MAPK, NF-kB, and HO-1 signaling pathways in LPS-stimulated
microglia and BV2 cells [63]. Despite these beneficial effects, the
detailed protective mechanisms of CK in HD remains unclear that
warrant further investigation. As shown in Fig. 4C, CK markedly
enhanced cell survival and suppressed ROS production in mHtt-
expressing cells. Consistently, the oral administration of CK to R6/
2 mice for 5 wks improved neuronal survival, motor function, body
weight, and survival rate (Fig. 5). In this study, we further
demonstrated that CK suppressed ATM/AMPK activation in HD. The
major pathogenic pathways underlying most age-related neuro-
degenerative disorders (including HD) are the impairment of
cellular energy homeostasis and DNA damage in the brain. The
molecular determinants and the pathological consequences of the
DNA damage repair and energy deficiency observed in HD are
currently unknown. Over the past several years, the correlation
between oxidative stress and DNA damage has been demonstrated.
ATM is induced by oxidative stress via the oxidation of cysteine
residues [64]. It is important to point out that we previously re-
ported a positive feedback loops between AMPK and ROS in HD,
suggesting that AMPK also positively regulates DNA damage via the
enhancement of ROS production. Thus, our results suggest that the
accumulation of ROS evoked by a polyQ-expanded mHtt activates
ATM, which in turn triggers AMPK, thus further contributing to ROS
production in HD. Our findings propose that polyQ expansion in-
duces DNA damage in HD via an ATM�AMPK-dependent pathway.
Moreover, activation of ATM improved the phosphorylation level of
AMPK in HD. Finally, the oral administration of CK suppressed ATM/
AMPK activation and protected striatal neurons in HD. These results
propose that CK is useful for the treatment of neurodegenerative
disorders.
5. Conclusion

In this study, we demonstrated that the expression of polyQ-
expanded mHtt enhanced the phosphorylation of ATM. In addi-
tion, ATM phosphorylated AMPK-a in the striatal neurons of mice
with HD. Moreover, we demonstrated that oral administration of
CK reduced disease progression and markedly enhanced lifespan in
a transgenic mouse model (R6/2) of HD through the inhibition of
the overactivation of the ATM/AMPK pathway (Fig. 7G). Our study
characterized the functional relevance of ATM/AMPK signaling and
its role in HD. We believe that the understanding of the functional
role of CK in DNA damage and AMPK activation will bring impor-
tant knowledge for the development of neuroprotective strategies
targeting the bioenergetic defects in HD and other age-related
diseases.

(A) Immunofluorescence staining of ATM-p (green) and mHtt
(EM48, red) in the striatum of the indicated animals (age,
4e12 wks; n¼ 6 for each condition). Nuclei were stained with DAPI
(blue). Scale bars, 20 mm. The histograms present the integrated
intensity of ATM-p (B) and mHtt (C) in striatal neurons. About
300 cells from each mouse were quantified. Data are expressed as
mean ± SEM. a P < 0.05, WT vs. R6/2 mice. b P < 0.05 vs. vehicle-
treated R6/2 mice. (D) Intrastriatal injection of an ATM inhibitor
(ku55933) markedly reduced the phosphorylation of ATM in the
striatum of R6/2 mice; 12-wk-old mice were intrastriatally injected
with ku55933 (5 mg/kg) or saline. One day post-injection, brain
sections were harvested to analyze the expression of ATM-p (green)
and mHtt (EM48, red) in the indicated animals (n ¼ 6 for each
condition). Nuclei were stained with DAPI (blue). The histograms
present the integrated intensity of ATM-p (E) and mHtt (F) in
striatal neurons. About 300 cells from each mouse were quantified.
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Data are expressed asmean ± SEM. b P< 0.05 vs. vehicle-treated R6/
2 mice. Scale bars, 20 mm.

(A, C) Cells were incubated with or without an ATM inhibitor
(ku55933, 10 mM; mirin, 20 mM) for 24 h (B, D, F) Cells were
transfected with a siRNA for ATM for 48 h. Total lysates were
assessed by Western blot analyses. (E) Total lysate of STHdhQ7and
STHdhQ109 cells was immunoprecipitated using the indicated anti-
body and subjected to Western blot analyses. (G) Cells were incu-
bated with or without ATM inhibitor (ku55933, 10 mM) for 24 h or
transfected with the indicated construct [AMPK-a1-WT-V5 (WT),
AMPK-a1-S413D-V5 (S413D) for 48 h. Total lysate were assessed by
Western blot analyses. Molecular mass is indicated in kilodaltons.
Results were normalized to those of actin. Data are expressed as the
mean ± SEM of three independent experiments. a P < 0.05, between
STHdhQ7 and STHdhQ109. b P < 0.05 vs. untreated STHdhQ109 cells.

(A, C) Cells were treated with or without an ATM activator (CPT,
10 mM) at the indicated time points. Total protein lysates were
prepared from the striatal cell lines and used in Western blot an-
alyses to determine the levels of the AMPK-p, AMPK-a1, ATM-p,
ATM, gH2AX, and actin proteins. The molecular mass is indicated
in kilodaltons. Data are expressed as the mean ± SEM of three in-
dependent experiments. a P < 0.05, between STHdhQ7 and
STHdhQ109. b P < 0.05 vs. untreated STHdhQ109 cells. (B, D) Cells were
treated with or without an ATM activator (CPT, 10 mM) for 1 h.
Immunofluorescence staining of ATM-p (green), AMPK-p (red), and
gH2AX (green) in STHdhQ7 and STHdhQ109 cells was conducted as
indicated. Nuclei were stained with DAPI (blue). Scale bars, 20 mm.

(A and B) STHdhQ7 and STHdhQ109 cell death was quantified by
the MTT reduction assay and Alamar Blue assay. Cells were incu-
bated for 24 h with CK (10 mM). For both assays, the values were
normalized to those of the untreated STHdhQ7 cells. Data are
expressed as the mean ± SEM of three independent experiments. a
P < 0.05, STHdhQ7 vs. STHdhQ109 cells. b P < 0.05 CK-treated vs.
untreated STHdhQ109 cells. (C) To measure cellular ROS levels, cells
were incubated with H2DCFDA (50 mM) for 30 min followed by
treatment with CK (10 mM) for 24 h. Data are expressed as the
mean ± SEM of three independent experiments. a P < 0.05, specific
comparison between STHdhQ7 and STHdhQ109 cells. b P < 0.05 vs.
untreated STHdhQ109 cells.

Mice were treated daily with CK or vehicle for 5 wks from the
age of 7 wks. (A) Schematic representation of the experimental
procedure and behavioral test (B) Rotarod performance, (C) body
weight, and (D) clasping (n ¼ 12 for each condition) were assessed.
Data are expressed as themean ± SEM. a P < 0.05,WT vs. R6/2mice.
b P < 0.05, CK- vs. vehicle-treated R6/2 mice. (E) Survival assess-
ment (P < 0.05, Kaplan�Meier survival analysis).

Mice were treated daily with CK or vehicle for 5 wks from the
age of 7 wks. (A) Brain sections of 12-wk-old mice were stained
with NeuN and EM48. The number of neurons (NeuN; green) and
the level of mHtt aggregation (EM48; red) in the striatum of the
indicated mice (n ¼ 6 for each condition) were quantified. Nuclei
were stained with DAPI (blue). The histograms show the number of
striatal neurons (B) and the integrated intensity of mHtt (C). About
500 cells from each mouse were quantified. Data are expressed as
the mean ± SEM. Scale bars, 20 mm a P < 0.05, WT vs. R6/2 mice. b

P < 0.05 vs. vehicle-treated R6/2 mice. (D) Striatal lysates were
analyzed byWestern blot analysis. The molecular mass is indicated
in kilodaltons. (E) The amount of mHtt aggregation in striatal ly-
sates was analyzed by a filter retardation assay. The insoluble ag-
gregates retained on the filters were detected using an anti-mHtt
antibody. The molecular mass is indicated in kilodaltons. Data are
expressed as the mean ± SEM of three independent experiments. a

P < 0.05, WT vs. R6/2 mice. b P < 0.05, CK- vs. vehicle-treated R6/2
mice.
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Mice were treated daily with CK or vehicle for 5 wks, starting
from 7 wks of age. (A) Brain sections from 12-wk-old mice were
stained with CellROX™ Green Reagent (green) to identify ROS;
nuclei were stained with DAPI (blue). Scale bar, 20 mm. (B) Quan-
tification of CellROX™ Green fluorescence intensity in the striatum
of the indicated mice (n ¼ 3 for each condition; at least 100 cells
from each animal were quantified). Data are expressed as the
mean ± SEM. a P < 0.05WT vs. R6/2 mice. b P < 0.05 CK- vs. vehicle-
treated R6/2 mice. (D-F) Striatal lysates were analyzed by Western
blot analysis to determine the levels of the ATM-p, AMPK-p, Bcl2,
and actin proteins. The molecular mass is indicated in kilodaltons.
Data are expressed as the mean ± SEM of three independent ex-
periments. a P < 0.05, WT vs. R6/2 mice. b P < 0.05, CK- vs. vehicle-
treated R6/2 mice. (G) Schematic representation of the signaling
pathways that mediate the function of compound K (CK) in
rescuing the harmful effect of the ROS/ATM/AMPK-dependent
pathway in the presence of mHtt.
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