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Abstract
Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that results from a progressive loss
of motor neurons. Familial ALS (fALS) is caused by missense mutations in Cu, Zn-superoxide dismutase 1 (SOD1)
that frequently result in the accumulation of mutant protein aggregates that are associated with impairments in the
ubiquitin-proteasome system (UPS). UPS impairment has been implicated in many neurological disorders. Bee
venom (BV) extracted from honey bees has been used as a traditional medicine for treating inflammatory diseases
and has been shown to attenuate the neuroinflammatory events that occur in a symptomatic ALS animal model.
Methods: NSC34 cells were transiently transfected with a WT or G85R hSOD1-GFP construct for 24 hrs and then
stimulated with 2.5 μg/ml BV for 24 hrs. To determine whether a SOD1 mutation affects UPS function in NSC34
cells, we examined proteasome activity and performed western blotting and immunofluorescence using specific
antibodies, such as anti-misfolded SOD1, anti-ubiquitin, anti-GRP78, anti-LC3, and anti-ISG15 antibodies.
Results: We found that GFP-hSOD1G85R overexpression induced SOD1 inclusions and reduced proteasome activity
compared with the overexpression of GFP alone in NSC34 motor neuronal cells. In addition, we also observed that
BV treatment restored proteasome activity and reduced the accumulation of ubiquitinated and misfolded SOD1 in
GFP-hSOD1G85R-overexpressing NSC34 motor neuronal cells. However, BV treatment did not activate the autophagic
pathway in these cells.
Conclusion: Our findings suggest that BV may rescue the impairment of the UPS in ALS models.
Keywords: hSOD1G85R, Ubiquitin proteasome system (UPS), Bee venom (BV), Amyotrophic lateral sclerosis (ALS),
NSC34 motor neuronal cells

Background
Amyotrophic lateral sclerosis (ALS) is the most common
adult-onset motor neurodegenerative disease. ALS is
characterized by a progressive loss of motor neurons in
the spinal cord, brain stem and motor cortex that leads
to the rapid and progressive atrophy of skeletal muscles.
Although the majority of ALS cases are sporadic (sALS),
5–10% are inherited autosomal-dominant cases (fALS)
that result from the generation of misfolded or abnormal
proteins [1]. Among fALS cases, approximately 15–20%
involve missense mutations in the gene encoding copper/
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zinc superoxide dismutase (SOD1). Although many studies have demonstrated that oxidative stress, mitochondrial degeneration, cytoskeletal alterations, and growth
factor abnormalities occur in ALS models, the mechanism of pathogenicity in ALS is completely unknown. One
hypothesis suggests that mutated and misfolded SOD1 is
a critical factor, and these proteins are believed to play a
major role in motor neuron dysfunction and death in
ALS [2].
Abnormal and misfolded proteins are degraded by the
ubiquitin-proteasome system (UPS) and autophagylysosome pathway (ALP). Impairments in these systems
may lead to the accumulation and aggregation of
misfolded proteins, resulting in cellular toxicity and death.
Wild-type SOD1 and the A4V, G85R and G93A mutant
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SOD1 proteins are degraded by both the UPS and autophagy degradation pathways [3]. The A4V, G85R and G93A
mutant SOD1 proteins are more easily misfolded and
more unstable than wild-type SOD1 [3-5]. For example,
inhibiting proteasomes in culture using epoxomicin
induced the accumulation of mutant hSOD1G93A [3].
Furthermore, misfolded or ubiquitinated SOD1 is found
in the motor neurons of a transgenic mouse model of
ALS [6]. The autophagic degradation of wild-type and
mutant SOD1, however, was blocked in cultures treated
with 3-MA, an inhibitor of macroautophagy, and ammonium chloride, an inhibitor of lysosomal proteolysis,
suggesting that autophagy contributes to the clearance of
wild-type and mutant SOD1 [3,7]. In vivo studies have
demonstrated that macroautophagy plays an important
role in preventing neurodegeneration in mice [8,9]. In
addition to the UPS, mutant SOD1 is also cleared by
autophagy. This finding supports the hypothesis that the
impaired autophagic degradation of mutant SOD1 is an
important mechanism leading to neurodegeneration in
ALS and that the misfolding of mutant SOD1 is a critical
feature of ALS pathology. Therefore, reducing the accumulation of misfolded or aggregated SOD1 may be of
therapeutic value for treating ALS.
Bee venom (BV) extracted from honey bees has been
used in traditional oriental medicine. BV contains a variety
of peptides, including melittin, apamin and adolapin, as
well as enzymes and biogenic active amines. Recent studies have reported that BV has anti-nociceptive [10,11] and
anti-inflammatory [12,13] effects. It has been used to treat
disease models for rheumatoid arthritis [11] and cancer
[14] as well as neurodegenerative disease models, such as
Alzheimer’s disease (AD) [15], Parkinson’s disease (PD)
[16], and ALS [17].
In this study, we investigated the effects of BV on
proteasome activity in cells expressing the mutant
hSOD1G85R gene and demonstrated that BV restored
proteasome activity, resulting in a reduction in ubiquitinated mutant hSOD1G85R in NSC34 motor neurons.
Furthermore, we showed that BV treatment significantly
reduced the amount of misfolded SOD1 in hSOD1G85Rexpressing NSC34 cells. The findings of this study suggest that BV treatment may be able to eliminate the cell
toxicity induced by ubiquitinated or misfolded mutant
hSOD1G85R in motor neurons and restore proteasome
activity in ALS.

Methods
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Cell culture and transfections

The motor neuron cell line NSC34 was purchased from
Cellutions Biosystems Inc. (Toronto, ON, Canada) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Gibco, NY,
USA), 100 U/ml penicillin (Gibco, NY, USA), and 100 μg/
ml streptomycin (Gibco, NY, USA) at 37°C in 5% CO2, as
recommended by Cellutions Biosystems Inc. Each vector
was transiently transfected into NSC34 cells using
Lipofectamine 2000 (Invitrogen, NY, USA). Approximately
80% of plated cells were transfected using our experimental procedures. For BV (Sigma, MO, USA) treatment,
BV solubilized with normal saline treated with transfected
cells by 2.5 μg/ml.
Proteasome activity assay

Cells were lysed using RIPA lysis buffer (50 mM Tris–HCl
pH 7.4, 1% NP-40, 0.1% SDS, and 150 mM NaCl) and the
Complete Mini Protease Inhibitor Cocktail (Roche, Basel,
Switzerland) and centrifuged at 14,000 rpm at 4°C for
20 min. The supernatant fraction was collected in a new
tube, and the protein concentration was determined using
a BCA protein kit (Interchim, Paris, France). The proteasomal activity was measured using the 20S Proteasome
Activity Assay kit according to the manufacturer’s instructions (Chemicon Inc., CA, USA). The fluorescence of each
sample was evaluated with a spectrofluorometer at excitation and emission wavelengths of 370 nm and 430 nm,
respectively. The level of proteasomal activity was determined from the increase in the fluorescence of the reaction products.
SOD1 aggregation assay

For the SOD1 aggregation assay, 5 × 105 NSC34 cells were
plated on a cover slip and transfected using Lipofectamine
2000 (Invitrogen, NY, USA) for 48 hrs. The cells were
fixed with 4% paraformaldehyde for 10 min at room
temperature and then washed two times with phosphatebuffered saline. The cover slip was fixed on a glass slide
using Fluoromount containing DAPI. Transfected cells
were observed using an Olympus fluorescent microscope (Olympus, Tokyo, Japan) under identical exposure
settings.
For quantification of aggregated cells, 10 microscopic
visual fields were randomly selected and aggregated cells
including scattered filamentous or condensed forms
among GFP-positive cells were counted. The % aggregation was the percentage of aggregated cells among the
GFP-positive cells which transfected cells.

Plasmid constructs

The pcDNA3-GFP expression plasmid containing GFPtagged wild-type or G85R-mutant SOD1 were kindly donated by Yoshiaki Furukawa (RIKEN Brain Science
Institute).

Immunoblotting and immunoprecipitation

Cell lysates were extracted using ice-cold lysis buffer
containing 50 mM Tris HCl pH 7.4, 1% NP-40, 0.1% SDS,
150 mM NaCl, and the Complete Mini Protease Inhibitor
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Cocktail (Roche, Basel, Switzerland). The protein concentration was determined using a BCA Protein Assay Kit
(Pierce, IL, USA). Total cell lysates were immunoprecipitated with an anti-GFP antibody overnight. After
incubating with protein A/G plus agarose beads, the
immunocomplex-beads were washed with RIPA buffer.
Boiled cell lysates (20 μg total protein per lane) or
immunocomplexes were subjected to SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Whattman, Kan, USA). The membranes were blocked in blocking solution (5% skim milk)
and incubated with primary antibodies against the following proteins: α-tubulin (1:5000, Abcam, MA, USA), GFP,
GRP78 (1:1000, Santa Cruz Biotec, CA, USA), ISG15
(1:500, Santa Cruz Biotec, CA, USA), LC3 (1:1000, sigma,
MO, USA), and ubiquitin (1:2,000, DAKO, Denmark).
The membranes were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 2 hrs at
room temperature. Specific protein bands were detected
with the SuperSignal West Femto Chemiluminescent Substrate (Pierce, IL, USA) or enhanced chemiluminescence
reagents (Amersham Pharmacia, NJ, USA). α-tubulin was
used as an internal control for protein loading. Protein
bands were detected and analyzed using a FusionSL4imaging system. Quantification of the immunoblotted
bands was performed using the Bioprofil (Bio-1D version
15.01, Viber Lourmart).
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Results
BV treatment restored UPS function in hSOD1G85Rexpressing NSC34 motor neuron cells

A previous study showed that wild-type and mutant
hSOD1 were degraded by macroautophagy and the proteasome [3]. To investigate whether the overexpression of
hSOD1G85R in NSC34 motor neuron cells affects proteasome activity, 20S proteasome activity was examined.
Consistent with previous studies, hSOD1G85R overexpression in NSC34 cells suppressed proteasome activity
compared with GFP-transfected NSC34 cells (Figure 1).
However, treatment with 2.5 μg/ml BV for 24 hrs significantly restored proteasome activity in hSOD1G85R-overexpressing NSC34 motor neuron cells (Figure 1). These
data suggest that BV treatment improved the function of
the UPS in this mutant ALS cell model.

BV treatment reduced the formation of ubiquitinated and
misfolded hSOD1G85R in NSC34 motor neuron cells

The overexpression of both wild-type and ALS-causing,
mutant hSOD1 led to the production of aggregates [18,19].
To determine whether BV treatment affects the aggregate
formation induced by mutant hSOD1G85R overexpression,
we counted the number of aggregates formed in the presence or absence of BV treatment for 48 hrs after transfection with either GFP-tagged wild-type or G85R mutant
hSOD1 in NSC34 motor neuron cells. We found that BV

SOD1 polymerization

To analyze SOD1 polymerization, 15 mg of fresh cells
was homogenized in 200 μl homogenizing buffer (50 mM
HEPES, 1 mM EDTA, 100 mM idoacetamide), incubated
at 37°C for 1 hrs and then centrifuged at 20,000 g for
5 min. The pellets were washed three times with a
washing buffer (50 mM HEPES, 1 mM EDTA, 100 mM
idoacetamide and 0.1% Nonidet P-40, pH 7.2) and
centrifuged at 20,000 g for 10 min. The final pellet (the
insoluble fraction) was suspended in 200 μl of final solution A (50 mM HEPES, 1 mM EDTA, 100 mM
idoacetamide, and 2.5% sodium dodecyl sulfate (SDS),
pH 7.2). The insoluble fraction of each sample was
either treated with β-mercaptoethanol or left untreated
before boiling and then run through a 15% SDS
polyacrylamide gel for western blot analysis using an
antibody against misfolded hSOD1 (Medimabs, Quebec,
Canada).
Statistical analysis

For the comparisons between experimental groups, the
significant differences were analyzed by one-way ANOVA
using the PRISM program (GraphPad). The data are
expressed as the means ± S.E.M; p < 0.05 was considered
statistically significant.

Figure 1 BV treatment restores proteasome activity. NSC34 cells
(2 × 106) were transfected with GFP, GFP-hSOD1 or GFP-hSOD1G85R
constructs for 48 hrs and then treated with 2.5 μg/ml BV or equal
volume of saline for 24 hrs prior to being lysed. The proteasome
activity of the lysates was assayed using the 20S Proteasome Activity
Assay kit. Proteasome activity was significantly decreased in NSC34
cells that transiently overexpressed the mutant G85R SOD1
compared with the control. BV treatment increased proteasome
activity. The values shown are the means ± SEM of data obtained
from three independent experiments. * p < 0.05. BV; bee venom.
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treatment reduced the number of aggregates formed as a
result of hSOD1G85R overexpression but that this reduction
was not statistically significant (Figure 2). Next, we investigate whether BV treatment affect cell death by hSOD1G85R
overexpressed-aggregates in NSC34 cells. As shown in
Figure 2C, we did not observe significant cell death in
wild-type and G85R over expressed neuronal cells.
To confirm the effect of BV on aggregates resulting from
hSOD1G85R overexpression, we investigated the formation
of ubiquitinated or misfolded hSOD1G85R in NSC34 cells
in the presence or absence of BV treatment. As shown in
Figure 3A and D, the formation of ubiquitinated hSOD1G85R
and total ubiquitinated protein levels were significantly
reduced in BV treated hSOD1G85R-overexpressing NSC34
motor neuron cells. Furthermore, we also found that
misfolded SOD1 levels were reduced in these cells. These
findings strongly suggest that mutant SOD1 aggregate

BV does not activate the autophagic signaling pathway

Next, we investigated whether BV enhances the autophagy signal pathway to eliminate the aggregates and
misfolded hSOD1G85R proteins in NSC34 cells. As
shown in Figure 4, hSOD1G85R overexpression induced
the expression of the microtubule-associated protein 1
light chain 3 II (LC3II) and ISG15 proteins compared
with the overexpression of GFP or wild-type hSOD1 in
NSC34 cells. However, BV treatment significantly reduced the expression of autophagosome-related proteins, including LC3II and ISG15 relative to untreated
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Figure 2 BV treatment does not significantly reduce the aggregation of SOD1 protein. (A) Cells were transiently transfected with a WT or
G85R hSOD1-GFP construct for 24 hrs and then treated with 2.5 μg/ml BV or equal volume of saline for 24 hrs. At 48 hrs post-transfection, the
cells were fixed and immunofluorescent staining was performed with an anti-GFP primary antibody. GFP-SOD1 aggregation was observed under
a fluorescence microscope with fluoromount containing DAPI. Arrowheads indicate scattered filamentous aggregates, and arrows indicate
condensed aggregates. (B) Quantification of A. The values shown are the means ± SEM of data obtained from three independent experiments.
(bars, 25 μm.) * p < 0.05, ** p < 0.01. (C) Cells transfected with a WT or G85R hSOD1-GFP for 24 hrs treated with 2.5 μg/ml BV or equal volume of
saline for 24 hrs. Cell viability was measured with MTT assay.
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Figure 3 BV treatment reduces the accumulation of ubiquitinated and misfolded SOD1 proteins. After the transient transfection of NSC34
motor neuron cells with GFP or GFP-tagged hSOD1G85R for 24 hrs, cells were treated with 2.5 μg/ml BV or equal volume of saline for 24 hrs or
left untreated. The cells were lysed using RIPA buffer, immunoprecipitated with anti-GFP and then western blot analysis was performed using
primary anti-ubiquitin (A) and anti-GFP (B) antibodies. The arrowhead indicates GFP-tagged mutant hSOD1G85R. Total cell lysates were analyzed
by western blotting with anti-GFP (C) and anti-ubiquitin (D) primary antibodies. Asterisks indicate ubiquitinated proteins. To detect misfolded
SOD1, NSC34 cells transfected with wild-type or hSOD1G85R constructs were lysed using the SOD1 polymerization method described previously,
and an immunoblot analysis was performed with an anti-misfolded SOD1 antibody (E). The membranes were reprobed with an anti-tubulin
antibody as a loading control. G: GFP-transfected cells
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Figure 4 BV treatment does not activate the autophagic signal pathway. NSC34 cells were transiently transfected with the GFP control
vector or GFP-tagged wild-type hSOD1 or mutant hSOD1G85R. Approximately 24 hrs after transfection, the cells were treated with 2.5 μg/ml BV or
equal volume of saline for 24 hrs or left untreated. The cells were lysed using RIPA buffer, and western blot analysis was performed with antiGRP78, anti-LC3, and anti-ISG15 antibodies to examine the expression of autophagic-degradation proteins (A). The arrowhead indicates LC3II
protein levels. The membranes were reprobed with an anti-α-tubulin antibody as a loading control. Quantification of LC3II (B) and ISG15 (C) are
shown. The values shown are the means ± SEM of data obtained from three independent experiments. * p < 0.05, ** p < 0.01.

hSOD1G85R overexpression in NSC34 motor neuron
cells. This result indicates that BV treatment improves
proteasome activity but not autophagosome activation in
mutant-hSOD1-overexpressing motor neuron cells.

Discussion
ALS is often considered a proteinopathy because the generation of misfolded or abnormal proteins with the propensity to aggregate and accumulate in damaged neurons
is a common feature of both sporadic ALS (sALS) and
familial ALS (fALS) [6,20]. This study reveals that BV
treatment restores the proteasome activity inhibited by
hSOD1G85R expression and reduces the levels of misfolded
and ubiquitinated mutant SOD1 and aggregates in NSC34
motor neuron cells. BV treatment, however, did not affect

the autophagy endolysosomal pathway in hSOD1G85R-expressing motor neuron cells.
BV has been used in oriental medicine to reduce inflammation in rheumatoid arthritis and for the relief of
pain [21]. BV is composed of a variety of bio-active enzymes, different peptides and proteins, including melittin,
apamin, adolapin, mast cell degranulating peptide and
phospholipase A2 [22]. Melittin is a major component of
BV, and Yang et al. demonstrated that the administration
of melittin in an ALS animal model improved proteasome
activity and attenuated neuroinflammation in the spinal
cord and brainstem [23]. A previous study reported that
BV inhibits growth and exhibits cytotoxic effects in hepatocellular carcinoma cells [24], and another study suggests
that BV induces pain and hyperalgesia [25]. Another
study, however, reported that BV reduces inflammatory
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reactions and enhances antinoceptive effects [26]. Furthermore, BV has a protective role against 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine (MPTP)-induced apoptosis in
neuronal cells [27] and diminishes neuroinflammation
in an MPTP-induced Parkinson animal model and an
hSOD1G93A-expressing ALS animal model [17,28].
Abnormally modified proteins and proteinaceous inclusions can be found in most fALS and sALS cases. Moreover, these modified proteins are often components of the
inclusions in the motor neurons of not only patients but
also animal and cell models of the disease [29-31]. UPS,
which is the main intracellular proteolytic system, and the
autophagy-lysosome pathway are the predominant mechanisms used to eliminate abnormal proteins and to degrade
cytoplasmic proteins; this degradation is mediated by
macroautophagy [32]. In ALS, mutant SOD1 is degraded
by proteasomes [33,34], and the partial inhibition of proteasome activity induces the formation of large SOD1containing aggregates [35,36]. When the proteasomes are
inhibited, the aggregates that significantly increase in size
and abundance become ubiquitinated, and this is accompanied by the formation of high-molecular-weight proteins that represent the dimeric/oligomeric forms of
misfolded mutant SOD1 [37].
Changes in proteasome activity and the accumulation
of ubiquitinated protein aggregates have been demonstrated in ALS patients and animal models [5,38,39]. In
this study, we found that the expression of mutant
hSOD1G85R reduced proteasome activity, which is consistent with the findings of previous studies (Figure 1).
However, we did not observe that cell death by
overexpressing hSOD1G85R in NSC34 motor neuron cells
(Figure 2). Interestingly, BV treatment enhanced proteasome activity in GFP-hSOD1G85R-expressing motor
neuron cells compared with cells transfected with GFP
alone (Figure 1). Furthermore, we found that BV treatment reduced the amount of ubiquitinated mutant SOD1
and misfolded SOD1 in hSOD1G85R-expressing NSC34
motor neuron cells (Figures 2 and 3).
However, BV consists of many enzymes, peptides and
proteins and melittin is a major component of BV. In previous study, we found that melittin treatment improved
proteasome acitivity in hSOD1G93A transgenic mice [23].
Therefore, we suggest that melittin from BV may be a bioactive component in the improvement of proteasome activity in GFP-hSOD1G85R-expressing motor neuron cells.
The ubiquitination and sumoylation of proteins are
mechanisms by which proteins are selectively targeted for
degradation, and this specificity is believed to be necessary
for the maintenance of cellular homeostasis [40]. Protein
sumoylation and ubiquitination are complex processes.
In many cases, including those in which a single
lysine is targeted, the two modifications do more than
simply antagonize or compete with each other [41]. The
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ubiquitination and sumoylation pathways often compete
with each other because the same lysine residue is frequently used in both of their substrates. For example,
sumoylation of the pathogenic huntingtin fragment prevents ubiquitination at the same lysine residue, which
abrogates proteasome-mediated degradation [42]. In this
study, we did not detect a significant reduction in the
number of SOD1-induced aggregates in BV-treated hS
OD1G85R-expressing NSC34 motor neuron cells (Figure 2),
even though the BV treatment decreased the formation of
ubiquitinated SOD1 (Figure 3). These results suggest that
the mutant SOD1 aggregates may contain sumoylated SOD1. Furthermore, Fei E et al. have shown that
hSOD1G85R sumoylation increases and may enhance the
stability of SOD1 [43]. It has been reported that the
sumoylation of the lysine residue of some proteins blocks
ubiquitination at the same site, which inhibits protein degradation by the proteasome and alters protein function
[42,44].
Misfolded SOD1 has a toxic gain of function including
generation of reactive oxygen and nitrogen species [45],
and induction of mitochondrial dysfunction [46]. Therefore, the research on consequent molecular pathway
mediated by misfolding SOD1 would be valuable for
finding the effective treatment for ALS patients.
Growing evidence supports a role for the autophagy
endolysosomal pathway in the pathogenesis of ALS.
Moreover, the accumulation of autophagosomes was observed in the spinal cords of sporadic ALS patients [47],
indicating the presence of autophagic dysfunction in ALS.
Autophagic dysfunction results from defects in the initiation (formation of autophagosomes) and/or maturation
stages of the autophagic process or an imbalance between
these stages. These conditions result in the aberrant accumulation of misfolded and/or aggregated proteins within
the cells. In this study, BV treatment did not activate the
autophagic lysosomal pathway in hSOD1G85R-expressing
NSC34 motor neuron cells (Figure 4). This finding suggests that BV treatment reduces the aggregation of proteins specifically through ubiquitination and not activation
of the autophagy pathway.
It has been well established that cases of ALS associated with mutations in SOD1 are caused by the toxic
properties associated with the propensity of mutant
SOD1 to misfold [48,49]. Ubiquitinated, insoluble aggregates are the pathological hallmark of several neurodegenerative diseases, including ALS, PD and AD. The
propensity for aggregate formation associated with
mutant SOD1 proteins, and the resulting toxic features,
may be related to the phenotypic expression of the
disease [2].
Currently, it is believed that a complex network incorporating multiple toxicity pathways, rather than a single independent mechanism, is involved in the pathogenesis of
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ALS. Pathogenic mechanisms that disturb protein homeostasis are of particular interest because the accumulation
of insoluble protein aggregates is the cardinal pathological
feature of ALS and other neurodegenerative diseases [50].
Although it remains to be determined whether such protein aggregates have a toxic or protective role in the
pathogenesis of ALS, it is possible that the formation of
aggregates results from an imbalance between the generation and degradation of misfolded proteins within
neuronal cells. Therefore, the solubility of hSOD1G85R
aggregates should be investigated to determine whether
insoluble proteins are associated with cell death in motor
neuron cells.

Conclusions
In this study, we have demonstrated the effects of BV on
the UPS impairments caused by hSOD1G85R overexpression
in motor neuron cells. The reduction in proteasome activity
may increase the number of mutant SOD1-positive aggregates and induce SOD1 misfolding in mutant hSOD1expressing motor neuron cells.
BV treatment reduced the amount of ubiquitinated and
misfolded SOD1 in an in vitro ALS model. Although little
is known about the mechanisms by which BV affects proteasome regulation, the findings of this study suggest that
BV should be considered as a candidate therapeutic agent
for regulating ALS pathological events.

Page 8 of 9

4.

5.

6.

7.

8.

9.

10.

11.

12.
13.

Competing interests
The authors declare that they have no competing interests.

14.

Authors’ contributions
EJY designed the experiments and analyzed the data as well as edited the
manuscript. SHK executed biochemical study and drafted the manuscript.
SYJ and KWL participated in SOD1 aggregation assay and performed
statistical analyses. SHL and MDC carried out plasmid preparation and
proteasome acitivity. SMC discussed with the manuscript. All authors have
read and approved the final manuscript.

15.

Acknowledgments
This work was supported by grants (K11010, K12010) from the Korea Institute
of Oriental Medicine (KIOM).
Author details
1
Department of Acupuncture & Moxibustion, Korea Institute of Oriental
Medicine, 483 Expo-ro, Daejeon, Yuseong-gu 305-811, Republic of Korea.
2
Department of Medical Research, Korea Institute of Oriental Medicine, 483
Expo-ro, Daejeon, Yuseong-gu 305-811, Republic of Korea.

16.

17.

18.

19.

20.
Received: 12 February 2013 Accepted: 11 July 2013
Published: 18 July 2013
References
1. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, et al:
Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amytrophic lateral sclerosis. Nature 1993, 362:59–62.
2. Bruijn LI, Houseweart MK, Kato S, Anderson KL, Anderson SD, Ohama E,
Reaume AG, Scott RW, Cleveland DW: Aggregation and motor neuron
toxicity of an ALS-linked SOD1 mutant independent from wild-type
SOD1. Science 1998, 281:1851–1854.
3. Kabuta T, Suzuki Y, Wada K: Degradation of amyotrophic lateral sclerosislinked mutant Cu, Zn-superoxide dismutase proteins by macroautophagy
and the proteasome. J Biol Chem 2006, 281:30524–30533.

21.

22.

23.
24.

25.

Okado-Matsumoto A, Myint T, Fujii J, Taniguchi N: Gain in functions of
mutant Cu, Zn-superoxide dismutases as a causative factor in familial
amyotrophic lateral sclerosis: less reactive oxidant formation but high
spontaneous aggregation and precipitation. Free Radic Res 2000, 33:65–73.
Urushitani M, Kurisu J, Tsukita K, Takahashi R: Proteasomal inhibition by
misfolded mutant superoxide dismutase 1 induces selective motor
neuron death in familial amyotrophic lateral sclerosis. J Neurochem 2002,
83:1030–1042.
Kato S: Amyotrophic lateral sclerosis models and human
neuropathology: similarities and differences. Acta Neuropathol 2008,
115:97–114.
Ravikumar B, Berger Z, Vacher C, O’Kane CJ, Rubinsztein DC: Rapamycin
pre-treatment protects against apoptosis. Hum Mol Genet 2006,
15:1209–1216.
Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, Ueno T, Koike M,
Uchiyama Y, Kominami E, Tanaka K: Loss of autophagy in the central
nervous system causes neurodegeneration in mice. Nature 2006,
441:880–884.
Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-Migishima
R, Yokoyama M, Mishima K, Saito I, Okano H, Mizushima N, et al:
Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature 2006, 441:885–889.
Chen J, Lariviere WR: The nociceptive and anti-nociceptive effects of bee
venom injection and therapy: a double-edged sword. Prog Neurobiol
2010, 92:151–183.
Kwon YB, Kang MS, Kim HW, Ham TW, Yim YK, Jeong SH, Park DS, Choi DY,
Han HJ, Beitz AJ, Lee JH: Antinociceptive effects of bee venom
acupuncture (apipuncture) in rodent animal models: a comparative
study of acupoint versus non-acupoint stimulation. Acupunct Electrother
Res 2001, 26:59–68.
Billingham ME, Morley J, Hanson JM, Shipolini RA, Vernon CA: Letter: An
anti-inflammatory peptide from bee venom. Nature 1973, 245:163–164.
Kwon YB, Lee HJ, Han HJ, Mar WC, Kang SK, Yoon OB, Beitz AJ, Lee JH: The
water-soluble fraction of bee venom produces antinociceptive and antiinflammatory effects on rheumatoid arthritis in rats. Life Sci 2002,
71:191–204.
Ip SW, Liao SS, Lin SY, Lin JP, Yang JS, Lin ML, Chen GW, Lu HF, Lin MW,
Han SM, Chung JG: The role of mitochondria in bee venom-induced
apoptosis in human breast cancer MCF7 cells. In Vivo 2008, 22:237–245.
Romero-Curiel A, López-Carpinteyro D, Gamboa C, De la Cruz F, Zamudio S,
Flores G: Apamin induces plastic changes in hippocampal neurons in
senile Sprague–Dawley rats. Synapse 2011, 65:1062–1072.
Doo AR, Kim ST, Kim SN, Moon W, Yin CS, Chae Y, Park HK, Lee H, Park HJ:
Neuroprotective effects of bee venom pharmaceutical acupuncture in
acute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mouse
model of Parkinson’s disease. Neurol Res 2010, 32(suppl):88–91.
Yang EJ, Jiang JH, Lee SM, Yang SC, Hwang HS, Lee MS, Choi SM: Bee
venom attenuates neuroinflammatory events and extends survival in
amyotrophic lateral sclerosis models. J Neuroinflammation 2010, 7:69.
Furukawa Y, O’Halloran TV: Amyotrophic lateral sclerosis mutations have
the greatest destabilizing effect on the apo- and reduced form of SOD1,
leading to unfolding and oxidative aggregation. J Biol Chem 2005,
280:17266–17274.
Münch C, O’Brien J, Bertolotti A: Prion-like propagation of mutant
superoxide dismutase-1 misfolding in neuronal cells. Proc Natl Acad Sci U
S A 2011, 108:3548–3553.
Strong MJ, Kesavapany S, Pant HC: The pathobiology of amyotrophic lateral
sclerosis: a proteinopathy? J Neuropathol Exp Neurol 2005, 64:649–664.
Kwon YB, Lee JD, Lee HJ, Han HJ, Mar WC, Kang SK, Beitz AJ, Lee JH: Bee
venom injection into an acupuncture point reduces arthritis associated
edema and nociceptive responses. Pain 2001, 90:271–280.
Tu WC, Wu CC, Hsieh HL, Chen CY, Hsu SL: Honeybee venom induces
calcium-dependent but caspase-independent apoptotic cell death in
human melanoma A2058 cells. Toxicon 2008, 52:318–329.
Yang EJ, Kim SH, Yang SC, Lee SM, Choi SM: Melittin restores proteasome
function in an animal model of ALS. J Neuroinflammation 2011, 8:69.
Li B, Gu W, Zhang C, Huang XQ, Han KQ, Ling CQ: Growth arrest and
apoptosis of the human hepatocellular carcinoma cell line BEL-7402
induced by melittin. Onkologie 2006, 29:367–371.
Chen J: Spinal processing of bee venom-induced pain and hyperalgesia.
Sheng Li Xue Bao 2008, 60:645–652.

Kim et al. BMC Complementary and Alternative Medicine 2013, 13:179
http://www.biomedcentral.com/1472-6882/13/179

26. Lee JH, Kown YB, Han HJ, Mar WC, Lee HJ, Yang IS, Beitz AJ, Kang SK: Bee
venom pretreatment has both an antinociceptive and anti-inflammatory
effect on carrageenan-induced inflammation. J Vet Med Sci 2001,
63:251–259.
27. Doo AR, Kim SN, Kim ST, Park JY, Chung SH, Choe BY, Chae Y, Lee H, Yin CS,
Park HJ: Bee venom protects SH-SY5Y human neuroblastoma cells from
1-methyl-4-phenylpyridinium-induced apoptotic cell death. Brain Res
2012, 1429:106–115.
28. Kim JI, Yang EJ, Lee MS, Kim YS, Huh Y, Cho IH, Kang S, Koh HK: Bee venom
reduces neuroinflammation in the MPTP-induced model of Parkinson’s
disease. Int J Neurosci 2011, 121:209–217.
29. Basso M, Samengo G, Nardo G, Massignan T, D’Alessandro G, Tartari S,
Cantoni L, Marino M, Cheroni C, De Biasi S, Giordana MT, Strong MJ, Estevez
AG, Salmona M, Bendotti C, Bonetto V: Characterization of detergentinsoluble proteins in ALS indicates a causal link between nitrative stress
and aggregation in pathogenesis. PLoS One 2009, 4:e8130.
30. Bendotti C, Atzori C, Piva R, Tortarolo M, Strong MJ, DeBiasi S, Migheli A:
Activated p38MAPK is a novel component of the intracellular inclusions
found in human amyotrophic lateral sclerosis and mutant SOD1
transgenic mice. J Neuropathol Exp Neurol 2004, 63:113–119.
31. Leigh PN, Whitwell H, Garofalo O, Buller J, Swash M, Martin JE, Gallo JM,
Weller RO, Anderton BH: Ubiquitin-immunoreactive intraneuronal
inclusions in amyotrophic lateral sclerosis. Morphology, distribution, and
specificity. Brain 1991, 14:775–788.
32. Yorimitsu T, Klionsky DJ: Autophagy: molecular machinery for self-eating.
Cell Death Differ 2005, 12:1542–1552.
33. Di Noto L, Whitson LJ, Cao X, Hart PJ, Levine RL: Proteasomal degradation
of mutant superoxide dismutases linked to amyotrophic lateral sclerosis.
J Biol Chem 2005, 280:39907–39913.
34. Hoffman EK, Wilcox HM, Scott RW, Siman R: Proteasome inhibition
enhances the stability of mouse Cu/Zn superoxide dismutase with
mutations linked to familial amyotrophic lateral sclerosis. J Neurol Sci
1996, 139:15–20.
35. Hyun DH, Lee M, Halliwell B, Jenner P: Proteasomal inhibition causes the
formation of protein aggregates containing a wide range of proteins,
including nitrated proteins. J Neurochem 2003, 86:363–373.
36. Johnston JA, Dalton MJ, Gurney ME, Kopito RR: Formation of high
molecular weight complexes of mutant Cu, Zn-superoxide dismutase in
a mouse model for familial amyotrophiclateral sclerosis. Proc Natl Acad
Sci USA 2000, 97:12571–12576.
37. Sau D, De Biasi S, Vitellaro-Zuccarello L, Riso P, Guarnieri S, Porrini M,
Simeoni S, Crippa V, Onesto E, Palazzolo I, Rusmini P, Bolzoni E, Bendotti C,
Poletti A: Mutation of SOD1 in ALS: a gain of a loss of function. Hum Mol
Genet 2007, 16:1604–1618.
38. Cheroni C, Peviani M, Cascio P, Debiasi S, Monti C, Bendotti C:
Accumulation of human and ubiquitinated deposits in the spinal cord of
SOD1G93A mice during motor neuron disease progression correlates
with a decrease of proteasome. Neurobiol Dis 2005, 18:509–522.
39. Urushitani M, Kurisu J, Tateno M, Hatakeyama S, Nakayama K, Kato S,
Takahashi R: CHIP promotes proteasomal degradation of familial
ALSlinked mutant SOD1 by ubiquitinating Hsp/Hsc70. J Neurochem 2004,
90:231–244.
40. Herrmann J, Lerman LO, Lerman A: Ubiquitin and ubiquitin-like proteins
in protein regulation. Circ Res. 2007, 100:1276–1291.
41. Wilkinson KA, Henley JM: Mechanisms, regulation and consequences of
protein SUMOylation. Biochem J 2010, 428:133–145.
42. Steffan JS, Agrawal N, Pallos J, Rockabrand E, Trotman LC, Slepko N, Illes K,
Lukacsovich T, Zhu YZ, Cattaneo E, Pandolfi PP, Thompson LM, Marsh JL:
SUMO modification of Huntingtin and Huntington’s disease pathology.
Science 2004, 304:100–104.
43. Fei E, Jia N, Yan M, Ying Z, Sun Q, Wang H, Zhang T, Ma X, Ding H, Yao X,
Shi Y, Wang G: SUMO-1 modification increases human SOD1 stability and
aggregation. Biochem Biophys Res Commun 2006, 347:406–412.
44. Huang TT, Wuerzberger-Davis SM, Wu ZH, Miyamoto S: Sequential
modification of NEMO/IKKgamma by SUMO-1 and ubiquitin mediates
NF-kappaB activation by genotoxic stress. Cell 2003, 115:565–576.
45. Crow JP, Sampson JB, Zhuang Y, Thompson JA, Beckman JS: Decreased
zinc affinity of amyotrophic lateral sclerosis-associated superoxide
dismutase mutants leads to enhanced catalysis of tyrosine nitration by
peroxynitrite. J Neurochem 1997, 69:1936–1944.

Page 9 of 9

46. Israelson A, Arbel N, Da Cruz S, Ilieva H, Yamanaka K, Shoshan-Barmatz V,
Cleveland DW: Misfolded mutant SOD1 directly inhibits VDAC1
conductance in a mouse model of inherited ALS. Neuron 2010,
67:575–587.
47. Sasaki S: Autophagy in spinal cord motor neurons in sporadic
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 2011, 70:349–359.
48. Bruijn LI, Miller TM, Cleveland DW: Unraveling the mechanisms involved in
motor neuron degeneration in ALS. Annu Rev Neurosci 2004, 27:723–749.
49. Valentine JS, Doucette PA, Zittin Potter S: Copper-zinc superoxide
dismutase and amyotrophic lateral sclerosis. Annu Rev Biochem 2005,
74:563–593.
50. Polymenidou M, Cleveland DW: The seeds of neurodegeneration: prionlike spreading in ALS. Cell 2011, 147:498–508.
doi:10.1186/1472-6882-13-179
Cite this article as: Kim et al.: Bee venom effects on ubiquitin
proteasome system in hSOD1G85R-expressing NSC34 motor neuron cells.
BMC Complementary and Alternative Medicine 2013 13:179.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

